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Arthropod 5-HT2 Receptors: A Neurohormonal Receptor in
Decapod Crustaceans That Displays Agonist Independent
Activity Resulting from an Evolutionary Alteration to the
DRY Motif
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The stomatogastric nervous system (STNS) is a premiere model for studying modulation of motor pattern generation. Whereas the
cellular and network responses to monoamines have been particularly well characterized electrophysiologically, the transduction mech-
anisms that link the different monoaminergic signals to specific intracellular responses are presently unknown in this system. To begin
to elucidate monoaminergic signal transduction in pyloric neurons, we used a bioinformatics approach to predict the existence of 18
monoamine receptors in arthropods, 9 of which have been previously cloned in Drosophila and other insects. We then went on to use the
two existing insect databases to clone and characterize the 10th putative arthropod receptor from the spiny lobster, Panulirus interruptus.
This receptor is most homologous to the 5-HT2 subtype and shows a dose-dependent response to 5-HT but not to any of the other
monoamines present in the STNS. Through a series of pharmacological experiments, we demonstrate that this newly described receptor,
5-HT2�Pan, couples with the traditional Gq pathway when expressed in HEK293 cells, but not to Gs or Gi/o. Moreover, it is constitutively
active, because the highly conserved DRY motif in transmembrane region 3 has evolved into DRF. Site-directed mutagenesis that reverts
the motif back to DRY abolishes this agonist-independent activity. We further demonstrate that this receptor most likely participates in
the modulation of stomatogastric motor output, because it is found in neurites in the synaptic neuropil of the stomatogastric ganglion as
well as in the axon terminals at identified pyloric neuromuscular junctions.
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Introduction
The 14 neuron pyloric network in the stomatogastric ganglion
(STG) of Decapod crustaceans is a useful model of a highly mod-
ulated neural circuit for which all the major cells, their patterns of
connection, and their biophysical properties are well understood
(Harris-Warrick et al., 1992b; Nusbaum and Beenhakker, 2002).
More than 20 different substances modulate the pyloric circuit,
with monoamines figuring prominently among them (Harris-
Warrick et al., 1992a; Pulver et al., 2003; Richards et al., 2003).
Monoamines can alter the strength of synaptic interactions be-
tween pyloric neurons and/or their intrinsic properties (Harris-
Warrick et al., 1998). Each monoamine can modify different cur-
rents to change the same intrinsic property in a given cell (Harris-

Warrick and Flamm, 1987), and the effects of a particular
monoamine on a given current are cell-type specific (Harris-
Warrick et al., 1995a,b; Kloppenburg et al., 1999; Peck et al.,
2001).

The wealth of information on the electrophysiological re-
sponses to aminergic neuromodulation contrasts sharply with
the dearth of information on signal transduction mechanisms in
pyloric neurons. There has been only a single attempt to charac-
terize monoamine G-protein-coupled receptors (GPCRs) in py-
loric neurons, and the data suggest that there are a minimum of
three 5-HT receptors (Zhang and Harris-Warrick, 1994). Little is
known about the signaling cascades operating in stomatogastric
neurons (Flamm et al., 1987; Hempel et al., 1996; Scholz et al.,
1996, 2001), and there is no information linking any crustacean
monoamine receptor to a specific second messenger pathway in
any cell type.

In contrast, the field of GPCR signal transduction is exploding
with new data that challenge the tenets of traditional receptor
theory. It has recently been shown that GPCRs can participate in
G-protein-independent signaling (Marrero et al., 1995; Guillet-
Deniau et al., 1997) and can exist as homodimers and het-
erodimers or higher-order structures (Angers et al., 2002; Canals
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et al., 2003). Over 40% of GPCRs can exhibit constitutive activity
(Seifert and Wenzel-Seifert, 2002). Moreover, a single GPCR sub-
type can couple with multiple signaling pathways in a cell, and a
given agonist will differentially activate a subset of pathways
(Berg et al., 1998; Pauwels, 2000).

Perhaps the most exciting discovery regarding signal trans-
duction in recent years is that GPCRs exist as part of a large
multi-protein signaling complex composed of receptors, effec-
tors, cytoskeletal elements, and signaling molecules (Hall and
Lefkowitz, 2002; Bockaert et al., 2003; Rebois and Hebert, 2003).
By organizing signaling cascades into physically and functionally
distinct units, the cell ensures proper localization of microdo-
mains and optimizes specificity, selectivity, and the time course
of signaling. There are several examples of GPCR multi-protein
complexes, with increasingly more examples of receptors cou-
pling with ion channels (Liu et al., 2000; Davare et al., 2001;
Lavine et al., 2002; Lee et al., 2002). The data suggest that ion
channels and GPCRs cannot be regarded as isolated proteins.
They exist within dynamic complexes, the composition of which
will influence several properties including ion channel function
and signal compartmentalization. Understanding how ion chan-
nels and GPCRs are organized into functional units in stomato-
gastric neurons is a prerequisite for comprehending how neuro-
modulators sculpt an adaptive output from stomatogastric
nervous system (STNS) networks. In an effort to describe the
GPCRs that exist in stomatogastric networks, we have used a
bioinformatics approach to identify novel arthropod mono-
amine receptors and, for the first time, clone and characterize one
of the monoaminergic receptors expressed in pyloric neurons.

Materials and Methods
Cloning and mutagenesis of the 5-HT2�Pan receptor. Total RNA was ex-
tracted from the Panulirus interruptus nervous system using Trizol (Am-
bion, Austin, TX) according to the manufacturer’s instructions. RNA
quality was assessed with denaturing gel electrophoresis and quantified
with a biophotometer (Fisher Scientific, Houston, TX). Multiple RNA
extractions were performed. When necessary, mRNA was isolated with
an oligotex kit (Qiagen, Chatsworth, CA). cDNA was obtained from total
and/or mRNA preparations by performing reverse transcription reac-
tions using Superscript II (Invitrogen, San Diego, CA) according to the
manufacturer’s instructions. The following degenerate primers (written
5� to 3�) were designed based on conserved regions of the Drosophila and
Anopheles orthologs of a putative monoamine receptor, as described in
Results: 5a, TGGATITGYYTIGAYGTNYTNTTYTG; 5b, TITTYTGY-
ACIGCIWSNATNATG; 5c, ACIGCIWSATNATGCAYYTNTGYAC; 3a,
GGIATRTARAARCAIACIATNSWNCC; 3b, CATIACICCNARNG-
GNATRTARAARCA; 3c, TAIGTIARIARCATIACNCCNARNGG.

Fragments of the lobster ortholog were amplified from multiple cDNA
preparations using various combinations of the degenerate primers in
nested PCR experiments (only two degenerate primers for any given
PCR), as described previously (Baro et al., 1994). Nested PCR products
were size fractionated on acrylamide gels. Appropriate bands of expected
size were gel isolated. DNA was eluted (Ausubel et al., 1990) and cloned
using a TA cloning kit (Invitrogen). Forty-four independent clones were
sequenced (Georgia State University Biotechnology Facility). Twenty-
five clones from nine independent nested PCR experiments representing
multiple cDNA templates fell into a single contig that displayed strong
amino acid identity with the previously identified Drosophila protein that
served as the template for the design of the degenerate primers. A DNA
fragment from these 25 clones was amplified with specific primers in a
standard PCR. The resulting fragment was gel isolated and used as the
template in a primer extension reaction containing 32P, according to the
manufacturer’s instructions (ladderman kit; Takara, Kyoto, Japan). Un-
incorporated nucleotides were removed from the reaction by ethanol
precipitation, and the resulting product was used to probe five different
P. interruptus nervous system cDNA libraries as described previously

(Baro et al., 1996). The conventional library screen yielded five clones all
missing the start methionine codon. DNA fragments containing the 5�
end of the full-length cDNA were obtained using a SMART RACE cDNA
amplification kit (BD Biosciences Clontech, Cambridge, UK) according
to the manufacturer’s instructions. The following primers (written 5� to
3�) were used in the reaction: GSPAM1, CGTGACGGCCAGGGAGAG-
CAGGAAGTAGTTG;NGSPAM1,GCCAGGATGAGGAGGATGTTGC-
CGAAGAGTGTC; ProbeAM1, CAACCTATCTTACGGGAGGGAGA-
ACGAGACGT.

To guard against PCR-induced sequence errors, four different RNA
preparations were used in separate experiments, and multiple, indepen-
dent RACE (rapid amplification of cDNA ends) fragments were isolated.
Fragments were cloned and sequenced as described above. Criteria used
to identify clones containing the complete 5� end of the ORF were: (1) the
clone must be bounded by the primers used in the experiment and con-
tain a region of overlap with the library clones; (2) the clone must contain
multiple stop codons in all three reading frames 5� to the start methio-
nine in the N terminus region (sequence 5� to TM1); and (3) the trans-
lation start site should conform to the Kozak consensus sequence. Five
independent clones from multiple cDNA preparations contained the
same DNA fragment representing the 5� end of the transcript. The Kozak
consensus sequence was recognizable but not optimal; nevertheless, pro-
tein expression levels were adequate in HEK293 cells using this endoge-
nous site (see below). The full length of the isolated cDNA was 3.92 kb
and included a polyA tail. Constructs containing the complete ORF
(2.426 kb in length) were assembled using standard procedures (Ausubel
et al., 1990). Both strands of the constructs were sequenced with the
following primers (written 5� to 3�): U1, TGTTTCCCCACTTACCCAC-
CAG; U2, TGCGGAGGTCCCACTGTCG; U3, CTCCTGTGGGCTC-
CGTTCTTCATC; U4, TCGGAGTTGATGGCTTCTTGTG; U5, GAAT-
TAGTGCTGTGCTCCGTGTG; U6, GCTGAGTTGTGCTTTGGAAG-
TGA; L1, ACACAGCTCCTTACCCAACTTCACAC; L2, GTTGACC-
ATGGAGGAGGCGTAGC; L3, ACGAGGTCCGGGGTGGTTCTG; L4,
TCGGTGGAGCGGGGAAGT; L5, TCGGTGATGGAGACGGCAGTG;
L6, ATGAGGAGGATGTTGCCGAAGAGT; L7, GGAGGAGGCGT-
AGCCCAGCCAGGTCACCAAGTTGA.

Two independent constructs were used to establish permanent cell
lines as described below. These constructs also served as templates in
site-directed mutagenesis experiments that were performed with the
Quickchange kit (Stratagene, La Jolla, CA) according to the manufactur-
er’s instructions. Both strands of multiple mutagenized clones were se-
quenced, and one clone was used to establish permanent cell lines as
described below. Sequence data were analyzed and manipulated using
Sequencher (Genecodes, Ann Arbor, MI) and Lasergene (DNAStar,
Madison, WI) software.

Generation of HEK293 cell lines stably expressing 5-HT receptors.
HEK293 cells were maintained in DMEM supplemented with 10% horse
serum, 50 U/ml penicillin, and 50 �g/ml streptomycin at 37°C, and 5%
CO2. Cells were grown to 90 –95% confluency in 35 mm dishes and
transfected with 2 �g of DNA using 10 �l of Lipofectamine in 100 �l of
opti-MEM. After varying amounts of time (6 –24 hr), the medium was
replaced with DMEM supplemented with 10% horse serum, according to
the manufacturer’s suggestions. After 2 d in culture, cells expressing the
transfected genes were selected in medium containing 10% dialyzed FBS
and 500 �g/ml neomycin (Sigma, St. Louis, MO). Cells were maintained
in selection media for �28 d, after which each plate was expanded to
produce a cell line. Each cell line was assayed for receptor expression by
performing Western blot experiments on proteins extracted from each
cell line, using anti-5-HT2�Crust to probe the membranes (see below). All
experiments reported here were conducted on the cell line with the high-
est 5-HT2�Pan expression level. However, the same results were obtained
with a second line. The same procedure was used to establish two
5-HT2�Pan (F171Y) cell lines. All tissue culture lines and reagents were
purchased from American Type Culture Collection (Manassas, VA), ex-
cept the dialyzed serum, Lipofectamine, and opti-MEM (Invitrogen).

PKC assay. We used a modified version of a previously described pro-
cedure to fractionate cells and measure total PKC activity in each fraction
(Setterblad et al., 1998). A 100 mm plate of confluent cells was
trypsinized, and cells were recovered by centrifugation. The pellet was
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resuspended in DMEM, and cell numbers were determined. Aliquots of
5 � 10 5 resuspended cells were removed to separate 1.5 ml tubes and
were exposed to varying concentrations of monoamines (usually 0 –10 �2

M) for 15 min at 37°C in a total volume of 1 ml of DMEM. Normally, one
plate would yield enough cells for an entire concentration series for a
given drug (i.e., nine aliquots ranging from 0 to 10 �2

M). After exposure
to the drug, cells were pelleted in a centrifuge for 2 min, the medium was
removed and replaced with liquid nitrogen. Tubes were stored on dry ice
and assayed immediately, or tubes could be stored at �70°C for up to 1
month with similar results in both cases. For the PKC assay, frozen pellets
were resuspended in 500 �l of lysis buffer (25 mM Tris-HCl, 0.5 mM

EDTA, 0.5 mM EGTA, 0.05% Triton X-100, 10 mM �-mercaptoethanol, 1
�g/ml leupeptin, 1 �g/ml aprotinin, and 2 mM PMSF) and centrifuged at
100,000 � g for 1 hr. The supernatant (soluble fraction) was collected,
and the pellet (membrane fraction) was resuspended in 500 �l of lysis
buffer containing 1% Triton X-100. Total PKC activity in each fraction
was determined using a PKC assay system (Promega, Madison, WI) that
measures 32P phosphorylation of a PKC-specific substrate. Briefly, 5
nmol of a biotinylated PKC peptide substrate [neurogranin (28 – 43)]
was mixed with 5 �l of a given cell lysate in the presence of 32P-ATP,
activation buffer (1.6 mg/ml phosphatidylserine, 0.16 mg/ml diacylglyc-
erol, 100 mM Tris-HCl, and 50 mM MgCl2), and coactivation buffer (1.25
mM EGTA, 2 mM CaCl2, and 0.5 mg/ml BSA). After a 5 min incubation at
30°C, the reaction was terminated by the addition of 7.5 M guanine hy-
drochloride. Samples were applied to streptavidin-coated discs, to which
the biotinylated substrate is specifically bound. Excess free 32P-ATP and
nonbiotinylated cellular components are removed by several washes in 2
M NaCl. A phosphorimaging system (Fuji Photo Film, Tokyo, Japan) was
used to determine the radioactivity incorporated into the substrate. The
signal was expressed in units of photo-stimulated luminescence (PSL).
Protein concentrations in each cell fraction were determined using a BCA
Protein Assay kit (Pierce, Rockford, IL) and the residual cell lysate from
the fractionation procedure described above. The specific activity in each
fraction was expressed as PSL/�g protein. The total specific activity for a
given aliquot of 5 � 10 5 cells is equal to the specific activity of the
membrane fraction plus the specific activity of the soluble fraction. In
some experiments, 10 �7

M PMA (Sigma), a PKC activator, was substi-
tuted for a monoamine, or 5-HT application was preceded by a 15 min
application of 10 �M 1-O-Octadecyl-2-O-methyl-rac-glycero-3-
phosphorylcholine (Et-18-OCH3; Calbiochem, La Jolla, CA), a phospho-
lipase C (PLC) inhibitor, or before removing cells from the plate, a 24 hr
application of 100 ng/ml pertussis toxin (PTX; Calbiochem), a Gi/o

inhibitor.
Assay for inositol phosphate formation or phosphatidyl inositol hydroly-

sis. Measurement of inositol phosphate (IP) formation in cultured cells
was performed using a slight modification of a previously described pro-
tocol (Li et al., 1995). Briefly, confluent cells in 24-well plates were labeled
with [ 3H]-myoinositol (1.3 �Ci/ml; Perkin-Elmer Life Sciences, Nor-
walk, CT) for 48 hr. They were washed with PBS and preincubated with
10 mM LiCl (Sigma) in PBS for 30 min. Cells were incubated an addi-
tional 60 min in either 10 �3

M 5-HT, 20 mM NaF, or no drug (control).
Cells were lysed by adding 0.75 ml of ice-cold 20 mM formic acid to the
wells and incubating the plates at �20°C for 1 hr. The lysate was loaded
onto AG1-X8 columns (Bio-Rad, Hercules, CA) that were pre-
equilibrated with formic acid (20 mM). Care was taken not to disturb the
membranes that remained attached to the plate. The columns were
washed with 3 ml of 50 mM ammonium hydroxide. IP1 and IP2 were
collected with 10 ml of 0.1 M formic acid/0.4 M ammonium formate. IP3

was eluted with 10 ml of 0.1 M formic acid/1 M ammonium formate. The
IP fractions were then combined, and radioactivity in the samples was
quantified by scintillation counting. The cell membranes attached to the
bottom of the wells were dissolved in 1 M NaOH and counted as total
phosphatidyl inositols (PIs), as described previously (Agretti et al., 2003).
Results are expressed as the percentage of radioactivity incorporated in
inositol phosphates (IP1 � IP2 � IP3) over the sum of radioactivity in IPs
and PIs.

[cAMP] determinations. A total of 1 � 10 5 cells were plated in 35 mm
dishes and grown to confluency. Cells were washed with 2 ml of PBS and
preincubated at 37°C for 10 min in the presence of the phosphodiesterase

inhibitor 3-isobutyl-1-methylxanthine (2.5 mM; Sigma). Cells were incu-
bated an additional 30 min at 37°C with either 5-HT (10 �3

M) or fors-
kolin (2.5 �M) or forskolin and 5-HT. The medium was removed, and 0.5
ml of 0.1 M HCl with 0.8% Triton X-100 was added to the plates. After a
30 min incubation at room temperature, the lysate was removed from the
plates and spun in a centrifuge for 2 min. Supernatant was collected and
assayed for cAMP levels using a direct cAMP enzyme immunoassay kit
(Assay Designs, Ann Arbor, MI) according to the manufacturer’s in-
structions. Protein concentrations in each sample were determined using
a BCA Protein Assay kit (Pierce). For some experiments, cells were pre-
treated with PTX (100 ng/ml) for 24 hr before the experiment. Data are
expressed as picomoles of cAMP/milligram of protein.

Antibody production. Two affinity-purified antibodies were synthe-
sized by Bethyl Laboratories (Montgomery, TX) against sequences that
are conserved across crustacean orthologs of the 5-HT2�Pan receptor (P.
interruptus and Machrobrachium rosenbergii) (M. A. Sosa and D. J. Baro,
unpublished observations). Because these antibodies will recognize the
5-HT2�Pan receptor in multiple species of Crustacea, we call them anti-
5-HT2�Crust. Anti-5-HT2�Crust.A was made against the peptide DRFLSL-
RYPMKFGRHKTRRR. Anti-5-HT2�Crust.B was generated against the
peptide DPHSTIVDGVCQIPVSLFQI. When necessary, a C was ap-
pended to the end of the sequence for conjugation to a carrier.

Protein extractions and Western blots. Protein extractions and Western
blots were performed as described previously (Sosa et al., 2004). For
preabsorption experiments, blots contained mirror images of the same
protein extracts on either side of a prelabeled molecular weight marker
(Bio-Rad). Blots were cut down the midline of the lane containing the
visibly labeled molecular weight marker (Bio-Rad) and incubated with
either the antibody or the antibody preabsorbed with its peptide antigen
for �2 hr at room temperature. The ratio of peptide to antibody was 1:20
(w/w), respectively. Blots were reassembled just before chemilumines-
cent detection.

Immunocytochemistry. Whole-mount immunocytochemistry with
stomatogastric ganglia was as described previously (Baro et al., 2000).
Controls included preabsorption of the primary antibody with the pep-
tide used to generate the antibody for 2 hr at room temperature before
incubation with the preparation (peptide to antibody: 1:20, w/w) and
omission of the primary antibody. In all cases, the 5-HT2�Pan signals were
lost, indicating specificity of the antibody (data not shown). To deter-
mine whether the receptor was present at neuromuscular junctions
(NMJs), a double-label protocol involving anti-5HT2�Crust and anti-
synaptotagmin, which labels NMJs (Littleton et al., 1993; Cooper et al.,
1995) and was a kind gift from Dr. Hugo Bellen (Baylor College of Med-
icine, Houston, TX), was performed on identified muscles [ventral pylo-
ric dilator (PD), also known as cpv2 and P8) (Govind and Atwood,
1975). Muscles were dissected without the ganglion and fixed intact in
3.2% paraformaldehyde in PBS (0.14 M NaCl, 0.27 mM KCl, 10 mM Na2

HPO4, and 0.18 mM KH2 PO4, pH 7.3) for 2 hr at 4°C. The fixed muscle
was then pulled into strips (and for the PD, cut in half to reduce the
length) and washed in eight changes of PBST (PBS plus 0.3% Triton
X-100) over 2– 8 hr. The primary antibody was added (1:1000 dilution of
rabbit anti-synaptotagmin in PBST containing 5% NGS) and incubated
overnight at 4°C. The preparation was then washed in eight changes of
PBST over 2– 8 hr. The secondary antibody, goat anti-rabbit IgG Fab
fragments conjugated to FITC or tetramethyl rhodamine (Jackson Im-
munoResearch, West Grove, PA), was added at a dilution of 1:50 in PBST
containing 5% NGS and incubated overnight at 4°C. The preparation
was washed in eight changes of PBST over 2– 8 hr. The second primary
antibody was added (1–10 �g/ml rabbit anti-5-HT2�Crust in PBST con-
taining 5% NGS), and the preparation was incubated overnight at 4°C.
The primary antibody was washed out with eight changes of PBST over
2– 8 hr, and a second secondary antibody was added [goat anti-rabbit IgG
conjugated to Texas Red (Jackson ImmunoResearch) or Oregon Green
488 (Molecular Probes, Eugene, OR) in PBST containing 5% NGS] and
incubated overnight at 4°C. The secondary antibody was washed out in
eight changes of PBS over 2– 8 hr. The preparation was placed on a
poly-lysine-coated coverslip, dehydrated in an ethanol series, cleared in
xylene, and mounted on a glass slide with DPX (Fluka, Buchs, Switzer-
land), as described previously (Baro et al., 2000). In some experiments,
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the order of the primary antibodies was reversed. Negative controls in-
cluded preparations in which the second primary antibody (always rabbit
anti-5-HT2�Crust) was omitted or preabsorbed for �2 hr with the peptide
that served as the antigen in antibody production (antibody to antigen
ratio: 20:1, w/w). Negative controls always included sequential addition
of both secondary antibodies. In the negative controls, NMJs were still
identified by robust synaptotagmin staining, but unlike the experimental
preparations, the NMJs in the negative controls never showed double
labeling. In addition, single-label experiments using only one primary
antibody and one secondary antibody confirmed the findings of the
double-label experiments. Similarly, double-label experiments were per-
formed on the STG using the same protocol, except that the additional
primary antibody was anti-shal 1.b, instead of anti-synaptotagmin. All
images were obtained with a LSM510 confocal imaging system (Zeiss,
Oberkochen, Germany) and manipulated with Adobe Photoshop 5.5
software (Adobe Systems, Mountain View, CA).

Experimental animals. Pacific spiny lobsters (P. interruptus) were ob-
tained from Don Tomlinson Commercial Fishing (San Diego, CA). Lob-
sters were maintained at 16°C in constantly aerated and filtered seawater.
All animals were anesthetized by cooling on ice before experiments.

Statistical analyses. Student’s t tests were performed with Excel soft-
ware (� � 0.05). Results are given as the mean � SEM.

Results
Bioinformatics and cloning of 5-HT2�Pan

We took advantage of the insect genome projects (Drosophila and
Anopheles) to clone a novel arthropod 5-HT type 2 receptor. First,
we mined the Drosophila database for potential monoamine
GPCRs and identified several candidates, including nine previ-
ously cloned monoamine receptors (Table 1). We next used one
of the uncloned candidates (accession number NP_731257) in a
protein–protein blast against the Anopheles database to identify
the mosquito ortholog. An alignment of the two protein se-
quences revealed highly conserved regions that were then used as
templates in the design of degenerate primers. Nested PCRs with
the degenerate primers and a spiny lobster cDNA template pro-
duced fragments of the lobster ortholog. These fragments were
used as probes to screen five Panulirus cDNA libraries. We ob-
tained five partial library clones, all missing the N terminus.
RACE was used to obtain the missing 5� ends.

The predicted protein sequence from the complete lobster
cDNA (Fig. 1) was used in a stringent protein–protein blast

against the Drosophila database. To our surprise, this returned
two adjacent genes on chromosome arm 3R (FLYBASE, http://
flybase.bio.indiana.edu). The first was our candidate gene (acces-
sion number NP_731257) situated at cytological location 85A5.
The second gene (accession number NP_649805) mapped to cy-
tological position 85A4 and was among the remaining genes from
our mining expedition. Closer inspection of the two protein se-
quences revealed that transmembrane regions (TM) 3–7 and the
C terminus of the receptor were contained in the original candi-
date gene, whereas the N terminus and TM1–2 were contained in
the second candidate gene. Clearly, the algorithms used to anno-
tate the database and identify introns and gene boundaries did
not detect the very large intron between TM2 and TM3, because
instead of identifying one large, sprawling gene, the program
defined two smaller genes. As a result, we reanalyzed all candidate
genes resulting from the mining expedition for the presence of all
seven transmembrane regions. Complete predicted receptors
currently represented by multiple genes in the databases are in-
dicated as such in Table 1. This study makes two important
points: (1) the existing genome projects (two or more) can be
used effectively to clone orthologs from related species for which
no sequence data are available; and (2) cloning genes from related
organisms helps to annotate existing databases.

5-HT2�Pan sequence analyses and comparisons
A protein–protein blast of the complete Genbank with the pre-
dicted amino acid sequence of the newly identified lobster mono-
amine receptor revealed that this novel receptor is a homolog of
mammalian 5-HT2 receptors, with e-values ranging from e-33 to
e-31 for mammalian type 2 receptors, e-26 for 5-HT2�Dro (Colas
et al., 1995), and e-23 for an arthropod 5-HT type 7 receptor.
Arthropod 5-HT type 1 receptors were not listed in the results,
but a paired protein– protein blast against 5-HT1�Dro returned an
e-value of 6e-16. Because one 5-HT type 2 receptor has already
been identified in Drosophila (Colas et al., 1995), we named the
two new proteins 5-HT2�Pan (lobster) and 5-HT2�Dro (fruit fly)
according to a modification of the suggested nomenclature rules
(Colas et al., 1995; Tierney, 2001). With this nomenclature, ho-
mology to the mammalian subtypes is indicated by a subscripted
number immediately after 5-HT (i.e., 5-HT1–5-HT7). This num-

Table 1. Monoamine GPCRs in Drosophila

Protein accession number(s)a Subtype Original references Original name(s) Renamed according to the new nomenclature rules

NP_524548 DA1 Feng et al. (1996), Han et al.(1996) DAMB, DopR99B D1�Dro

NP_733299 DA1 Gotzes et al. (1994), Sugamori et al. (1995) Dmdop1, dDA1 D1�Dro

NP_477007 DA2 Hearn et al. (2002) DD2R D2Dro

NP_524419 TYR Arakawa et al. (1990), Saudou et al. (1990) Dmoct/tyr
NP_732541 OCT Han et al. (1998) OAMB
NP_524599 5-HT7 Witz et al. (1990) 5HT-dro1 5-HT7Dro (Colas et al., 1995)
NP_476802 5-HT1 Saudou et al. (1992) 5HT-dro2A 5-HT1ADro (Colas et al., 1995); 5-HT1�Dro (present study)
NP_523789 5-HT1 Saudou et al. (1992) 5HT-dro2B 5-HT1BDro (Colas et al., 1995); 5-HT1�Dro (present study)
NP_524223 5-HT2 Colas et al. (1995) 5-HT2Dro 5-HT2�Dro (present study)
NP_731257, NP_649805 5-HT2 Present study 5-HT2�Dro

NP_651057 Putative
NP_650651 Putative
NP_650652 Putative
NP_650754 Putative
NP_651772 Putative
NP_647897 Putative
NP_572358 Putative
NP_731719 to 731721, NP_650212 to

650213 Putative

DA, Dopamine; TYR, tyramine; OCT, octopamine.
aAdditional accession numbers for a given receptor may exist in the databases.

3424 • J. Neurosci., March 31, 2004 • 24(13):3421–3435 Clark et al. • Cloning and Characterizing 5-HT2�Pan



Figure 1. Conservation of 5-HT receptors. The predicted protein sequences for the two arthropod 5-HT2� receptors are aligned with those predicted for the human type 2C receptor, the arthropod
5-HT2� paralog, and a lobster 5-HT type 1 receptor. Amino acids are numbered such that the start methionine is �1 in each sequence. The heavy black bars above the sequence approximate the
seven transmembrane regions. Amino acids matching the consensus sequence are boxed. Amino acids discussed in the text or listed in Table 2 are highlighted. Highlighted circles represent N-linked
glycosylation sites. The accession numbers are: 2Chum, NM_000868; 2�Dro, NP_524223; 2�Dro, NP_731257 plus NP_649805; 2�Pan, AY550910; 1Pan, AY528822.
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ber is meant to imply conservation between vertebrate and inver-
tebrate receptors at the level of the DNA sequence and the signal-
ing pathway. Thus, the arthropod 5-HT1 receptors, originally
named 5-HT2A and 5HT2B (Table 1) (Saudou et al., 1992; Colas
et al.,1995), are most homologous to the mammalian 5-HT1 re-
ceptors and all negatively couple with cAMP. Similarly, the ar-
thropod 5-HT7 receptor, originally named 5-HTdro1 (Table 1)
(Witz et al., 1990; Colas et al., 1995), positively couples with
cAMP like its mammalian homologs. When there is more than
one known gene within a subtype, individuals are represented by
subscripted letters that immediately follow the number. At this
point, we modified the original nomenclature scheme to include
Greek letters for arthropod receptors (i.e., 5-HT1�, 5-HT1�, etc.),
rather than the Roman letters used in the mammalian nomencla-
ture (i.e., 5-HT1A, 5-HT1B, etc.). This is because the subscripted
letter is not meant to imply orthology across vertebrate/inverte-
brate lines. It is generally accepted that the paralogs within a
subtype (i.e., 5-HT1A, 5-HT1B, etc.) evolved independently for
mammals and invertebrates (Tierney, 2001); thus, the arthropod
5-HT2� receptor has no real ortholog among the three vertebrate
type 2 receptors: 2A, 2B, 2C. To emphasize this fact and thereby
reduce confusion, here we indicate paralogs within a subtype
using Greek letters for arthropods and Roman letters for verte-
brates. Species is indicated immediately after the subscripted
letter.

A prosite scan revealed that both arthropod 2� orthologs con-
tain N-linked glycosylation sites in their N termini (Fig. 1) and
multiple phosphorylation sites (data not shown). Figure 1 shows
an alignment of the arthropod 5-HT2�Pan receptors with a mam-
malian 5-HT2C receptor, as well as 5-HT2�Dro and a 5-HT sub-
type 1 homolog from lobster (5-HT1Pan) (Sosa et al., 2004). Only
the transmembrane regions were aligned, thereby emphasizing
the differences in the lengths of the extracellular N termini, the
third intracellular loops (i3), and the intracellular C termini. Al-
hough characteristic and expected, the lack of i3 conservation
between 2� orthologs is somewhat baffling given that G-protein
coupling and receptor targeting are conserved functions of the i3
domain (Kroeze et al., 2002). The other intracellular loops (i1 and
i2) are well conserved between 2� orthologs, whereas the extra-
cellular loops (e1– e3) are not. G-protein coupling is partially
determined by i2 (Burns et al., 1997; Lembo et al., 1997; Nis-
wender et al., 1999) and e2 functions in ligand selectivity (Kroeze
et al., 2002), but the functions of the other loops are unknown.

The N termini of 5-HT receptors are usually not conserved in
sequence or length, and their role remains undefined. The con-
served proximal portion of the C terminus (2�Pan, 706K–717K)
is predicted to form a helix parallel to the membrane surface, and
the adjacent conserved cysteine (2�Pan, 718C) represents a
putative palmitoylation site that may play a role in anchoring this
presumed eighth cytoplasmic helix at the membrane surface

Table 2. 5-HT2 receptor transmembrane region (TMR) amino acids with known functions

TMR Position in receptor Function Conserved References

TM1 2CHum55W LB No Roth et al. (1997a,b)
TM2 2CHum104L LB No Wang et al. (1993), Choudhary et al. (1995), Sealfon

2CHum111L LB No et al. (1995), Roth et al. (1997b), Manivet et al. (2002)
2CHum113A LB No
2�Pan118D LB and G-protein coupling, binds to residue Yes

2BPan697N in TM7
TM3 2�Pan152D LB and membrane targeting Yes Kristiansen et al. (2000), Visiers et al. (2001),

2CHum138S LB No Kroeze et al. (2002), Manivet et al. (2002),
2�Pan169D Activation (see text) Yes Shapiro et al. (2002), present study
2�Pan170R Activation (see text) Yes
2�Pan171F Activation (see text) No

TM5 2�Pan236S LB Yes Almaula et al. (1996a,b), Johnson et al. (1997),
2�Pan240F LB contributes to HBP Yes Shapiro et al. (2000), Manivet et al. (2002)
2�Pan242I LB Yes
2CHum222A LB No
2CHum224F LB No
2CHum228T LB No

TM6 2CHum305N Activation No Choudhary et al. (1993, 1995); Roth et al. (1997a,b),
2CHum310S Activation No Shapiro et al. (2000), Visiers et al. (2001),
2�Pan644E Activation (see text) Yes Manivet et al. (2002)
2�Pan645Q Activation Yes
2�Pan646K Activation (see text) Yes
2�Pan650V Activation Yes
2�Pan651L Activation Yes
2�Pan654V Activation Yes
2�Pan662W LB contributes to HBP Yes
2�Pan664P Activation: hinge allowing TM3/TM6

association– disassociation
Yes

2�Pan665F LB contributes to HBP Yes
2�Pan666F LB contributes to HBP Yes
2�Pan669N LB Yes

TM 7 2�Pan688W LB contributes to HBP Yes Sealfon et al. (1995), Roth et al. (1997a,b),
2�Pan691Y LB contributes to HBP Yes Rosendorff et al. (2000), Manivet et al. (2002)
2CHum353F LB No
2�Pan697N LB/coupling: interacts with 2Bpan118D Yes
2�Pan701Y Activation Yes

LB, Ligand binding; HBP, hydrophobic binding pocket.
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(Palczewski et al., 2000; Kroeze et al., 2002). The terminal amino
acids of the human 2C receptor form a type 1 PDZ domain that
interacts with the MUPP1 scaffold protein to form a multi-
protein signaling complex (Becamel et al., 2001, 2002). Similarly,
this domain helps to determine functional activity and receptor
trafficking of 5-HT2A receptors (Xia et al., 2003). In contrast, this
domain is not present in the arthropod 2� orthologs, although
the terminal amino acids of the lobster receptor form an atypical
PDZ domain (Bezprozvanny and Maximov, 2001).

There is a great deal of conservation in the transmembrane
regions, which function both in ligand binding and receptor ac-
tivation. Residues known to be important to these functions are
listed in Table 2. Amino acids in the transmembrane helices near
the extracellular surface are thought to interact and form a bind-
ing pocket for ligands (Kroeze et al., 2002). Roughly half of the
amino acids known to be involved in ligand binding are con-
served between the human 2C and lobster 2� receptors (Table 2),
which is consistent with the fact that pharmacological profiles are
not fully preserved across species. It has been suggested that the
cytoplasmic regions of TM3 and TM6 are closely associated in the
inactive receptor but that these helices move apart in the activated
receptor (Visiers et al., 2001; Kroeze et al., 2002; Shapiro et al.,
2002). The highly conserved DRY motif in TM3 is partially re-
sponsible for mediating this effect. The conserved arginine resi-
due (2�Pan: 170R) is thought to interact with the neighboring
conserved aspartate in TM3 (2�Pan: 169D) and a conserved glu-
tamate in TM6 (2�Pan: 644E). Mutations that disrupt this triad
cause constitutive activity in mammalian receptors. Although the
tyrosine (Y) in the DRY motif is highly conserved among most
monoamine receptors, to our knowledge, its function in receptor
activation has not been characterized by mutagenic analyses. In-
terestingly, this residue is not conserved in the lobster 2� or-
tholog (2�pan: 171F).

The 5-HT2�Pan signaling pathway: Gq to PLC to PKC
Whereas a 5-HT type 2 receptor has been cloned in Drosophila
(Colas et al., 1995), its G-protein coupling(s) is unknown. Con-
servation of a given receptor subtype across species usually ex-
tends beyond the sequence to the primary signaling pathway.
Traditionally, mammalian 5-HT type 2 receptors are thought to
couple via Gq to phospholipase C� (PLC). Activated PLC hydro-
lyzes phosphatidylinositol 4,5 bisphosphate (PIP2), thereby pro-
ducing IP3 and DAG. IP3 goes on to release calcium stores, and
together, Ca 2� and DAG bind to the C2 and C1 sites on PKC,
respectively, thereby linking PKC to the membrane where it is
activated by association with phosphotidyl serine (Newton,
2001). It has now been shown that 5-HT2 receptors can addition-
ally couple with multiple pathways (Berg et al., 1998; Pauwels,
2000; Kurrasch-Orbaugh et al., 2003) and that there are three
subtypes of PKC isozymes that vary with respect to their sub-
strates and requirements for DAG and Ca 2� (Way et al., 2000). In
the next series of experiments, we investigated whether
5-HT2�Pan is coupled with the Gq signaling pathway.

Using standard cloning techniques, we generated full-length
constructs for 5-HT2�Pan and used them to establish permanent
human embryonic kidney (HEK) cell lines expressing the recep-
tor (HEK 5-HT2�Pan). We then assayed cells for PKC activation in
response to increasing concentrations of 5-HT (Fig. 2). PKC
translocates from the cytosol to the membrane where it is acti-
vated, and translocation is a standard assay for PKC activation in
response to GPCR activity (Newton, 2001). Therefore, we ex-
posed cells to 10�9 to 10�2

M 5-HT for 15 min, lysed and frac-
tionated the cells (membrane vs cytosol), and then measured
total PKC activity in each of the two fractions using an assay that
detects phosphorylation of neurogranin, a substrate for conven-
tional PKC isozymes that are sensitive to both [DAG] and [Ca 2�]
(Huang et al., 1993; Ramakers et al., 1999). Figure 2A demon-
strates that for HEK 5-HT2�Pan cells there is a significant dose-

Figure 2. The effect of biogenic amines on PKC translocation. HEK 5-HT2�Pan or nontransfected HEK cells were exposed to the indicated drug for 15 min. Cytosolic and membrane fractions were
separated, and PKC-specific activity in each fraction was measured. The percentage of total PKC-specific activity associated with the cytosolic fractions (f) versus membrane fractions (�) is
indicated. Data are expressed as the mean � SEM, and n � 3 for all experiments, except A and B, in which n � 8 for 0 5-HT. *p � 0.05, significantly different when compared with the same fraction
in the absence of drug.
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dependent translocation of PKC to the membrane in response to
increasing concentrations of 5-HT. In contrast, the parental,
nontransfected HEK cells show no response to 5-HT application
(Fig. 2B). Because some monoamine receptors can be activated
by multiple ligands (Hearn et al., 2002), we next asked whether
other monoamines that normally function as modulators in the
lobster nervous system could activate the 5-HT2�Pan receptor.
Neither dopamine (Fig. 2C), octopamine (Fig. 2D), tyramine
(Fig. 2E) nor histamine (Fig. 2F) produced significant PKC
translocation in HEK5-HT2�Pan cells, even at concentrations as
high as 10 mM. These results are consistent with the classification
of our newly discovered GPCR as a 5-HT2 receptor.

To show that PLC activation led to the previously observed
PKC translocation in cells expressing the 5-HT2�Pan receptor, we
applied the PLC inhibitor ET-18-OCH3 15 min before incuba-
tion with 5-HT and assayed the cells for PKC translocation. Fig-
ure 3 shows that application of the PLC inhibitor precludes the
5-HT-evoked PKC translocation, suggesting that the signaling
cascade activated by the 5-HT2�Pan receptor includes PLC. To
further test this hypothesis, we measured IP accumulation in
response to 5-HT. Figure 4 illustrates that HEK 5-HT2�Pan cells
displayed a significant 2.75-fold increase in PI hydrolysis (or IP
accumulation) in response to 10�3

M 5-HT ( p � 0.01), whereas
the parental HEK cells showed no significant change. However,
both cell lines responded to the nonspecific activator of trimeric
G-proteins, NaF, with approximately a threefold increase in PI
hydrolysis. Collectively, these data suggest that the 5-HT2�Pan

receptor transduces signals via PLC.
PLC can be activated by the � subunit of Gq or through the ��

subunits of other G-proteins. Three pieces of data suggest that
PLC is activated via Gq. First, both nontransfected HEK and HEK
5-HT2�Pan cells showed no increase in cAMP levels in response to
10�3

M 5-HT (Fig. 5). However, both cell lines responded to the
adenylate cyclase activator forskolin with equivalent increases in
[cAMP] (Fig. 5). These data suggest that 5-HT2�Pan does not
activate Gs, which positively couples with adenylate cyclase. Sec-
ond, exposure to 5-HT did not significantly alter the forskolin
response in either cell line, suggesting that Gi/o, which inhibits
adenylate cyclase, was not activated by 5-HT in either cell line
(Fig. 5). Third, PTX, which specifically blocks Gi/o dissociation
into G� and G�� subunits, had no significant effect on the 5-HT-

evoked PKC translocation in HEK 5-HT2�Pan cells (Fig. 3) or on
levels of cAMP in cells exposed to both forskolin and 5-HT (Fig.
5). This further demonstrates that the �� subunit of Gi/o does not
activate PLC in response to 5-HT. Collectively, these data are
consistent with a mode of action by which the 5-HT2�Pan receptor
couples with what has been designated as the traditional pathway
for 5-HT2 receptors in mammals: Gq to PLC to PKC.

Agonist-independent activity of the 5-HT2�Pan receptor
It is well documented that GPCRs can demonstrate agonist-
independent activity (Seifert and Wenzel-Seifert, 2002; Mustard
et al., 2003). This is usually detected as an increase in signaling
pathway activity under baseline conditions (no agonist present)
in cells expressing the GPCR (HEK 5-HT2�Pan) relative to the

Figure 3. The PLC inhibitor ET-18-OCH3 , but not PTX, blocks the 5HT2�Pan receptor-
mediated translocation of PKC. After pretreatment with the indicated inhibitor, cells were in-
cubated an additional 15 min with 5-HT (10 �3

M). PKC activity was measured in the cytosolic
and membrane fractions. Data are expressed as the mean � SEM; n � 3 per condition. *p �
0.05, significantly different when compared with 0 5-HT.

Figure 4. 5-HT stimulates IP production in transfected cells expressing serotonin receptors
but not in the parental HEK cell line. Total PI and IP were assayed in nontransfected HEK (�),
HEK 5-HT2�Pan (f), and HEK 5-HT2�Pan (F171Y) (u) cells. Three conditions are shown: control
(no drug), 5-HT (60 min exposure to 10 �3

M 5-HT), and NaF (60 min exposure to the nonspecific
trimeric G-protein activator 20 mM NaF). Results are expressed as a ratio of IP/(PI � IP). Data
represent the mean � SEM from three separate experiments. *Significantly different ( p �
0.05) for drug versus control for a given cell line; **significantly different from HEK cells under
the same condition (i.e., comparisons within each of the three conditions: control, 5-HT, NaF);
***significantly different from HEK 5-HT2�Pan (F171Y) under the same condition.

Figure 5. cAMP levels do not change in response to 5-HT treatment. cAMP levels were
measured in 5-HT2�Pan (f) and nontransfected HEK (�) cells or cells exposed to 5-HT (10 �3

M), forskolin (2.5 mM), forskolin (2.5 mM) with 5-HT (10 �3
M), or forskolin (2.5 mM) with 5-HT

(10 �3
M) after pretreatment with PTX. Results are expressed as picomoles of cAMP/per milli-

gram of protein. Data are the mean � SEM from three separate experiments. *p � 0.05,
significantly different for drug versus control for a given cell line. There were no significant
differences between any treatments containing forskolin within or between cell lines.
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nontransfected parental cell line (HEK). In all experiments, we
noticed that in the absence of agonist, the PKC activity associated
with the membrane fraction was significantly higher in HEK
5-HT2�Pan cells relative to nontransfected HEK cells ( p � 2 �
10�5; Fig. 2, compare the first set of bars in A,C–F with B). The
average PKC activity associated with the membrane fraction was
11 � 1.4% for nontransfected HEK cells and 35 � 4.0% for
HEK5-HT2�Pan cells under baseline conditions. Because PKC ac-
tivation is associated with translocation to the membrane, we
conclude that there is approximately a threefold increase in the
basal level of PKC activity in cells expressing the 5-HT2�Pan re-
ceptor. Similarly, in the absence of agonist, we observed a signif-
icant 2.3-fold increase in IP levels in cells expressing the
5-HT2�Pan receptor, relative to the parental cell line (Fig. 4) ( p �
0.05). In contrast, baseline levels of cAMP were the same for both
cell lines (Fig. 5). The most parsimonious interpretation of these
data is that when the 5-HT2�Pan receptor is expressed in HEK
cells, it displays some agonist-independent activity.

Phorbol esters, like PMA, can substitute for DAG, because
they associate with the DAG binding site, C1, on the PKC en-
zyme. Thus, both PMA and DAG serve as hydrophobic anchors
that can recruit conventional PKC isozymes to the membrane
even in the absence of Ca 2� (Newton, 2001). A 15 min applica-
tion of 0.1 �M PMA alone caused 90% of the PKC to translocate
to the membrane in HEK 5-HT2�Pan cells but not in the parental,
nontransfected cells (Fig. 6). A 60 min exposure to PMA was
required to obtain the same level of translocation in the parental
cell line. The average PKC-specific activity was not significantly
different between HEK 5-HT2�Pan and HEK cells (0.11 � 0.02
psl/�g vs 0.095 � 0.03 psl/�g; p � 0.2). Thus, the average number
of PKC molecules is probably similar in the two cell lines. Because
the level of the membrane affinity of PKC is linearly related to the
mol fraction of the C1 ligand in the bilayer (i.e., DAG and/or
PMA), and because Ca 2� binding at the C2 site on conventional
PKC enzymes acts synergistically with binding at the C1 site to
facilitate PKC association with the membrane (Newton, 1995,
2001), the potentiated response of the transfected cells to PMA is
consistent with the idea of a constitutively active receptor.

Blocking constitutive activity by restoring the DRY motif
As discussed previously, it has been suggested that the highly
conserved DRY motif in TM3 helps to mediate receptor activa-
tion, and mutation of the D and/or R in this motif is known to
cause constitutive receptor activity in mammalian type 2 recep-
tors (Kroeze et al., 2002; Shapiro et al., 2002). In the 5-HT2�Pan

receptor, the DRY motif has evolved into DRF (Fig. 1). A hydro-
phobic amino acid (F) replaces a polar residue (Y), producing a
nonconservative change in the motif. Interestingly, this same al-
teration is also observed in the nematode receptor 5-HT2As

(Huang et al., 2002). Restoration of the DRY motif in the nema-
tode receptor caused an increase in its affinity for 5-HT, but the
effect on activation was not considered. We hypothesized that the
Y to F transition might contribute to the observed constitutive
activity of the lobster receptor. To test this hypothesis, we used
site-directed mutagenesis (F171Y) on our original construct to
restore the DRY motif to the 5-HT2�Pan receptor. We used this
new construct to stably transfect HEK cells and establish a second
cell line, HEK 5-HT2�Pan(F171Y). We then assayed the cell line
for PKC activity and PI hydrolysis as described previously. Figure
7 demonstrates that HEK 5-HT2�Pan(F171Y) cells still show a
dose-dependent translocation of PKC in response to increasing
levels of 5-HT. However, in the absence of agonist, only 17 �
2.0% of the total PKC-specific activity was now associated with
the membrane fraction, which was not significantly different
from the 11 � 1.4% observed for the parental, nontransfected
HEK cell line but was significantly different from the 35 � 4.0%
observed for the wild-type receptor containing the DRF motif
( p � 0.002). Similarly, cells expressing the mutated receptor still
responded to 10�3

M 5-HT with a significant �2.4-fold increase
in PI hydrolysis (Fig. 4) (p � 0.05). However, under baseline
conditions, IP levels were not significantly different between
HEK 5-HT2�Pan(F171Y) and parental HEK cells (Fig. 4) but were
significantly lower than for cells expressing the wild-type DRF
receptor ( p � 0.003). Finally, Figure 6 illustrates that restoration
of the DRY motif abolishes the potentiated PMA response asso-
ciated with the wild-type receptor. All of these results strengthen
the idea that the wild-type 5-HT2�Pan receptor is constitutively
active when expressed in HEK cells and suggest that the residue at
position 171 plays a role in receptor activation.

Interestingly, in addition to triggering constitutive activity,

Figure 6. The PMA response is potentiated in HEK 5-HT2�Pan cells. The PKC activator PMA
(0.1 �M) was applied for 15, 30, or 60 min to each of three cell lines [HEK 5-HT2�Pan, �; HEK,
f; HEK 5-HT2�Pan (F171Y), Œ]. The PKC-specific activity associated with the cytosolic and
membrane fractions was measured, and the percentage of the total specific activity associated
with a given fraction was determined. The percentage of PKC-specific activity associated with
the membrane is plotted for each time point in each cell line. Each data point represents the
mean � SEM; n � 3 per data point.

Figure 7. Restoration of the DRY motif disrupts the agonist-independent activity associated
with the 5-HT2�Pan receptor but not the response to 5-HT. HEK 5-HT2�Pan (F171Y) cells were
assayed for PKC translocation after a 15 min exposure to varying concentrations of 5-HT, as
indicated. Data are expressed as the mean � SEM from three separate experiments, except for
the 0 5-HT data point, in which n � 5. *p � 0.05 when compared with activity in the same
fraction in the absence of drug treatment.
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the Y to F transition at position 171 also seems to increase evoked
PI hydrolysis. Figure 4 shows that PI hydrolysis in response to
5-HT was significantly higher in cells expressing the wild-type
DRF versus the mutant DRY receptor. Similarly, the response of
5-HT2�Pan cells to NaF was significantly greater than for either of
the other two cell lines. Surprisingly, there did not appear to be a
concomitant potentiation of the evoked PKC response. An inter-
pretation of these data is confounded by the experimental proto-
cols used. First, in our assay for PI hydrolysis, we measure total IP,
which consists of IP1 � IP2, � IP3. Thus, an increase in IP accu-
mulation may not explicitly translate into an increase in the sec-
ond messengers that lead to PKC activation. Furthermore, the
5-HT exposure time varied between the two assays (15 min for
the PKC assay vs 60 min for the IP assay), as did the state of the
cells during exposure to the drug (resuspended vs plated,
respectively).

5-HT2�Pan localization in the STNS
In P. interruptus, stomatogastric neurons are modulated by bath
application of 5-HT (Harris-Warrick, 1992a). Interestingly, there
are no serotonergic input fibers to the STG. Instead, the ganglion
is located in a blood vessel, and a short distance away is a neuro-
hemal plexus that releases 5-HT into the hemolymph that con-
stantly bathes the ganglion (Sullivan et al., 1977; Beltz et al., 1984;
Beltz, 1999). The 5-HT receptors in P. interruptus have a high
affinity for 5-HT and respond to physiological concentrations
contained in the hemolymph (Beltz, 1999). Thus, it is generally
thought that 5-HT acts as a neurohormone in this system. We
were interested in whether 5-HT2�Pan could potentially serve as a
neurohormonal receptor mediating some of the actions of 5-HT
on stomatogastric neurons. Therefore, we asked whether
5-HT2�Pan was expressed in the STNS and, if so, where this po-
tential neurohormone receptor might be located.

We generated affinity-purified antibodies against the receptor
as detailed in Materials and Methods. The Western blot in Figure
8 shows that the antibody recognizes a single band around the
predicted molecular weight of 79 kDa, and the signal is lost on
preabsorption with the peptide used to generate the antibody,
suggesting that the antibody is specific for the 5-HT2�Pan protein.
To determine whether this receptor is expressed in pyloric neu-

rons, we used the antibody to perform whole-mount immuno-
cytochemistry experiments on the STG and identified muscles,
followed by confocal microscopy, as described previously (Baro
et al., 2000).

The STG is a sphere containing a core of coarse neuropil,
which is encompassed by a layer of fine neuropil, which in turn, is
surrounded by the peripheral layer that contains neuronal cell
bodies, nerve fibers, blood vessels, and blood cells interspersed
among numerous glial elements. A perineural sheath covers the
entire ganglion (for a more complete perspective, see Baro et al.,
2000; Wilensky et al., 2003). A neuronal soma in the peripheral
layer sends a primary process into the central coarse neuropil that
then branches into secondary and tertiary neurites. Processes
from the coarse neuropil enter and branch in the more peripheral
fine neuropil, where synapses occur between stomatogastric neu-
rons as well as modulatory input fibers. Afferent fibers mainly
enter the ganglion through the peripheral layer and then go on to
form synapses in the fine neuropil (Friend, 1976; King, 1976a,b).
The stomatogastric nerve and dorsal ventricular nerve (dvn) are
associated with the ganglion anteriorly and posteriorly, respec-
tively. Most stomatogastric neurons are motoneurons that send
an axon out the dvn, each of which goes on to innervate identified
muscles.

Figure 9 shows receptor distribution in the STG. We found
that the receptor was expressed in what appears to be the somatic
endomembrane compartment of 98% of the neurons (n � 6
ganglia), but expression levels varied across neurons (Figs.
9A,B). In an attempt to determine whether the receptor might be
in the somatodendritic plasma membrane, we performed
double-label experiments (Fig. 9C) using anti-5HT2�Crust and a
second antibody against the terminal amino acids of the K�

channel, Shal 1.b (Baro et al., 2001). Although shal channels have
previously been shown to reside in the somatodendritic plasma
membranes of stomatogastric neurons and glial cells (Baro et al.,
2000), this particular isoform is expressed only in neurons (Krenz
and Baro, unpublished observations). The typical neuronal shal
channel profile, which includes an intense ring around the so-
mata, can be seen in Figure 9C. This ring, which indicates that the
protein is concentrated in the plasma membrane, was missing in
the 5-HT2 receptor profile for all single- and double-label exper-
iments. Thus, the 5-HT2 receptor does not appear to be well
represented in the somatic plasma membrane relative to K�

channels. Similarly, an intense ring surrounding the large diam-
eter process in the coarse neuropil was seen only in the K� chan-
nel profiles (data not shown). In contrast, the receptor was ob-
served in higher branch order processes of the fine neuropil and
in what we interpret to be the endomembrane system of a fraction
of fibers throughout the ganglion (Fig. 9A,B). The receptor was
not observed in the membranes of axons leaving the ganglion via
the dvn or in glial cells surrounding the neurons.

The signals detected in the endomembrane system most likely
represent turnover, processing, and/or transport of the receptor
protein. We asked whether pyloric neurons transport the recep-
tors to axon terminals at NMJs by examining receptor distribu-
tion at two identified NMJs: the PD NMJ [PD neurons exclusively
innervating the paired ventral PD muscles (cpv2); n � 5 animals]
and the pyloric constrictor (PY) NMJ (PY neurons exclusively
innervating the paired P8 muscles; n � 4 animals). In these ex-
periments, we used a second antibody against synaptotagmin that
has previously been used to identify the axon terminals at crus-
tacean NMJs (Littleton et al., 1993; Cooper et al., 1995). Figure 10
shows that the 5-HT2�Pan receptor is observed at both identified
NMJs. The strong colocalization with synaptotagmin, an integral,

Figure 8. Anti-5HT2�Crust specifically recognizes the 5-HT2�Pan receptor in lobster nervous
tissue. A representative Western blot experiment is shown. The blot containing protein extracts
from lobster nervous tissue was probed with an antibody against 5-HT2�Pan (5-HT2�Crust) or the
same antibody preabsorbed with the peptide antigen used to generate the antibody (preab-
sorbed). Molecular weight standards are indicated. The antibody produces a signal correspond-
ing to the predicted size of the protein, which is lost on preabsorption.
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synaptic vesicle membrane protein, suggests that the receptor is
located presynaptically, which is consistent with the idea of re-
ceptor transport to axon terminals. We occasionally observed
receptor staining without counterpart synaptotagmin staining
(Fig. 10, arrows). We do not know whether this staining repre-
sents extrasynaptic receptors in the muscle and/or terminal or
simply “nonspecific” sticking of the antibody; however, this
staining was not observed when the anti-5-HT2�Crust antibody
was preabsorbed. In addition, receptor staining at the PD NMJ
was always robust, whereas at the PY NMJ, staining intensities
varied with the animal. We do not know whether this variability
was biological or technical, however, synaptotagmin staining at
all NMJs was always robust in all animals.

Discussion
We have successfully used a bioinformatics approach to clone a
novel 5-HT receptor from arthropods and, in particular, from a
crustacean that lacks a sequenced genome. This illustrates that
the profusion of data existing for model genetic organisms, like
Drosophila, can be exploited to the advantage of other important,
but genetically intractable, arthropod models used to study phys-

iological processes like motor pattern gen-
eration. The number of potential mono-
amine receptors identified by this
approach suggests that a little over half of
the existing arthropod monoamine recep-
tors have been cloned and characterized
(10 of the predicted 18) and that inverte-
brate receptor numbers may parallel those
observed for vertebrates.

The 5-HT2� receptor that we identified
in fly and spiny lobster is a paralog of the
5-HT2� receptor previously cloned from
Drosophila (Colas et al., 1995). Thus, there
are two known arthropod 5-HT2 genes to
date. We have demonstrated, for the first
time, that arthropod 5-HT2 receptors cou-
ple with the Gq signaling pathway, like
their mammalian homologs. This is con-
sistent with most comparisons of mono-
amine receptor subtypes across vertebrate/
invertebrate lines (Blenau and Baumann,
2001; Tierney, 2001), and it upholds the
emerging concept that for a given receptor
subtype, both sequence and primary sig-
naling pathways will be conserved across
species, whereas pharmacological profiles
may not.

Similar to many other GPCRs, the
5-HT2�Pan receptor displays agonist-
independent activity when heterologously
expressed in a mammalian cell line. Our
data suggest that the polar Y to hydropho-
bic F transition that evolved in the highly
conserved TM3 DRY motif contributes to
the observed agonist-independent activity
and, therefore, this residue is implicated in
receptor activation. Inverse agonists stabi-
lize GPCRs in the inactive conformation
and thereby reduce agonist-independent
activity. Inverse agonists (synthetic and/or
endogenous) have been identified for the
majority of constitutively active GPCRs
(Seifert and Wenzel-Seifert, 2002). Be-

cause endogenous inverse agonists exist (Ango et al., 2001; Seifert
and Wenzel-Seifert, 2002), much of the constitutive activity dis-
played in heterologous systems may be absent in the native sys-
tem in which the inverse agonists also reside. Still, there have been
demonstrations of agonist-independent activity for endogenous
GPCRs in native cells (Morisset et al., 2000; Seifert and Wenzel-
Seifert, 2002), and it has been further shown that constitutive
activity can be regulated by cellular processes. For example, neu-
ronal excitation can disrupt the interaction between the metabo-
tropic glutamate receptor and the scaffold protein/inverse ago-
nist homer 3, thereby activating the associated G-protein in the
absence of ligand with a time constant that is different from that
of agonist-mediated stimulation (Ango et al., 2001). Important
issues that we will address in future experiments include whether
the 5-HT2�Pan receptor can display agonist-independent activity
in pyloric neurons, under what conditions, and how this might
affect network properties and motor output.

The presence of 5-HT receptors in the STG supports two de-
cades of electrophysiological and anatomical experimentation
showing that 5-HT modulates neural circuits located in this gan-

Figure 9. Most stomatogastric neurons express 5-HT2�Pan to varying degrees. A, B, A 5.45 �m confocal slice from different
representative ganglia are shown. Scale bar (in A), 50 �m. A, Anterior left quadrant �20 �m from the dorsalmost aspect of the
ganglion. This slice depicts mostly the peripheral layer showing eight neuronal cell bodies; however, the fine, synaptic neuropil-
containing tufts of neurites from stomatogastric and modulatory input neurons can be seen in the bottom right corner, just above
the scale bar. The arrow points to one of many profiles most likely representing transport of the receptor in fibers that are
entering/leaving the ganglion through the peripheral layer. B, Optical slice representing posterior left quadrant of the ganglion
�35 �m from the ventralmost aspect. All layers of the ganglion appear in this slice: the triangular course neuropil (CN) jutting out
from the left, surrounded by several tufts of fine neuropil (fn), surrounded by the peripheral layer containing somata, surrounded
by the perineural sheath. C, Confocal projection representing �1.5 �m in depth, showing a single neuron double-labeled for the
5-HT2�Pan receptor (red) and the K � channel shal 1.b (green). The right panel represents the merged image. Notice the ring of
protein in the plasma membrane that is present in the K � channel profile but absent in the receptor profile. In our hands, the
nuclei always stained intensely in the double-label experiments (in both the receptor and channel profiles) but not in the
single-label experiments (in both the receptor and channel profiles). We do not understand this technical artifact.
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glion (Beltz et al., 1984; Marder and Eisen, 1984; Flamm and
Harris-Warrick, 1986a,b; Harris-Warrick and Flamm, 1987; Katz
et al., 1989; Katz and Harris-Warrick, 1989, 1990; Johnson and
Harris-Warrick, 1990; Kiehn and Harris-Warrick, 1992a,b;
Meyrand et al., 1992; Johnson et al., 1993; Turrigiano and
Marder, 1993; Zhang and Harris-Warrick, 1994, 1995; Christie et
al., 1995; Zhang et al., 1995; Hempel et al., 1996; Ayali and Harris-
Warrick, 1999; Kilman et al., 1999; Tierney et al., 1999; Peck et al.,
2001; Birmingham et al., 2003; Richards et al., 2003). To date, we
have localized two serotonin receptors to the STG: 5-HT2�Pan and
5-HT1Pan (Baro and M. C. Clark, unpublished observations). An-
other three arthropod 5-HT receptors have been cloned and
characterized in insects, and it may be the case that other unchar-
acterized arthropodal 5-HT receptors exist (Table 1). Whether all
or only a subset of arthropod 5-HT receptors are expressed in the
STG has yet to be determined, but our results suggest that a single
cell can express multiple 5-HT receptors and that cells differen-
tially express a given receptor, which is consistent with previously
demonstrated cell-specific responses to the neuromodulator.

Stomatogastric neurons do not target detectable numbers of
5-HT2�Pan receptors to the plasma membrane surrounding the
somatic compartment and the large diameter, lower branch or-
der processes in the coarse neuropil, although receptors are seen
in the endomembrane system throughout the cells and in axon
terminals. The latter finding is consistent with a previous study
showing that 5-HT can regulate the amplitude of nerve-evoked,
stomatogastric muscle contractions (Jorge-Rivera et al., 1998)
and other pharmacological and electrophysiological studies dem-
onstrating the existence of presynaptic 5-HT2 receptors at crus-
tacean NMJs (Dixon and Atwood, 1989; Tabor and Cooper,
2002). Although nearly all stomatogastric neurons express the
5-HT2�Pan receptor, we do not know whether they target it to the

plasma membranes encompassing the axon terminals, the distal
neurites in the fine neuropil, and/or the spike initiation zones
(sizs) (Raper, 1979; Miller, 1980; Meyrand et al., 1992; Bucher et
al., 2003). It is possible that all stomatogastric neurons exclusively
target 5-HT2�Pan to the NMJ and that most ganglionic, plasma
membrane-bound 5-HT2�Pan receptors are located in modula-
tory neurons that synapse on stomatogastric neurites in the fine
neuropil. Indeed, we observed profiles that are consistent with
receptor transport in modulatory neurons. We may be able to
address the likelihood of this possibility once we have the phar-
macological profile for this receptor in hand.

Recent studies suggests that ion channels and GPCRs can be
physically organized into functional units. One question to
emerge from these studies is whether GPCRs modulate only those
ion channels that exist in the same multiprotein complex, or
whether, by diffusional mechanisms, they act on distant channels
throughout the cell. The answer has important implications for
how pyloric neurons operate, because distinct tasks such as non-
spiking dendrodendritic graded synaptic transmission, axonal
spike, and somal voltage oscillation generation may reside in dis-
crete cellular compartments that are differentially decorated with
receptors. 5-HT is known to differentially modulate pyloric neu-
rons. It alters the firing properties of all pyloric neurons, except
the PDs and PYs, and the efficacies of many chemical and electri-
cal synapses, including a weakening of the chemical synapse be-
tween PD (presynaptic) and PY (postsynaptic) neurons (Flamm
and Harris-Warrick, 1986b; Johnson and Harris-Warrick, 1990;
Harris-Warrick et al., 1992a; Johnson et al., 1993, 1995). Thus,
5-HT alters PD and/or PY synapses but not their firing proper-
ties, whereas it alters the synapses and/or firing properties of all
other pyloric neurons. This differential modulation of pyloric
neurons may reflect differences in receptor distributions. For ex-
ample, 5-HT receptors could be located near the siz in all but the
PD and PY motoneurons. This has been shown for primate mo-
toneurons, for example, in which 5-HT1A receptors are concen-
trated at the axon hillock (Kheck et al., 1995). The sizs for stoma-
togastric neurons are thought to reside in the large diameter
processes in the coarse neuropil (Raper, 1979; Miller, 1980). We
have not yet performed a careful study to determine whether
5-HT2�Pan receptors are concentrated at discrete locations repre-
senting stomatogastric sizs; however, as a general rule, this recep-
tor is not obviously expressed throughout neuronal plasma
membranes in the coarse neuropil, which is consistent with the
fact that a diffusionally restrictive glial sheath encases stomato-
gastric neurons, except at points of synaptic contact (Friend 1976;
King 1976a,b).

The aforementioned differential modulation could also reflect
differences in the numbers and types of 5-HT receptor multi-
protein complexes that exist in a cell. For example, by including
or excluding signal-terminating molecules, such as phosphodies-
terases for cyclic nucleotide pathways or DAG kinase for PLC
pathways, multi-protein complexes containing the same receptor
could modulate ion channels locally or globally, respectively. In-
terestingly, a cAMP imaging study showed that stimulation of
modulatory inputs caused an initial accumulation of second mes-
senger in the fine neurites that could eventually diffuse to the
somata of stomatogastric neurons (Hempel et al., 1996). More-
over, bath application of dopamine or serotonin to the STG alters
the biophysical properties of ion channels located in pyloric so-
mata (Hartline et al., 1993; Harris-Warrick et al., 1995a,b; Klop-
penburg et al., 1999; Peck et al., 2001). However, puffing mono-
amines onto the somata of these neurons elicits no response.
These data suggest that ion channels participating in a compart-

Figure 10. Colocalization of 5-HT2�Pan receptors with synaptotagmin at identified NMJs.
Double-label immunocytochemistry was performed on PD and PY muscles, using the antibodies
indicated above the panels. Control represents the same double-label experiment, except that
the anti-5HT2�Crust antibody was preabsorbed. Each row displays representative NMJs from
one experiment, in which identified muscles and control are as indicated. Arrows point to
5-HT2�Pan staining that is not localized to the synapse. The PD panels represent a projection of
five confocal slices representing �5 �m in depth. Each set of PY and preabsorbed panels
represent a single 1.0 �m confocal slice.
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mentalized cellular task, restricted to the soma or lower branch
order processes, for example, can be regulated by distant GPCRs
via voltage-independent mechanisms. In this case, 5-HT2�Pan re-
ceptors in the fine neurites of pyloric neurons could modulate
firing properties and/or synaptic efficacies depending on the
other components of the multi-protein complex. Future work
will be aimed at elucidating the different types and distributions
of GPCR multi-protein complexes that exist in pyloric neurons.

In summary, we predict that there are �18 monoamine recep-
tors in arthropods, including multiple dopamine and serotonin
receptors. We cloned and characterized a novel arthropodal
metabotropic 5-HT receptor, 5-HT2�Pan, that signals via Gq.
There is clear evidence that the receptor can be constitutively
active and that this agonist-independent activity in HEK cells is
dependent on an evolutionary alteration to the monoaminergic
signature sequence, DRY. This receptor is localized to the synap-
tic neuropil of the STG and axon terminals of stomatogastric
neurons and, therefore, is most likely involved in modulating the
motor output of stomatogastric networks.
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