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Abstract

The evolution of the biogenic amine signalling system in vertebrates is unclear. However, insights can be obtained
from studying the structures and signalling properties of biogenic amine receptors from the protochordate,
amphioxus, which is an invertebrate species that exists at the base of the chordate lineage. Here we describe the
signalling properties of AmphiAmR11, an amphioxus (Branchiostoma floridae) G protein-coupled receptor which has
structural similarities to vertebrate α2-adrenergic receptors but which functionally acts as a D2 dopamine-like receptor
when expressed in Chinese hamster ovary -K1 cells. AmphiAmR11 inhibits forskolin-stimulated cyclic AMP levels
with tyramine, phenylethylamine and dopamine being the most potent agonists. AmphiAmR11 also increases
mitogen-activated protein kinase activity and calcium mobilisation, and in both pathways, dopamine was found to be
more potent than tyramine. Thus, differences in the relative effectiveness of various agonists in the different second
messenger assay systems suggest that the receptor displays agonist-specific coupling (biased agonism) whereby
different agonists stabilize different conformations of the receptor which lead to the enhancement of one signalling
pathway over another. The present study provides insights into the evolution of α2-adrenergic receptor signalling and
support the hypothesis that α2-adrenergic receptors evolved from D2-dopamine receptors. The AmphiAmR11
receptor may represent a transition state between D2-dopamine receptors and α2-adrenergic receptors.
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Introduction

Studying the complement of biogenic amine receptors in the
cephalochordate, amphioxus, can provide insight into the
evolution of the biogenic amine signalling system present in
vertebrates. Amphioxus is an invertebrate species that exists at
the base of the chordate lineage [1-3] and is considered to be
the ‘missing link’ between invertebrates and vertebrates [4]. It
is predicted to have 44 biogenic amine receptors [5,6] and
expresses high levels of octopamine, dopamine and serotonin,
and trace levels of noradrenaline [7]. The characterisation of
three of the 44 predicted biogenic amine receptors, AmphiD1/β,
AmphiAmR1 and AmphiAmR2, showed that amphioxus has
both vertebrate-type and invertebrate-type D1-dopamine
receptors [8,9]. Of interest to the current study is the
identification of five amphioxus receptors, AmphiAmR4-6, -9
and -11, which cluster off the main branch of a phylogenetic
tree leading to human and mouse α2-adrenergic receptors (α2-
ARs) [5]. The characterisation of one of the five receptors,

AmphiAmR4, showed that amphioxus has at least one α2-
adrenregic-like receptor and implied that an adrenergic
signalling system, albeit a simple one, likely exists in
amphioxus [10].

Predicting a receptor’s function based on sequence similarity
to known receptor types can provide useful information on the
potential endogenous ligand of the receptor or the pathways it
is likely to couple to. However, these predictions have not
always been accurate in detailing a receptor’s function. For
example, DmDopEcR from Drosophila and AmphiD1/β from
amphioxus showed highest sequence similarity to vertebrate β-
adrenergic receptors but upon their characterisation, both were
found to be most similar to D1-dopamine receptors [9,11]. In
addition, the amphioxus receptor, AmphiAmR4, was shown to
have highest sequence similarity to octopamine/tyramine
receptors in BLAST and HMM analyses [5], but was found to
be functionally more similar to α2-adrenergic receptors upon its
characterisation [10]. Thus, it is important to fully characterise a
receptor to gain insight into its function.
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One reason why it is difficult to predict a receptor’s function
based on sequence similarity is that the biogenic amine
receptors share a relatively high level of sequence similarity.
For example, D1- and D2-dopamine receptors have higher
sequence similarity to β- and α2-ARs, respectively, than to each
other [12-14]. In fact, the α2-ARs are thought to have evolved
from D2-like receptors [12,13] and hence, the two receptor
classes have some similar functional properties. Both receptor
classes couple to pertussis toxin-sensitive Gi proteins and,
thus, primarily couple to a decrease in intracellular cAMP
levels. In addition, α2-adrenergic and D2-dopamine receptors
have both been shown to mediate ERK1/2 activation, an
increase in intracellular calcium levels, opening of potassium
channels and closing of voltage-dependent calcium channels,
amongst other pathways [15-18].

The present study describes the pharmacological
characterisation of the amphioxus receptor, AmphiAmR11.
BLAST and phylogenetic analyses show that AmphiAmR11
has highest sequence similarity to α2-ARs [5]. However, HMM
analysis suggests the receptor sequence is most similar to
5HT1A, Oct/Tyr or D2-dopamine receptors [5]. Thus, it is of
interest to determine which family of biogenic amine receptors
AmphiAmR11 is most similar to in order to provide more insight
into the evolution of the vertebrate biogenic amine receptors.
AmphiAmR11 was expressed in Chinese hamster ovary
(CHO)-K1 cells and screened for its ability to regulate adenylyl
cyclase activity, to mediate mitogen activated protein kinase
(MAPK) activation and to induce calcium mobilisation in
response to stimulation by various biogenic amines, synthetic
agonists and synthetic antagonists.

Materials and Methods

Cloning of AmphiAmR11
AmphiAmR11 was initially amplified from adult amphioxus

(Branchiostoma floridae) CNS, head and muscle cDNA
libraries using the Advantage 2 PCR system (BD Biosciences,
Oxford, UK) [19]. The libraries were kindly supplied by Dr M.
Matz, Whitney Laboratory University of Florida, Saint
Augustine, Florida, USA, (current address Integrative Biology,
University of Texas at Austin, Texas, USA). The AmphiAmR11
open reading frame (ORF) was amplified from a pcDNA3.1/CT-
GFP vector (supplied by Dr C. Burman) using PCR and
subcloned into the expression vector pcDNA3.1/V5-His
(Invitrogen Life Sciences, Paisley, UK) using TA cloning. The
forward primer (5’-gctacaatgggtgtttttgc-3’) was based on the 5’
ORF containing the start codon and the reverse primer (5’-
atggctctgacatttacaac-3’) was based on the 3’ORF excluding the
stop codon.

Accession number
The EMBL database accession number for AmphiAmR11 is

AM396599.

Expression in mammalian cell lines
CHO-K1 cells were maintained in Ham’s F-12 nutrient media

(Invitrogen Life Sciences) supplemented with 10% charcoal-

stripped foetal bovine serum (CS-FBS) (Hyclone, Cramlington,
UK), 50 U/μg penicillin/streptomycin and 4 mM L-glutamine
(Invitrogen Life Sciences) in 5% CO2 at 37°C. Stably
transfected cell lines were generated by the transfection of
CHO-K1 cells using Lipofectamine (Invitrogen Life Sciences)
as described previously [8,9]. Immunocytochemistry was
performed with an anti-V5-FITC antibody as described
previously (20) to confirm the expression of AmphiAmR11 in
the CHO-K1 cell lines and to identify the receptor’s localisation
within the cells. The AmphiAmR11 receptor showed high
expression at the cell periphery which was essential for its
function as a biogenic amine receptor since the biogenic
amines are believed to be cell impermeable.

cAMP determination
cAMP levels in stably transfected CHO-K1 cells were

determined as described previously [8,9,21], except 100 µM
isobutylmethylxanthine (IBMX) was used. cAMP levels are
represented as a percentage of basal samples unless
otherwise stated. Student’s T-test (two-tailed and unpaired)
was used to test for significance. Unless otherwise stated, all
data are shown as mean ± SEM. Each data point plotted was
the mean of data obtained from at least three experiments.
Within each experiment three separate replicate wells were
analysed for each condition and the cAMP assays on each of
the wells was carried out in duplicate.

Forskolin was used both to increase basal cAMP levels to
make it easier to detect increases and decreases in cAMP
levels in the same experiments and also to potentiate
responses to agonists to more accurately determine their
threshold effects [see 22]. A non-saturating 10 µM
concentration of forskolin was used. Basal levels of CHO cell
cyclic AMP were 5.1 ± 1.7 pmoles / mg protein (n = 3) and
these were raised to 1053.7 ± 4.8 pmoles / mg protein after
exposure to 10 µM forskolin. Protein levels were determined
using a Bradford assay.

Phospho-ERK determination
Phospho-extracellular signal-related kinase (Phospho-ERK)

levels were determined essentially as described previously
[11,23,24]. Minor modifications have been described [8,9].
ERK1/2 phosphorylation levels were quantified by
densitometry. The developed films were scanned in and
analysed using the software program, Aida. The data
generated by Aida was then processed using Microsoft Excel.
Values for the kinase expression and activity levels were
defined as 100% in the control samples. Student’s T-test (two-
tailed and unpaired) was used to test for significance.

Intracellular calcium measurements
Stably transfected CHO-K1 cells were assayed for changes

in intracellular calcium levels using an Olympus Cell^R imaging
system and the fluorescent indicator Fura-2, as described
previously [25], with modifications described by Bayliss et al.
[20]. At 1 minute into the experiment, a buffer control was
added and at 2 minutes into the experiment, the specified
concentration of agonist was added. A single coverslip of cells
was used per concentration of agonist and the percentage of
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cells that responded per field of view was calculated. The
results from each coverslip gave an n of 1 and each agonist
concentration was repeated at least three times on different
days.

Drugs
The drugs used in these experiments were obtained from the

following sources: dopamine hydrochloride, (-)-noradrenaline
hydrochloride, (-)-adrenaline, tyramine hydrochloride, (±)-p-
octopamine hydrochloride, (±)-synephrine, (±)-1-
phenylethylamine, 5-HT, histamine dihydrochloride, IBMX, (+)-
butaclamol hydrochloride, (±)-6-chloro-APB [(±)-6-chloro-7,8-
dihydroxy-3-allyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine
hydrobromide], clonidine hydrochloride, (±)-isoproterenol
hydrochloride, naphazoline hydrochloride, metoclopramide
hydrochloride, mianserin hydrochloride, pertussis toxin,
phentolamine hydrochloride, (R)-(-)-phenylephrine
hydrochloride, prazosin hydrochloride, chlorpromazine, (-)-
quinpirole hydrochloride, rauwolscine hydrochloride, R(+)-
SKF-38393 [R(+)-1-phenyl-2,3,4,5-tetrahydro-(1H)-3-
benzazepine-7,8-diol], R(+)SCH-23390 [R(+)-7-chloro-8-
hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-
benzazepine hydrochloride], spiperone hydrochloride,
tyrphostin AG1296, U0126 [1,4-Diamino-2,3-dicyano-1,4-bis(o-
aminophenylmercapto)butadiene], UK14304, WB4101 and
yohimbine hydrochloride were from Sigma-Aldrich (Poole,
Dorset, UK); cis-(Z)-flupenthixol dihydrochloride was from
Research Biochemicals (Natick, MA). Forskolin was obtained
from Abcam Biochemicals (Cambridge, UK). LY294002,
tyrphostin AG 1478, Ro 31-8220, PP2 [3-(4-chlorophenyl) 1-
(1,1-dimethylethyl)-1H-pyrazolo[3,4-d]pyrimidin-4-amine] and
Fura 2-AM were purchased from Tocris Bioscience (Bristol,
UK).

Results

Coupling of AmphiAmR11 to adenylyl cyclase activity
Biogenic amine specificity.  Since the AmphiAmR11

receptor shows structural similarities to vertebrate α2-
adrenergic receptors [5], we examined its ability to regulate
intracellular cyclic AMP levels when stably expressed in a
CHO-K1 cell line and when activated by a wide range of
naturally occurring biogenic amines. It can be seen that
AmphiAmR11 coupled to a decrease in forskolin-stimulated
cAMP levels upon stimulation with various biogenic amines
(Figure 1A). Full concentration response curves showed that
tyramine, phenylethylamine and dopamine with EC50’s of
7.47x10-9 M, 1.65x10-8 M and 1.67x10-8 M, respectively, were
more potent than noradrenaline, octopamine, adrenaline and
synephrine with EC50’s of 8.44x10-7 M, 1.30x10-6 M, 1.34x10-6

M and 1.65x10-6 M, respectively (Figure 1A). Histamine at 1 µM
had no effect on forskolin-stimulated cAMP levels in
AmphiAmR11-expressing CHO-K1 cells (Figure S1A in File
S1). Control experiments showed that the biogenic amines
used on AmphiAmR11-expressing CHO-K1 cells had no
significant effect on forskolin-stimulated cAMP levels in wild
type CHO-K1 cells [10]. 5-HT was not used in the assay since
CHO-K1 cells have endogenous 5HT1B receptors [26].

Synthetic agonist specificity.  To investigate the
pharmacological properties of AmphiAmR11, a range of
synthetic agonists known to activate vertebrate adrenergic and
dopaminergic receptors were screened for their ability to
modulate forskolin-stimulated cAMP levels in AmphiAmR11-
expressing CHO-K1 cells. The α-adrenergic agonist,
naphazoline, and the D2-dopaminergic agonist, quinpirole, at 1
µM were found to be the most the most effective agonists
(Figure S1B in File S1). Full concentration response curves
showed that the rank order of potency (measured as EC50)
was: naphazoline (2.87x10-10 M) >> quinpirole (3.17x10-8 M) >
UK14,304 (3.50x10-7 M) = clonidine (6.23x10-7 M) = SKF38393
(7.92x10-7 M) > 6-Chloro-APB (2.23x10-6 M) (Figure 1B).
Phenylephrine and isoproterenol at 1 µM were found to have
little or no effect on forskolin-stimulated cAMP levels in
AmphiAmR11-expressing CHO-K1 cells (Figure S1B in File
S1). Control experiments showed that the synthetic agonists
used in the present study had no significant effect on forskolin-
stimulated cAMP levels in non-transfected wild type cells [10].

Synthetic antagonist specificity.  Various classical
adrenergic and dopaminergic antagonists were screened for
their ability to block the tyramine-induced inhibition of forskolin-
stimulated cAMP levels in AmphiAmR11-expressing CHO-K1
cells. The α-adrenergic antagonist, phentolamine, was found to
fully block the tyramine-induced response, while WB4101,
spiperone and chlorpromazine were found to have partial
blocking effects (Figure 2A). The α-adrenergic antagonists,
yohimbine, rauwolscine and mianserin, and the dopaminergic
antagonists, butaclamol, flupenthixol, SCH23390 and
metoclopramide were found to have no significant blocking
effect at the receptor. However, yohimbine and mianserin
appeared to enhance the tyramine-induced inhibition of
forskolin-stimulated cAMP levels (Figure 2A) suggesting that
the antagonists may have agonist properties at the receptor. To
test this, the antagonists were screened for their ability to
decrease forskolin-stimulated cAMP levels in the absence of
agonist. It can be seen that WB4101, yohimbine, rauwolscine,
mianserin and to a lesser extent, SCH23390, could inhibit
forskolin-stimulated cAMP levels in AmphiAmR11-expressing
CHO-K1 cells, while the other antagonists had no significant
effect (Figure 2B, black bars). The effects of the antagonists
were confirmed to be AmphiAmR11-specific since they had no
significant effect on forskolin-stimulated cAMP levels in wild
type CHO-K1 cells (Figure 2B, open bars).

To confirm the agonist properties of WB4101, yohimbine,
rauwolscine and mianserin at AmphiAmR11, full concentration-
response curves were produced (Figure 2C). The rank order of
potency (measured as EC50) was: mianserin (1.26x10-8 M) =
yohimbine (1.71x10-8 M) > WB4101 (3.20x10-8 M) >
rauwolscine (1.21x10-7 M). Mianserin, yohimbine and
rauwolscine were found to act as full agonists at AmphiAmR11
since they inhibited forskolin-stimulated cAMP levels by greater
than 90 %. In contrast, WB4101 only inhibited forskolin-
stimulated cAMP levels by approximately 75 % suggesting
WB4101 acted as a partial agonist at the receptor.

An attempt was made to determine if yohimbine (full agonist)
and WB4101 (partial agonist) had any blocking effect at the
receptor (Figure S2A, B in File S1). It was hoped that any
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Figure 1.  Effect of biogenic amines and synthetic agonists on forskolin-stimulated cAMP levels in AmphiAmR11-
expressing CHO-K1 cells.  Cells were pre-incubated with 100 µM IBMX for 20 min, followed by incubation with 10 µM forskolin and
100 µM IBMX in the presence of increasing concentrations of various biogenic amines (A) or synthetic agonists (B) for a further 20
min. Data are expressed as the mean ± SEM. n ≥ 3.
doi: 10.1371/journal.pone.0080833.g001

Figure 2.  Effect of antagonists on forskolin-stimulated cAMP levels in AmphiAmR11-expressing CHO-K1 cells.  (A)
AmphiAmR11-expressing CHO-K1 cells were pre-incubated with 100 µM IBMX and 1 μM antagonist for 20 min, followed by
incubation with 30 nM tyramine, 1 μM antagonist, 10 µM forskolin and 100 µM IBMX for a further 20 min. The basal value in the
absence of agonist and antagonist is shown as 100% and the tyramine-only response in the absence of antagonist is shown for
comparison. (B) AmphiAmR11-expressing (black bars) and wild type (open bars) CHO-K1 cells were pre-incubated with 100 µM
IBMX and 1 μM antagonist for 20 min, followed by incubation with 1 μM antagonist, 10 µM forskolin and 100 µM IBMX for a further
20 min. (C) AmphiAmR11-expressing CHO-K1 cells were pre-incubated with 100 µM IBMX for 20 min, followed by incubation with
10 µM forskolin and 100 µM IBMX in the presence of increasing concentrations of antagonists for a further 20 min. Data are
expressed as the mean ± SEM. (A) and (B) n > 5. (C) n = 3-4. **, p < 0.01; ***, p < 0.001. B, F-12 Hams-treated basal; TA, tyramine;
Phent, phentolamine; WB, WB4101; Yoh, yohimbine; Rau, rauwolscine; Mia, mianserin; But, butaclamol; Flu, flupenthixol; SCH,
SCH23390; Spip, spiperone; Meto, metoclopramide; Chlor, chlorpromazine.
doi: 10.1371/journal.pone.0080833.g002
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blocking effect by the antagonists would be revealed if the
concentration of the antagonist was reduced, to reduce its
agonist effects. As the yohimbine concentration decreased, the
agonist effects were reduced (Figure S2A in File S1, black
bars). Decreasing the concentration of yohimbine also led to
the tyramine-induced level of cAMP, when in the presence of
yohimbine, to be reduced, but only to the level induced by
tyramine alone (Fig, S2A in File S1, striped bars versus open
bar). Thus, yohimbine appeared to have no blocking effect at
the receptor. For WB4101, as its concentration was decreased,
its agonist properties at the receptor were also reduced (Figure
S2B in File S1, black bars). However, the reduction in WB4101
agonist properties did not reveal any further inhibitory effect on
the tyramine-induced response. Instead, a decrease in
WB4101 concentration led to an increase in the tyramine-
induced effect, to the level of the tyramine-only response
(Figure S2B in File S1, striped bars versus open bar). Thus, it
appeared that WB4101 had a small blocking effect on the
tyramine-induced reduction in cAMP levels in AmphiAmR11-
expressing cells but only to the level of its own agonist activity.

Effect of pertussis toxin on agonist activation.  To
determine whether AmphiAmR11-mediated inhibition of
adenylyl cyclase activity was dependent on activation of Gi/o

protein, AmphiAmR11-expressing CHO-K1 cells were pre-
incubated with pertussis toxin, which inactivates Gi/o proteins
[27]. Pertussis toxin treatment was found to inhibit the amine-
mediated decreases in forskolin-stimulated cAMP levels
described previously (Figure 3A). In addition, dopamine,
tyramine, noradrenaline, phenylethylamine and adrenaline
were found to couple AmphiAmR11 to an increase in forskolin-
stimulated cAMP levels following pertussis toxin treatment
(Figure 3A). In contrast, octopamine and synephrine at
concentrations up to 100 µM did not induce an increase in
forskolin-stimulated cAMP levels (Figure 3A), despite being as
potent as noradrenaline and adrenaline in coupling
AmphiAmR11 to adenylyl cyclase inhibition in the absence of
pertussis toxin (Figure 1A). Concentration response curves
showed that dopamine (EC50: 4.70x10-7 M) was the most potent
amine at inducing the increase in forskolin-stimulated cAMP
levels (Figure 3B). Tyramine, phenylethylamine, noradrenaline
and adrenaline also showed concentration-dependent effects.
However, even at concentrations of 100 µM, the
phenylethylamine-, noradrenaline- and adrenaline-induced
effect did not plateau, preventing potencies, or EC50’s, from
being determined. Control experiments showed that the
biogenic amines had no effect on forskolin-stimulated cAMP
levels in wild type CHO-K1 cells following pertussis toxin
treatment (Figure 3A). Thus, it appears that AmphiAmR11 may
be able to switch its G protein coupling from Gi protein to Gs

protein at high concentrations of some agonists.

Coupling of AmphiAmR11 to the activation of the
mitogen-activated protein kinase (MAPK) pathway

Biogenic amine specificity.  The AmphiAmR11 receptor
was also assessed for its ability to activate the MAPK pathway.
To determine the time course of MAPK activation,
AmphiAmR11-expressing CHO-K1 cells were stimulated with 1
µM tyramine or 30 nM dopamine (maximal effect-producing

concentrations, see below) for increasing lengths of time and
the level of ERK1/2 phosphorylation induced was detected
using Western blotting. An increase in ERK1/2 phosphorylation
could be detected as early as 1 minute of agonist stimulation
and peaked at approximately 5 minutes (Figure S3A, B, E in
File S1). The level of ERK1/2 phosphorylation declined
thereafter. By 30 minutes of tyramine stimulation, the level of
ERK1/2 phosphorylation was approximately half that of its peak
at 5 minutes. In contrast, dopamine displayed a more sustained
ERK1/2 phosphorylation response. Since both dopamine and
tyramine induced a peak ERK1/2 phosphorylation at
approximately 5 minutes of stimulation, this time point was
chosen for the remainder of the MAPK studies where agonist
stimulation was involved.

Concentration response curves for dopamine, tyramine and
phenylethylamine showed that dopamine (EC50: 1.27x10-9 M)
was more potent than tyramine and phenylethylamine (EC50:
1.82x10-8 M and 5.78x10-8 M, respectively) at inducing ERK1/2
phosphorylation in AmphiAmR11-expressing CHO-K1 cells
(Figure 4A, B). The effect of noradrenaline, adrenaline,
octopamine, synephrine and histamine on ERK1/2
phosphorylation in AmphiAmR11-expressing CHO-K1 cells
was also assessed. At 10 nM, noradrenaline, adrenaline,
octopamine, synephrine and histamine were not able to
increase the level of ERK1/2 phosphorylation above that of the
basal condition (Figure S4A, B in File S1). In control
experiments, the amines were found to have no significant
effect on ERK1/2 phosphorylation in wild type CHO-K1 cells
[10]. Thus, dopamine is the most potent amine at coupling
AmphiAmR11 to ERK1/2 phosphorylation.

Synthetic agonist specificity.  Classical adrenergic and
dopaminergic synthetic agonists were screened for their ability
to couple AmphiAmR11 to ERK1/2 phosphorylation. Dopamine
was used as a reference compound in these studies since it
was shown to be the most potent amine at coupling
AmphiAmR11 to the MAPK pathway (Figure 4B). At 1 µM,
naphazoline, quinpirole and UK14,304 were found to be the
most effective of the synthetic agonists and induced ERK1/2
phosphorylation to a similar level to that induced by dopamine
(Figure 4C, D). SKF38393, clonidine and 6-Chloro-APB also
coupled AmphiAmR11 to ERK1/2 phosphorylation but were
less effective than naphazoline, UK14,304 and quinpirole.
Phenylephrine and isoproterenol had little or no effect on
ERK1/2 activation. The synthetic agonists were also screened
at 100 nM to determine their rank order of effectiveness. At 100
nM, only naphazoline increased the ERK1/2 phosphorylation
level above that of the basal condition (Figure S4C, D in File
S1). Thus, the rank order of effectiveness of the synthetic
agonists to induce ERK1/2 phosphorylation was; naphazoline
>> UK14,304 = quinpirole > SKF38393 = clonidine = 6-chloro-
APB >> phenylephrine.

Synthetic antagonist specificity.  Adrenergic and
dopaminergic antagonists were screened for their ability to
block dopamine-induced ERK1/2 activation in AmphiAmR11-
expressing CHO-K1 cells. Phentolamine was the only
antagonist found to fully block the dopamine-induced ERK1/2
response while WB4101 was found to have a partial effect
(Figure 4E, F). In contrast, yohimbine, rauwolscine, mianserin,
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flupenthixol, metoclopramide, butaclamol and spiperone had no
significant effect on the dopamine-induced response. Thus, the
results obtained parallel those of the cAMP assay described
previously.

The antagonists were also screened for their effect on
ERK1/2 phosphorylation in the absence of any agonist since
four of the antagonists, WB4101, yohimbine, rauwolscine and
mianserin, were found to have agonist properties in coupling
AmphiAmR11 to adenylyl cyclase inhibition (Figure 2). In
parallel with the cAMP assay, the same four antagonists at 1
μM coupled AmphiAmR11 to an increase in ERK1/2
phosphorylation in the absence of dopamine (Figure 4E, F,
black bars). Yohimbine and mianserin were the most effective
ligands to induce ERK1/2 phosphorylation, followed by
rauwolscine and WB4101. Phentolamine, flupenthixol,
metoclopramide, butaclamol and spiperone did not exhibit any
agonistic properties on ERK1/2 phosphorylation. Thus, the
properties of the antagonists in the MAPK assay were
consistent with their properties in the cAMP assay. The
antagonists had no significant effect on ERK1/2
phosphorylation in wild type CHO-K1 cells [10].

The effects of MAPK pathway inhibitors.  Various
inhibitors of key signalling molecules were used to determine

the pathway involved in dopamine-induced ERK1/2 activation
in AmphiAmR11-expressing CHO-K1 cells. Pre-incubation of
AmphiAmR11-expressing CHO-K1 cells with pertussis toxin
abolished the ERK1/2 response induced at 5 minutes of
dopamine stimulation (Figure 5A, B). Pertussis toxin pre-
treatment also abolished tyramine- and dopamine-induced
ERK1/2 phosphorylation at multiple time points (Figure S3C, D,
E in File S1). Thus, Gi/o protein activation is required for
AmphiAmR11-mediated ERK1/2 phosphorylation following
stimulation with 10 nM and 30 nM dopamine, and 1 µM
tyramine.

Tyrphostin inhibitors, AG1296 and AG1478, which inhibit
platelet-derived growth factor (PDGF) and epidermal growth
factor (EGF) receptors, respectively, were used to determine if
AmphiAmR11 couples to the MAPK pathway via transactivation
of PDGF and EGF receptors. Since neither inhibitor had a
significant effect on dopamine-induced ERK1/2
phosphorylation (Figure 5), AmphiAmR11-mediated ERK1/2
phosphorylation appeared not to be dependent on the
transactivation of PDGF or EGF receptors. Similarly, the Src
tyrosine kinase inhibitor, PP2, had no effect on dopamine-
mediated ERK1/2 activation (Figure 5), suggesting Src

Figure 3.  Effect of pertussis toxin on forskolin-stimulated cAMP levels in AmphiAmR11-expressing and wild type CHO-K1
cells.  (A) AmphiAmR11-expressing (black bars) and wild type (open bars) CHO-K1 cells were pre-incubated with pertussis toxin
(200 ng/mL) for 16 hours prior to incubation with 100 µM IBMX for 20 minutes. Cells were then stimulated with various biogenic
amines at 100 µM and 10 µM forskolin, in the presence of 100 µM IBMX for 20 minutes. Data are expressed as the mean + SEM.
(B) AmphiAmR11-expressing CHO-K1 cells were pre-incubated with pertussis toxin (200 ng/mL) for 16 h prior to incubation with 100
µM IBMX for 20 min. Cells were then stimulated with increasing concentrations of amines and 10 µM forskolin, in the presence of
100 µM IBMX for 20 min. Data are expressed as the mean ± SEM. n = 3-4. TA, tyramine; Phenyl, phenylethylamine; DA, dopamine;
NA, noradrenaline; OA, octopamine; Adr, adrenaline; Syn, synephrine.
doi: 10.1371/journal.pone.0080833.g003
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Figure 4.  Effect of biogenic amines, synthetic agonists and antagonists on ERK1/2 activation in AmphiAmR11-expressing
CHO-K1 cells.  Cells were serum-starved for 2 h, prior to stimulation with various concentrations of biogenic amines (A and B) or 1
μM synthetic agonists (C and D) for 5 min. (E and F) Cells were serum-starved for 2 h, including incubation with 1 µM of antagonist
or F-12 Hams control for the final 10 min. Cells were then stimulated with dopamine (10 nM) or F-12 Hams control in the presence
of the antagonist for 5 min. Basal measurement in the absence of dopamine and antagonist (first black bar) and the dopamine-only
response in the absence of antagonist (first open bar) are shown. Equal quantities of cell lysates were separated by SDS-PAGE and
analysed for p-ERK or t-ERK by Western blotting. (A, C and E) Representative blots from three to four independent experiments. (B,
D and F) Summaries of the quantified blots for each of the different experiments. Data are expressed as the mean ± SEM. n = 3-4.
DA, Dopamine; Nap, naphazoline; Phe, phenylephrine; UK, UK14,304; Clo, clonidine; Iso, isoproterenol; SKF, SKF38393; 6-C, 6-
Chloro-APB; Qui, quinpirole; Phent, phentolamine; WB, WB4101; Yoh, yohimbine; Rau, rauwolscine; Mia, mianserin; Flu,
flupenthixol; Meto, metoclopramide; But, butaclamol; Spip, spiperone.
doi: 10.1371/journal.pone.0080833.g004
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activation was not required for AmphiAmR11-mediated ERK1/2
phosphorylation.

To identify whether AmphiAmR11 couples to ERK1/2
activation via activation of phosphatidylinositol-3-kinase (PI3K)
and/or protein kinase C (PKC), AmphiAmR11-expressing CHO-
K1 cells were pre-incubated with LY294002 or Ro 31-8220,
which inhibit PI3K and PKC, respectively. LY294002 treatment
significantly reduced the level of dopamine-induced ERK1/2
phosphorylation (Figure 5). Ro 31-8220 had a greater effect
than LY294002 and reduced the level of dopamine-induced
ERK1/2 phosphorylation to near basal levels (Figure 5).
Similarly, the MEK1/2 inhibitor, U0126, abolished the
dopamine-induced ERK1/2 response (Figure 5). Thus,

AmphiAmR11 couples to ERK1/2 phosphorylation via
activation of pathways involving PKC, PI3K and MEK1/2.

Coupling of AmphiAmR11 to calcium mobilisation
Biogenic amine specificity.  While AmphiAmR11 shows

structural similarities to α2-ARs [5], the high potency of
dopamine in coupling AmphiAmR11 to the cAMP and MAPK
pathways suggests the receptor is functionally more similar to
D2-dopamine receptors. Since vertebrate D2-dopamine
receptors have been shown to mediate changes in intracellular
calcium levels [17], AmphiAmR11 was also assessed for its
ability to modulate calcium levels in CHO-K1 cells. While both
dopamine and tyramine were found to couple AmphiAmR11 to

Figure 5.  Effect of pertussis toxin and signalling inhibitors on dopamine-induced ERK1/2 activation in AmphiAmR11-
expressing CHO-K1 cells.  For the pertussis toxin experiment, AmphiAmR11-expressing CHO-K1 cells were pre-incubated with
pertussis toxin (200 ng/ml) for 16 hours prior to serum-starvation for 2 hours in the absence of the toxin. Cells were then stimulated
for 5 mins with 10 nM dopamine (open bar) or F-12 Hams control (black bar). For all other inhibitors, AmphiAmR11-expressing
CHO-K1 cells were serum starved for 2 hours including incubation with 10 µM inhibitor or F-12 Hams control for the final 20
(AG1296 and AG1478) or 30 (PP2, LY294002, Ro31-8220, U0126, U73122 and U73343) minutes. Cells were then stimulated for 5
minutes with 10 nM dopamine (black bars) or F-12 Hams control (open bars) in the presence of the inhibitor. Basal measurement in
the absence of dopamine and inhibitor (first black bar) and the dopamine-only response in the absence of inhibitor (first open bar)
are shown. (A) Representative blots from three or four independent experiments. (B) Summary of the quantified blots. **, p < 0.01
versus dopamine-only; ***, p <0.001 versus dopamine-only. Data are expressed as the mean + SEM. n = 3 - 4. DA, dopamine; PTX,
pertussis toxin; Ro, Ro 31-8220; LY, LY294002.
doi: 10.1371/journal.pone.0080833.g005
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calcium mobilisation, the responses were found to vary
between individual cells and not all of the cells in a field of view
responded (Figure S5A in File S1). This made it difficult to
measure the parameters that are usually measured when
assaying changes in intracellular calcium levels, such as peak
height, the onset of the calcium response and the area under
the curve. To overcome this and to enable the most potent
amine at coupling AmphiAmR11 to calcium mobilisation to be
identified, the number of cells that responded per field of view
was measured (28,29). It can be seen that dopamine and
tyramine induced concentration-dependent increases in the
percentage of responding cells per field of view (Figure 6A).
Dopamine with an EC50 of 1.68x10-9 M was found to be
approximately 450-fold more potent than tyramine (EC50:
7.67x10-7 M). Noradrenaline, adrenaline and octopamine were
also assessed for their ability to couple AmphiAmR11 to
calcium mobilisation. At 10 nM, noradrenaline, adrenaline and
octopamine were less effective than dopamine at inducing a
calcium response (Figure 6B). Control experiments showed
that the biogenic amines at 10 µM had no effect on intracellular
calcium levels in wild type CHO-K1 cells (Figure S5B in File
S1) and that all AmphiAmR11 expressing cells showed a high
level of receptor in the plasma membrane with smaller amounts
in the cytoplasm (Figure S6 in File S1). Thus, dopamine is the
most potent amine at coupling AmphiAmR11 to calcium
mobilisation in CHO-K1 cells.

Discussion

The present study describes the characterisation of the
amphioxus GPCR, AmphiAmR11, expressed in CHO-K1 cells.
AmphiAmR11 was found to couple to a decrease in forskolin-
stimulated cAMP levels, a characteristic of vertebrate and
invertebrate D2-like dopamine receptors [30-34] and also
invertebrate Oct/Tyr receptors [35-38]. Tyramine,
phenylethylamine and dopamine, were found to be the most
potent biogenic amines. AmphiAmR11 was also found to
couple to ERK1/2 activation and calcium mobilisation, and in
both pathways, dopamine was found to be the most potent
biogenic amine. This is similar to vertebrate D2-dopamine
receptors, which have also been shown to mediate increases in
ERK1/2 phosphorylation and calcium mobilisation upon
dopamine stimulation [17]. However, in the present study we
cannot rule out the possibility that the changes in intracellular
calcium could be a secondary effect to changes in the
MAPKinase pathway. Thus, AmphiAmR11 appears functionally
most similar to vertebrate D2-dopamine receptors [17], despite
showing highest structural similarity to vertebrate α2-ARs [5].

While dopamine and tyramine displayed similar potencies in
the cAMP assay, dopamine was 10-fold and 450-fold more
potent than tyramine in the MAPK assay and calcium assay,
respectively. This variation in potencies could be indicative of a
relatively recent phenomenon of GPCR signalling, known as
‘agonist-specific coupling’ or ‘functional selectivity’, amongst

Figure 6.  Effect of biogenic amines and calcium pathway inhibitors on calcium mobilisation in AmphiAmR11-expressing
CHO-K1 cells.  AmphiAmR11-expressing cells were exposed to increasing concentrations (A) or 10 nM (B) of biogenic amines for 3
minutes and the number of responding cells per field of view were calculated. Data are expressed as the mean ± SEM. n ≥ 3. FOV,
field of view; DA, dopamine; TA, tyramine; NA, noradrenaline; Adr, adrenaline; OA, octopamine.
doi: 10.1371/journal.pone.0080833.g006
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many other terms [37,39,40]. Functional selectivity refers to the
ability of different ligands to preferentially couple the same
receptor to different pathways. For example, octopamine is
more potent than tyramine at coupling the Drosophila Oct/Tyr
receptor to calcium mobilisation but tyramine is more potent
than octopamine at coupling the receptor to adenylyl cyclase
inhibition [37]. It is thought that different ligands stabilise a
different conformation of the receptor which then leads to the
enhancement of one signalling pathway over another [39,40].
Hence, dopamine and tyramine could be stabilising different
conformations of AmphiAmR11, resulting in different pathways
being preferentially activated by the two amines.

The α-AR agonist, naphazoline was found to be the most
potent agonist in both the cAMP and MAPK assays. Since
AmphiAmR11 shows high sequence similarity to α2-ARs, it is
perhaps not unexpected that an α-AR agonist can activate it. In
addition, naphazoline was found to be the most potent agonist
at activating the closely related amphioxus receptor,
AmphiAmR4 [10]. The D2-dopamine receptor agonist,
quinpirole, was also an effective agonist in the AmphiAmR11-
activated cAMP pathway. The potency obtained for quinpirole-
induced decrease in forskolin-stimulated cAMP levels is
consistent with its affinity at mammalian D2-dopamine receptors
[41]. In contrast, quinpirole was found not to activate the D2-like
dopamine receptor from Drosophila, DD2R [32]. This may
suggest that AmphiAmR11 is more similar to mammalian D2-
dopamine receptors than invertebrate D2-like receptors.

The α-AR antagonist, phentolamine, was the only antagonist
found to fully block tyramine-mediated decreases in forskolin-
stimulated cAMP levels and dopamine-mediated increases in
ERK1/2 phosphorylation levels. In parallel to the effects of
naphazoline mentioned above, it is not unexpected that an α-
AR antagonist can bind and have a blocking effect at
AmphiAmR11 since AmphiAmR11 is similar in sequence to α2-
ARs. For the dopaminergic antagonists used, AmphiAmR11
displayed properties similar to invertebrate D2-like receptors.
For example, spiperone is a potent antagonist at mammalian
D2 receptors [17,41] but has little or no effect on dopamine-
mediated signalling via the Drosophila DD2R receptor [32] or
via the C. elegans CeDOP2S and CeDOP2L receptors [34]. In
the present study, spiperone had only a small blocking effect
on tyramine-induced decreases in forskolin-stimulated cAMP
levels and no effect on dopamine-induced ERK1/2 activation.
In addition, the dopaminergic antagonists, SCH23390 and
chlorpromazine, had no significant effect on AmphiAmR11-
expressing cells and were also found not to affect DD2R-,
CeDOP2S- and CeDOP2L-mediated signalling [32,34].
Furthermore, the non-selective dopamine receptor antagonists,
butaclamol and flupenthixol, had only a partial effect at the
invertebrate D2-like receptors when used at a high
concentration (10 µM) [32,34] and no effect on AmphiAmR11-
mediated signalling.

The α-AR antagonist, WB4101, and α2-AR antagonists,
yohimbine, rauwolscine and mianserin, displayed unique
properties at AmphiAmR11; they had little or no blocking effect
at the receptor but instead, acted as agonists. Concentration
response curves showed that the four supposed antagonists
displayed similar potency values to those of the most potent

biogenic amines, dopamine and tyramine. Although to a lesser
degree than that seen for AmphiAmR11, previous studies have
shown that ligands classified as antagonists at one type of
receptor can have agonist properties at other receptors. For
example, the α-AR antagonist, phentolamine, was shown to
have agonist properties at the amphioxus receptor,
AmphiAmR4 [10], and the Drosophila receptors OctβRs,
CG6989, CG6919 and CG7078 [21]. In addition, rauwolscine
and yohimbine were shown to have partial agonist activity at a
human 5HT1A receptor [42].

Similar to D2-dopamine receptors (43), AmphiAmR11 was
found to couple to adenylyl cyclase inhibition and ERK1/2
phosphorylation via activation of Gi protein. The use of
pertussis toxin also revealed that AmphiAmR11 could mediate
increases in cAMP levels in CHO-K1 cells. Dopamine was the
most potent amine at inducing this response and was found to
couple AmphiAmR11 to an increase in forskolin-stimulated
cAMP levels at concentrations considered physiological (less
than 1 µM). Tyramine, phenylethylamine, noradrenaline and
adrenaline could also couple AmphiAmR11 to an increase in
cAMP levels but only at concentrations above 1 µM. These
results suggest that AmphiAmR11 may be able to switch its
coupling from Gi/o proteins to Gs proteins at high concentrations
of some agonists. Other Gi-coupled receptors, including α2-ARs
[44], D3-dopamine receptors [45] and the closely related
AmphiAmR4 receptor [10], have also been shown to switch
their coupling to Gs proteins at high agonist concentrations.

Inhibitors of various signalling molecules potentially involved
in the activation of ERK1/2 in AmphiAmR11-expressing CHO-
K1 cells were used to determine the pathway downstream of Gi

protein activation. The PI3K inhibitor, LY294002, partially
reduced dopamine-induced ERK1/2 activation in
AmphiAmR11-expressing CHO-K1 cells, suggesting that PI3K
activation was required for a maximal ERK1/2 response. This
parallels the pathway induced by vertebrate D2- and D3-
dopamine receptors, since LY294002 and an unrelated PI3K
inhibitor, wortmannin, partially reduce D2- and D3-mediated
ERK1/2 activation in CHO cells [46,47]. Cussac et al. [46] also
showed that D3-dopamine receptor-mediated ERK1/2 activation
in CHO cells was dependent on PKC activation but
independent of Src activation. This parallels the findings in the
present study since AmphiAmR11-mediated ERK1/2 activation
was reduced to near basal levels in the presence of the PKC
inhibitor, Ro 31-8220, but was not affected by the Src inhibitor,
PP2. AmphiAmR11-mediated ERK1/2 activation was also
found to be dependent on the activation of MEK1/2, since the
MEK1/2 inhibitor, U0126, abolished the dopamine-induced
ERK1/2 response. The similarity between the vertebrate D3-
dopamine receptor- and the AmphiAmR11-induced ERK1/2
pathways provides support for AmphiAmR11 being similar to
the vertebrate D2 class of dopamine receptors.

AmphiAmR11 is the first D2-like dopamine receptor to be
characterised from amphioxus. Its ability to bind, and be
activated by, dopamine is likely to be physiologically relevant
since amphioxus has three populations of dopaminergic
neurons in its central nervous system, and expresses a
relatively high level of dopamine throughout its body [7]. In
addition, previous studies have shown that amphioxus has
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several D1-type dopamine receptors, including two vertebrate-
type D1-dopamine receptors [8,9]. Tyramine, the metabolic
precursor of octopamine, was also found to activate
AmphiAmR11 at physiologically relevant concentrations (less
than 1 µM). While it is unknown if tyramine is synthesized in
amphioxus, the high levels of octopamine [7] suggest that it is
likely to be. Thus, if the potential expression of tyramine has a
functional role in amphioxus and it is synthesized in an area
where AmphiAmR11 is localised, it is possible that tyramine
could also act at the receptor in vivo. However, further studies
on the cellular localization of tyramine and its release from
specific neurons are required before a physiological role for
tyramine can be established in the amphioxus nervous system.

The characterisation of a D2-like dopamine receptor from
amphioxus contrasts with the suggestion that D2-dopamine
receptors have been secondarily lost in the protochordate
lineage [48]. In fact, it is possible that more than one D2-like
receptor exists in amphioxus since Nordstrom et al. [6]
identified a further two sequences that clustered with vertebrate
D2- and D3-dopamine receptors in a phylogenetic tree.
Interestingly, AmphiAmR11 was found not to cluster with the
two D2/D3-like amphioxus receptors identified by Nordstrom et
al. [6] nor was AmphiAmR11 found to cluster with vertebrate
D2/D3 receptors in the phylogenetic tree generated by Burman
et al. [5]. Instead, AmphiAmR11 was found to cluster with four
other amphioxus receptors, AmphiAmR4, -5, -6 and -9, off the
main branch of a phylogenetic tree leading to vertebrate α2-
ARs [5]. One of the receptors from this group, AmphiAmR4,
has already been characterised and shows highest functional
similarity to α2-ARs [10]. We believe that the present study
provides insight into the evolution of α2-ARs and supports the
hypothesis that α2-ARs evolved from D2-dopamine receptors
[12,13]. The high sequence similarity of AmphiAmR11 to α2-
ARs but its functional similarity to D2-dopamine receptors,

shown by the high potency of dopamine in each of the
pathways assayed, may suggest that the receptor represents a
transition state between D2-dopamine and α2-adrenergic
receptors.

Supporting Information

File S1.  Supplementary Information Bayliss and Evans
containing Figures S1-S6. Figure S1. Effect of biogenic
amines (A) and synthetic agonists (B) on forskolin-stimulated
cAMP levels in AmphiAmR11-expressing CHO-K1 cells. Figure
S2. Effect of yohimbine and WB4101 on tyramine-induced
decreases in forskolin-stimulated cAMP levels in
AmphiAmR11-expressing CHO-K1 cells. Figure S3. Time
courses for the effect of dopamine and tyramine on ERK1/2
phosphorylation in AmphiAmR11-expressing CHO-K1 cells.
Figure S4. The relative effectiveness of the biogenic amines
and synthetic agonists on ERK1/2 activation in AmphiAmR11-
expressing CHO-K1 cells. Figure S5. Calcium mobilisation in
AmphiAmR11-expressing and wild type CHO-K1 cells. Figure
S6. Localization of AmphiAmR11 in CHO-K1 cells.
(DOCX)

Acknowledgements

We thank Dr. Mikhail Matz, Whitney Laboratory, University of
Florida, St Augustine, USA for kindly supplying us with the
amphioxus cDNA libraries used in this study.

Author Contributions

Conceived and designed the experiments: ALB PDE.
Performed the experiments: ALB. Analyzed the data: ALB
PDE. Wrote the manuscript: ALB PDE.

References

1. Delsuc F, Brinkmann H, Chourrout D, Philippe H (2006) Tunicates and
not cephalochordates are the closest living relatives of vertebrates.
Nature 439: 965-968. doi:10.1038/nature04336. PubMed: 16495997.

2. Putnam NH, Butts T, Ferrier DE, Furlong RF, Hellsten U et al. (2008)
The amphioxus genome and the evolution of the chordate karyotype.
Nature 453: 1064-1071. doi:10.1038/nature06967. PubMed: 18563158.

3. Schubert M, Escriva H, Xavier-Neto J, Laudet V (2006) Amphioxus and
tunicates as evolutionary model systems. Trends Ecol Evol 21:
269-277. doi:10.1016/j.tree.2006.01.009. PubMed: 16697913.

4. Garcia-Fernàndez J, Benito-Gutiérrez E (2009) It's a long way from
amphioxus: descendants of the earliest chordate. Bioessays 31:
665-675. doi:10.1002/bies.200800110. PubMed: 19408244.

5. Burman C, Maqueira B, Coadwell J, Evans PD (2007) Eleven new
putative aminergic G-protein coupled receptors from Amphioxus
(Branchiostoma floridae): identification, sequence analysis and
phylogenetic relationship. Invert Neurosci 7: 87-98. doi:10.1007/
s10158-006-0041-z. PubMed: 17225134.

6. Nordström KJ, Fredriksson R, Schiöth HB (2008) The amphioxus
(Branchiostoma floridae) genome contains a highly diversified set of G
protein-coupled receptors. BMC Evol Biol 8: 9. doi:
10.1186/1471-2148-8-9. PubMed: 18199322.

7. Moret F, Guilland JC, Coudouel S, Rochette L, Vernier P (2004)
Distribution of tyrosine hydroxylase, dopamine, and serotonin in the
central nervous system of amphioxus (Branchiostoma lanceolatum):
implications for the evolution of catecholamine systems in vertebrates.
J Comp Neurol 468: 135-150. doi:10.1002/cne.10965. PubMed:
14648696.

8. Burman C, Evans PD (2010) Amphioxus expresses both vertebrate-
type and invertebrate-type dopamine D1 receptors. Invert Neurosci 10:
93-105. doi:10.1007/s10158-010-0111-0. PubMed: 21113730.

9. Burman C, Reale V, Srivastava DP, Evans PD (2009) Identification and
characterization of a novel amphioxus dopamine D1-like receptor. J
Neurochem 111: 26-36. doi:10.1111/j.1471-4159.2009.06295.x.
PubMed: 19645747.

10. Bayliss A, Evans PD (2013) Characterisation of AmphiAmR4, an
amphioxus (Branchiostoma floridae) α2-adrenergic-like G-protein-
coupled receptor. Invert Neurosci 13: 71-84. doi:10.1007/
s10158-012-0145-6. PubMed: 23183848.

11. Srivastava DP, Yu EJ, Kennedy K, Chatwin H, Reale V et al. (2005)
Rapid, Nongenomic Responses to Ecdysteroids and Catecholamines
Mediated by a Novel Drosophila G-Protein-Coupled Receptor. J
Neurosci 25: 6145-6155. doi:10.1523/JNEUROSCI.1005-05.2005.
PubMed: 15987944.

12. Fryxell KJ (1995) The evolutionary divergence of neurotransmitter
receptors and second-messenger pathways. J Mol Evol 41: 85-97.
PubMed: 7608992.

13. Vernier P, Cardinaud B, Valdenaire O, Philippe H, Vincent JD (1995)
An evolutionary view of drug-receptor interaction: the bioamine receptor
family. Trends Pharmacol Sci 16: 375-381. doi:10.1016/
S0165-6147(00)89078-1. PubMed: 8578606.

14. Xhaard H, Rantanen V-V, Nyrönen T, Johnson MS (2006) Molecular
evolution of adrenoceptors and dopamine receptors:  Implications for
the binding of catecholamines. J Med Chem 49: 1706-1719. doi:
10.1021/jm0511031. PubMed: 16509586.

15. Flordellis CS, Berguerand M, Gouache P, Barbu V, Gavras H et al.
(1995) Adrenergic receptor subtypes expressed in Chinese hamster

Amphioxus D2-Dopamine-Like GPCR

PLOS ONE | www.plosone.org 11 November 2013 | Volume 8 | Issue 11 | e80833

http://dx.doi.org/10.1038/nature04336
http://www.ncbi.nlm.nih.gov/pubmed/16495997
http://dx.doi.org/10.1038/nature06967
http://www.ncbi.nlm.nih.gov/pubmed/18563158
http://dx.doi.org/10.1016/j.tree.2006.01.009
http://www.ncbi.nlm.nih.gov/pubmed/16697913
http://dx.doi.org/10.1002/bies.200800110
http://www.ncbi.nlm.nih.gov/pubmed/19408244
http://dx.doi.org/10.1007/s10158-006-0041-z
http://dx.doi.org/10.1007/s10158-006-0041-z
http://www.ncbi.nlm.nih.gov/pubmed/17225134
http://dx.doi.org/10.1186/1471-2148-8-9
http://www.ncbi.nlm.nih.gov/pubmed/18199322
http://dx.doi.org/10.1002/cne.10965
http://www.ncbi.nlm.nih.gov/pubmed/14648696
http://dx.doi.org/10.1007/s10158-010-0111-0
http://www.ncbi.nlm.nih.gov/pubmed/21113730
http://dx.doi.org/10.1111/j.1471-4159.2009.06295.x
http://www.ncbi.nlm.nih.gov/pubmed/19645747
http://dx.doi.org/10.1007/s10158-012-0145-6
http://dx.doi.org/10.1007/s10158-012-0145-6
http://www.ncbi.nlm.nih.gov/pubmed/23183848
http://dx.doi.org/10.1523/JNEUROSCI.1005-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/15987944
http://www.ncbi.nlm.nih.gov/pubmed/7608992
http://dx.doi.org/10.1016/S0165-6147(00)89078-1
http://dx.doi.org/10.1016/S0165-6147(00)89078-1
http://www.ncbi.nlm.nih.gov/pubmed/8578606
http://dx.doi.org/10.1021/jm0511031
http://www.ncbi.nlm.nih.gov/pubmed/16509586


ovary cells activate differentially mitogen-activated protein kinase by a
p21 independent pathway. J Biol Chem 270: 3491-3494. doi:10.1074/
jbc.270.8.3491. PubMed: 7876081.

16. Kukkonen JP, Renvaktar A, Shariatmadari R, Akerman KEO (1998)
Ligand- and subtype-selective coupling of human α2-adrenoceptors to
Ca++ elevation in Chinese Hamster Ovary cells. J Pharmacol Exp Ther
287: 667-671. PubMed: 9808694.

17. Missale C, Nash SR, Robinson SW, Jaber M, Caron MG (1998)
Dopamine Receptors: From Structure to Function. Physiol Rev 78:
189-225. PubMed: 9457173.

18. Neve KA, Seamans JK, Trantham-Davidson H (2004) Dopamine
Receptor Signaling. J Recept Signal Transduct Res 24: 165-205. doi:
10.1081/RRS-200029981. PubMed: 15521361.

19. Burman C (2008) The identification and characterisation of aminergic
G-protein coupled receptors from amphioxus [PhD]. PhD thesis,
University of Cambridge. 326 pp.

20. Bayliss A, Roselli G, Evans PD (2013) A comparison of the signalling
properties of two tyramine receptors from Drosophila. J Neurochem
125: 37-48.

21. Maqueira B, Chatwin H, Evans PD (2005) Identification and
characterization of a novel family of Drosophila β-adrenergic-like
octopamine G-protein coupled receptors. J Neurochem 94: 547-560.
PubMed: 23356740.

22. Insel PA, Ostrom RS (2003) Forskolin as a tool for examining adenylyl
cyclase expression, regulation, and G protein signaling. Cell Mol
Neurobiol 23: 305-314. doi:10.1023/A:1023684503883. PubMed:
12825829.

23. Balmanno K, Cook SJ (1999) Sustained MAP kinase activation is
required for the expression of cyclin D1, p21Cip1 and a subset of AP-1
proteins in CCL39 cells. Oncogene 18: 3085-3097. doi:10.1038/sj.onc.
1202647. PubMed: 10340380.

24. Swatton JE, Sellers LA, Faull RLM, Holland A, Iritani S et al. (2004)
Increased MAP kinase activity in Alzheimer's and Down syndrome but
not in schizophrenia human brain. Eur J Neurosci 19: 2711-2719. doi:
10.1111/j.0953-816X.2004.03365.x. PubMed: 15147305.

25. Walker S, Cunniffe N, Bootman M, Roderick HL (2008) Dynamic
imaging of calcium and STIM1 in the same cell using wide-field and
TIRF microscopy. BioTechniques 45: 347-348. doi:10.2144/000112957.
PubMed: 18778263.

26. George SE, Bungay PJ, Naylor LH (1997) Functional coupling of
endogenous serotonin (5-HT1B) and calcitonin (C1a) receptors in CHO
cells to a cyclic AMP-responsive luciferase reporter gene. J Neurochem
69: 1278-1285. PubMed: 9282953.

27. West RE, Moss J, Vaughan M, Liu T, Liu TY (1985) Pertussis toxin-
catalyzed ADP-ribosylation of transducin. Cysteine 347 is the ADP-
ribose acceptor site. J Biol Chem 260: 14428-14430. PubMed:
3863818.

28. Bunn PA, Dienhart DG, Chan D, Puck TT, Tagawa M, et al. (1990)
Neuropeptide stimulation of calcium flux in human lung cancer cells:
delineation of alternative pathways. Proc Natl Acad Sci U_S_A 87:
2162-2166. doi:10.1073/pnas.87.6.2162. PubMed: 2156263.

29. Bootman MD, Berridge MJ, Taylor CW (1992) All or nothing Ca2+

mobilization from the intracellular stores of single histamine-stimulated
HeLa cells. J Physiol 450: 163-178. PubMed: 1432707.

30. Gardner B, Hall DA, Strange PG (1996) Pharmacological analysis of
dopamine stimulation of [35S]-GTPyS binding via human D2short and
D21ong dopamine receptors expressed in recombinant cells. Br J
Pharmacol 118: 1544-1550. doi:10.1111/j.1476-5381.1996.tb15572.x.
PubMed: 8832084.

31. Hall DA, Strange PG (1999) Comparison of the ability of dopamine
receptor agonists to inhibit forskolin-stimulated adenosine 3′5′-cyclic
monophosphate (cAMP) accumulation via D2L (long isoform) and D3
receptors expressed in Chinese hamster ovary (CHO) cells. Biochem

Pharmacol 58: 285-289. doi:10.1016/S0006-2952(99)00101-X.
PubMed: 10423170.

32. Hearn MG, Ren Y, McBride EW, Reveillaud I, Beinborn M et al. (2002)
A Drosophila dopamine 2-like receptor: Molecular characterization and
identification of multiple alternatively spliced variants. Proc Natl Acad
Sci USA 99: 14554-14559. doi:10.1073/pnas.202498299. PubMed:
12391323.

33. Sugiura M, Fuke S, Suo S, Sasagawa N, Van Tol HHM et al. (2005)
Characterization of a novel D2-like dopamine receptor with a truncated
splice variant and a D1-like dopamine receptor unique to invertebrates
from Caenorhabditis elegans. J Neurochem 94: 1146-1157. doi:
10.1111/j.1471-4159.2005.03268.x. PubMed: 16001968.

34. Suo S, Sasagawa N, Ishiura S (2003) Cloning and characterization of a
Caenorhabditis elegans D2-like dopamine receptor. J Neurochem 86:
869-878. doi:10.1046/j.1471-4159.2003.01896.x. PubMed: 12887685.

35. Ohta H, Utsumi T, Ozoe Y (2003) B96Bom encodes a Bombyx mori
tyramine receptor negatively coupled to adenylate cyclase. Insect Mol
Biol 12: 217-223. doi:10.1046/j.1365-2583.2003.00404.x. PubMed:
12752654.

36. Rex E, Komuniecki RW (2002) Characterization of a tyramine receptor
from Caenorhabditis elegans. J Neurochem 82: 1352-1359. doi:
10.1046/j.1471-4159.2002.01065.x. PubMed: 12354282.

37. Robb S, Cheek TR, Hannan FL, Hall LM, Midgley JM et al. (1994)
Agonist-specific coupling of a cloned Drosophila octopamine/tyramine
receptor to multiple second messenger systems. EMBO J 13:
1325-1330. PubMed: 8137817.

38. Rotte C, Krach C, Balfanz S, Baumann A, Walz B et al. (2009)
Molecular characterization and localization of the first tyramine receptor
of the American cockroach (Periplaneta americana). Neurosci 162:
1120-1133. doi:10.1016/j.neuroscience.2009.05.066. PubMed:
19482069.

39. Kenakin T (2007) Functional selectivity through protean and biased
agonism: who steers the ship? Mol Pharm 72: 1393-1401. doi:10.1124/
mol.107.040352. PubMed: 17901198.

40. Urban JD, Clarke WP, von Zastrow M, Nichols DE, Kobilka B et al.
(2007) Functional Selectivity and Classical Concepts of Quantitative
Pharmacology. J Pharmacol Exp Ther 320: 1-13. PubMed: 16803859.

41. Vallone D, Picetti R, Borrelli E (2000) Structure and function of
dopamine receptors. Neurosci Biobehav Rev 24: 125-132. doi:10.1016/
S0149-7634(99)00063-9. PubMed: 10654668.

42. Arthur JM, Casañas SJ, Raymond JR (1993) Partial agonist properties
of rauwolscine and yohimbine for the inhibition of adenylyl cyclase by
recombinant human 5-HT1A receptors. Biochem Pharmacol 45:
2337-2341. doi:10.1016/0006-2952(93)90208-E. PubMed: 8517875.

43. Missale C, Nash SR, Robinson SW, Jaber M, Caron MG (1998)
Dopamine Receptors: From structure to function. Physiol Rev 78:
189-225. PubMed: 9457173.

44. Eason MG, Kurose H, Holt BD, Raymond JR, Liggett SB (1992)
Simultaneous coupling of α2-adrenergic receptors to two G-proteins
with opposing effects. Subtype-selective coupling of α2C10, α2C4, and
α2C2 adrenergic receptors to Gi and Gs. J Biol Chem 267:
15795-15801. PubMed: 1322406.

45. Obadiah J, Avidor-Reiss T, Fishburn CS, Carmon S, Bayewitch M et al.
(1999) Adenylyl Cyclase Interaction with the D2 Dopamine Receptor
Family; Differential Coupling to Gi, Gz, and Gs. Cell Mol. New_Eur 19:
653-664.

46. Cussac D, Newman-Tancredi A, Pasteau V, Millan MJ (1999) Human
dopamine D3 receptors mediate mitogen-activated protein kinase
activation via a phosphatidylinositol 3-kinase and an atypical protein
kinase C-dependent mechanism. Mol Pharm 56: 1025-1030.

47. Welsh GI, Hall DA, Warnes A, Strange PG, Proud CG (1998) Activation
of Microtubule-Associated Protein Kinase (Erk) and p70 S6 Kinase by
D2 Dopamine Receptors. J Neurochem 70: 2139-2146. PubMed:
9572301.

48. Yamamoto K, Vernier P (2011) The evolution of dopamine systems in
chordates. Front Neuroanat 5. doi:10.3389/fnana.2011.00021.

Amphioxus D2-Dopamine-Like GPCR

PLOS ONE | www.plosone.org 12 November 2013 | Volume 8 | Issue 11 | e80833

http://dx.doi.org/10.1074/jbc.270.8.3491
http://dx.doi.org/10.1074/jbc.270.8.3491
http://www.ncbi.nlm.nih.gov/pubmed/7876081
http://www.ncbi.nlm.nih.gov/pubmed/9808694
http://www.ncbi.nlm.nih.gov/pubmed/9457173
http://dx.doi.org/10.1081/RRS-200029981
http://www.ncbi.nlm.nih.gov/pubmed/15521361
http://www.ncbi.nlm.nih.gov/pubmed/23356740
http://dx.doi.org/10.1023/A:1023684503883
http://www.ncbi.nlm.nih.gov/pubmed/12825829
http://dx.doi.org/10.1038/sj.onc.1202647
http://dx.doi.org/10.1038/sj.onc.1202647
http://www.ncbi.nlm.nih.gov/pubmed/10340380
http://dx.doi.org/10.1111/j.0953-816X.2004.03365.x
http://www.ncbi.nlm.nih.gov/pubmed/15147305
http://dx.doi.org/10.2144/000112957
http://www.ncbi.nlm.nih.gov/pubmed/18778263
http://www.ncbi.nlm.nih.gov/pubmed/9282953
http://www.ncbi.nlm.nih.gov/pubmed/3863818
http://dx.doi.org/10.1073/pnas.87.6.2162
http://www.ncbi.nlm.nih.gov/pubmed/2156263
http://www.ncbi.nlm.nih.gov/pubmed/1432707
http://dx.doi.org/10.1111/j.1476-5381.1996.tb15572.x
http://www.ncbi.nlm.nih.gov/pubmed/8832084
http://dx.doi.org/10.1016/S0006-2952(99)00101-X
http://www.ncbi.nlm.nih.gov/pubmed/10423170
http://dx.doi.org/10.1073/pnas.202498299
http://www.ncbi.nlm.nih.gov/pubmed/12391323
http://dx.doi.org/10.1111/j.1471-4159.2005.03268.x
http://www.ncbi.nlm.nih.gov/pubmed/16001968
http://dx.doi.org/10.1046/j.1471-4159.2003.01896.x
http://www.ncbi.nlm.nih.gov/pubmed/12887685
http://dx.doi.org/10.1046/j.1365-2583.2003.00404.x
http://www.ncbi.nlm.nih.gov/pubmed/12752654
http://dx.doi.org/10.1046/j.1471-4159.2002.01065.x
http://www.ncbi.nlm.nih.gov/pubmed/12354282
http://www.ncbi.nlm.nih.gov/pubmed/8137817
http://dx.doi.org/10.1016/j.neuroscience.2009.05.066
http://www.ncbi.nlm.nih.gov/pubmed/19482069
http://dx.doi.org/10.1124/mol.107.040352
http://dx.doi.org/10.1124/mol.107.040352
http://www.ncbi.nlm.nih.gov/pubmed/17901198
http://www.ncbi.nlm.nih.gov/pubmed/16803859
http://dx.doi.org/10.1016/S0149-7634(99)00063-9
http://dx.doi.org/10.1016/S0149-7634(99)00063-9
http://www.ncbi.nlm.nih.gov/pubmed/10654668
http://dx.doi.org/10.1016/0006-2952(93)90208-E
http://www.ncbi.nlm.nih.gov/pubmed/8517875
http://www.ncbi.nlm.nih.gov/pubmed/9457173
http://www.ncbi.nlm.nih.gov/pubmed/1322406
http://www.ncbi.nlm.nih.gov/pubmed/9572301
http://dx.doi.org/10.3389/fnana.2011.00021

	Characterisation of AmphiAmR11, an Amphioxus (Branchiostoma floridae) D2-Dopamine-Like G Protein-Coupled Receptor
	Introduction
	Materials and Methods
	Cloning of AmphiAmR11
	Accession number
	Expression in mammalian cell lines
	cAMP determination
	Phospho-ERK determination
	Intracellular calcium measurements
	Drugs

	Results
	Coupling of AmphiAmR11 to adenylyl cyclase activity
	Coupling of AmphiAmR11 to the activation of the mitogen-activated protein kinase (MAPK) pathway
	Coupling of AmphiAmR11 to calcium mobilisation

	Discussion
	Supporting Information
	Acknowledgements
	Author Contributions
	References


