
Crustacean dopamine receptors: localization and G protein
coupling in the stomatogastric ganglion

Merry C. Clark, Reesha Khan, and Deborah J. Baro
Program for Cell and Molecular Biology and Physiology, Department of Biology, Georgia State
University, Atlanta, Georgia, USA

Abstract

Neuromodulators, such as dopamine (DA), control motor activity in many systems. To begin to

understand how DA modulates motor behaviors, we study a well-defined model: the crustacean

stomatogastric nervous system (STNS). The spiny lobster STNS receives both neuromodulatory

and neurohormonal dopaminergic input, and extensive background information exists on the

cellular and network effects of DA. However, there is a void of information concerning the

mechanisms of DA signal transduction in this system. In this study, we show that Gs, Gi, and Gq

are activated in response to DA in STNS membrane preparations from five crustacean species

representing distant clades in the order Decapoda. Three evolutionarily conserved DA receptors

mediate this response in spiny lobsters: D1αPan, D1βPan and D1αPan. G protein coupling for these

receptors can vary with the cell type. In the native membrane, the D1αPan receptor couples with Gs

and Gq, the D1βPan receptor couples with Gs, and the D2αPan receptor couples with Gi. All three

receptors are localized exclusively to the synaptic neuropil and most likely generate global

biochemical signals that alter ion channels in distant compartments, as well as local signals.
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The neurotransmitter dopamine (DA) is associated with motor control in a variety of

systems (Sidhu et al. 2003). In order to better understand how DA modulates motor

behaviors, we study a well-established model system: the crustacean stomatogastric nervous

system (STNS; Fig. 1) (Marder and Bucher 2006). The STNS is a peripheral nervous system

whose sole function is to control the movements of the striated muscles surrounding the gut.

The neurons in the STNS comprise multiple well-defined circuits. Each of these circuits is a

central pattern generator (CPG) that drives a different set of muscles around the gut to

produce a rhythmic, patterned motor activity associated with a specific function, such as

chewing or swallowing.

© 2007 International Society for Neurochemistry

Address correspondence and reprint requests to D.J. Baro, Biology Department, Georgia State University, P.O. Box 4010, Atlanta, GA
30303, USA. dbaro@gsu.edu.

NIH Public Access
Author Manuscript
J Neurochem. Author manuscript; available in PMC 2014 April 14.

Published in final edited form as:
J Neurochem. 2008 February ; 104(4): 1006–1019. doi:10.1111/j.1471-4159.2007.05029.x.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Dopamine acts as both a neuromodulator and a neurohormone in the STNS (Kushner and

Maynard 1977; Sullivan et al. 1977; Barker et al. 1979; Kushner and Barker 1983; Bucher et

al. 2003). DA is found in descending modulatory input fibers that travel through the

stomatogastric nerve (stn) to terminate in the neuropil of the stomatogastric ganglion (STG)

(Fig. 1). The somata of these fibers originate in both the commissural ganglia (COG; Fig. 1)

and the brain. Neurons in the STG do not themselves contain DA. Additionally, DA is

secreted directly into the hemolymph by the pericardial organs, which are not shown in Fig.

1 (Sullivan et al. 1977; Fort et al. 2004). Importantly, the STG resides in an artery, and STG

neurons are constantly bathed by hemolymph and therefore receive neurohormonal dopa-

minergic input.

DA's effects on the pyloric CPG have been particularly well characterized. The fourteen

pyloric neurons are located exclusively within the STG (Fig. 1). Specific dopaminergic

inputs to pyloric neurons have not been defined, but DA is known to reconfigure pyloric

circuit output by altering component neuron intrinsic firing properties, synaptic strengths

and axonal spike initiation (Selverston and Miller 1980; Anderson and Barker 1981; Eisen

and Marder 1984; Marder and Eisen 1984; Flamm and Harris-Warrick 1986a, b; Harris-

Warrick and Flamm 1987; Johnson and Harris-Warrick 1990; Johnson et al. 1995, 2005;

Ayali and Harris-Warrick 1998, 1999; Bucher et al. 2003; Szucs et al. 2005). Many types of

voltage-dependent ionic conductances are modified by bath applied DA, including a variety

of K+-, Ca2+- and non-specific cation, or H-currents (Harris-Warrick et al. 1995a,b;

Kloppenburg et al. 1999, 2000; Peck et al. 2001, 2006; Johnson et al. 2003; Gruhn et al.

2005). DA also modulates ionotropic receptors including a glutamategated chloride channel

(Cleland and Selverston 1995, Cleland and Selverston 1997, Cleland and Selverston 1998).

DA can modify multiple currents in a single cell type, and its effect on a given current is

cell-specific; thus, DA evokes a unique response from each of the six pyloric cell types. The

molecular mechanisms underlying these DA-induced cellular and circuit reconfigurations

are poorly understood.

Dopaminergic responses are mediated by multiple, highly conserved DA receptors (DARs)

that belong to the superfamily of G protein-coupled receptors (GPCRs). GPCRs often exist

in multiprotein complexes, and their signaling pathways are constrained and shaped by

proteins that co-localize in the receptor complex (Bockaert et al. 2003). GPCR signaling is

context-dependent. Whereas the inherent properties of the GPCR are important, signaling

pathways change according to the cellular milieu (Clark and Baro 2007). Moreover, GPCR

signaling is not constant within a given cell type. Rather, GPCR performance can vary with

its history of prior activation (Gainetdinov et al. 2004).

Dopamine receptors are broadly classified into two subfamilies on the basis of conserved

structure and signaling mechanisms: D1 and D2 (Neve et al. 2004). Traditionally, DARs are

thought to couple with trimeric G proteins: D1 receptors activate Gαs, whereas D2 receptors

couple with Gαi/o proteins. In addition to these two canonical cascades, DARs can couple

with multiple G proteins (Sidhu and Niznik 2000), and signal through a variety of other

means, including Gβγ- (Clark and Baro 2007) and even G protein-independent-pathways

(Beaulieu et al. 2005; Lefkowitz and Shenoy 2005; Zou et al. 2005). DARs can display

agonist-independent activity (Hall and Strange 1997), and homo- and hetero-multimers can
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form between DARs within a subfamily (Guo et al. 2003; Lee et al. 2003; Maggio et al.

2003).

There are three known DARs in arthropods. We have cloned the spiny lobster orthologs,

D1αPan, D1βPan, and D2αPan, and characterized them in a heterologous expression system

(Clark and Baro 2006, Clark and Baro 2007). We found that when stably expressed in

human embryonic kidney (HEK) cells, D1αPan receptors coupled with Gs to increase cAMP,

and D1βPan receptors coupled with Gs and Gz to increase cAMP (Clark and Baro 2006). On

the other hand, D2αPan receptors coupled with multiple members of the Gi/o family in HEK

cells. Once activated, the Gα subunits of the trimeric Gi/o proteins acted to decrease cAMP,

while the Gβγ subunits caused an increase in cAMP. Under the experimental conditions, the

two effects summed. Thus, an increase or decrease in cAMP could be observed depending

upon which cascade dominated the response, and the dominant cascade varied with the cell

line (Clark and Baro 2007). The latter study emphasizes that DAR signaling is context-

dependent, and dopaminergic transduction cascades must therefore be delineated in the

native system. In this study, we define DAR-G protein couplings and localization in the

STNS.

Materials and methods

Production of receptor-specific antagonists

Each of the three peptides shown below served as an antigen in the production of a rabbit,

polyclonal, affinity-purified antibody that then functioned as the indicated receptor-specific

antagonists (RSA). The peptides and antibodies were generated by the designated

commercial establishments.

D1α RSA antigen: CLDRYWAITDPFSYPSRM (Bethyl Laboratories Inc., Montgomery,

TX, USA).

D1β RSA antigen: CDRYIHIKDPLRYGRWMTKRI (Bethyl Laboratories Inc.).

D2α RSA antigen: CDRYIAVTQPIKYAQSKNNKR (Alpha Diagnostic International, San

Antonio, TX, USA).

In addition to the antibodies that served as RSAs, an additional rabbit, polyclonal, affinity-

purified antibody was generated against each receptor using the following extracellular

antigens.

anti-D1α-AB.b: WRAVSDPHPVGACPFTEDL (Alpha Diagnostic).

anti-D1β-AB.b: VNDLLGYWPFGSQFCNIWIA (Alpha Diagnostic).

anti-D2α-AB.b: VNAISKKTQNPSLEPGC + CLAQTLPVLKVPNLKY (21st Century

Biochemicals, Marlboro, MA, USA).
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Membrane preparations

Membrane preparations for G protein assays on HEK cell lines were as previously described

(Clark and Baro 2006, Clark and Baro 2007). For G protein assays on native tissue, an

STNS was dissected from an animal and immediately frozen at) −70°C. STNS were

homogenized on ice using a 2 mL Wheaton glass tissue grinder and ice-cold homogenizing

buffer (120 mmol/L NaCl, 5 mmol/L KCl, 1.6 mmol/L KH2PO4, 1.2 mmol/L MgSO4, 25

mmol/L NaHCO3, 7.5 mmol/L dextrose, 2 mmol/L EGTA, 5 μg/mL leupeptin, 10 μg/mL

aprotinin, 5 μg/mL pepstatin, 0.5 mg/mL Pefablock, 50 μL/mL Pefablock protector, 5

mmol/L iodoacetamide, and 1 mmol/L EDTA, pH 7.4). The homogenate was spun for 2 min

at 0.4 g. The supernatant was recovered and centrifuged at 14 000 g for 30 min at 4°C.

Pellets were resuspended in 20 mmol/L HEPES (pH 7.4) containing 0.5% 3-[(3-

cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS), and 2 mmol/L EDTA,

and shaken on ice for 1 h. Samples were then centrifuged for 1 min at 0.4 g, and supernatant

was transferred to a fresh tube for storage at) −70°C. Protein concentrations were

determined using a BCA Protein Assay Kit (Pierce, Rockford, IL, USA).

G protein activation assay

Agonist-induced activation of specific G proteins was determined as previously described

(Clark and Baro 2006, Clark and Baro 2007). In this assay, binding of GTPγS35 to a given

G protein is used as an index of G protein activation in the presence and absence of DA.

This method employs commercially available antibodies against human G proteins (anti-Gs,

anti-Gi and anti-Gq). This is valid because the antibodies were raised against the C-termini

of human Gαs, Gαq, and Gαi1/2, which are completely conserved with lobster Gαs, Gαq,

and Gαi, respectively (Clark and Baro 2006), and the antibodies specifically recognize their

cognate lobster G proteins in immunoblot experiments (Fig. 2). In addition, a scan of the

NCBI protein sequence database shows that Gαs and Gαq have also been sequenced from a

penaeid shrimp (Dendrobranchiata, Fig. 3), and the C-termini are completely conserved.

Literature and the insect genome database searches suggest that there are six Gα proteins in

arthropods: Gαs, Gαf, Gαq, Gαi, Gαo, and Gα12 (a.k.a. concertina).We did not examine

receptor coupling with Gαf, Gαo, and Gα12 in this work for lack of the appropriate

sequence information and/or antibodies.

Immunoblots and immunocytochemistry

Antibodies were used in immunoblots and immunocytochemistry (ICC) protocols as

previously described (Baro et al. 2000; Clark et al. 2004). Controls in which the antibodies

were pre-absorbed with their cognate peptide antigens were performed for all antibodies in

both types of experiments. In the case of the western blots and the ICC experiments using

anti-D2α,-AB.b, all immunoreactivity was lost upon pre-absorption (not shown). In the case

of ICC experiments using anti-D1α-AB.b or anti-D1β RSA, most immunoreactivity was lost

upon pre-absorption, however, there was still some non-specific immunoreactivity

homogeneously dispersed throughout the STG (not shown). In these cases, antibody

specificity was confirmed with quantitative ICC experiments. Six independent experiments

were performed for each antibody: three using the antibody and three using pre-absorbed

antibody. For a given animal, five confocal stacks (10 μm) were obtained from the fine
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neuropil where receptors appeared to reside (see Results). Receptor staining was quantified

by counting all puncta in every 1 μm optical section in each confocal stack. Significant

differences between experimental and pre-absorbed controls were determined with two-

tailed, unpaired Student t-tests. As expected, the number of puncta in the synaptic neuropil

was significantly increased by 5 ± 0.002-fold (D1αPan, p = 0.0014) and 4.7 ± 0.008-fold

(D1βPan, p < 10−5), in the experimental compared to the pre-absorbed control.

In some ICC experiments, prior to fixation a neuron was filled with a lysine fixable, dextran-

coupled Texas Red fluorophore that cannot pass through gap junctions (MW 10 000;

Molecular Probes, Carlsbad, CA, USA). This was accomplished by pressure injecting a 1%

solution of the fluorophore in 0.2 mol/L KCl using 20 ms pulses at 0.05 Hz and 28 psi for 10

min. The fluorophore was allowed to diffuse at 23 °C for > 2 h. The ganglion was then fixed

and the standard ICC protocol performed.

semi-quantitative measurement of G protein abundance

The aforementioned G protein antibodies were used to quantify levels of G proteins in

membrane preparations from the lobster nervous system relative to D2αPan receptor proteins.

Two sets of experiments were performed. First, immunoblots containing lobster nervous

system membrane protein extracts were probed with anti-D2α-AB.b and either anti-Gs, anti-

Gi or anti-Gq (Fig. 2). The optical density (OD) for each signal was obtained, and the G

protein signal was normalized by the D2αPan signal. These experiments were repeated three

times with three different membrane protein extracts to obtain a relative measure of average

G protein abundance for Gs (3.7 ± 1.1), Gi (0.5 ± 0.1) and Gq (2.1 ± 0.3). In order to

compare these relative measures across G protein subtypes, a second set of experiments was

performed to determine the efficiency of each G protein antibody. Dot blots containing 50

μg of each of the three antigenic G protein peptides were generated (http://www.abcam.com/

technical) and subjected to the standard immunoblot protocol. For a given experiment (i.e.,

three dot blots: Gs, Gi, Gq), after removing the primary antibody, the dot blots were

processed together and treated in an identical fashion for the remainder of the protocol.

These experiments were repeated three times and the average OD of the immunogenic signal

produced by each primary was found to be 414 ± 71, 381 ± 65 and 563 ± 119 for anti-Gs,

anti-Gi, and anti-Gq, respectively. The data suggest that there were no statistically

significant differences in antibody efficiencies (one-way ANOVA, p = 0.49). Nevertheless, the

anti-Gq signal was 1.35 times more intense than Gs and 1.48 times more intense than Gi. To

compensate for the differences in efficiencies, the average, relative G protein abundance

determined in the first set of experiments was multiplied by 1.35 (Gs) or 1.48 (Gi). Data

were analyzed with a one-way ANOVA.

Animals

Pacific spiny lobsters (Panulirus interruptus) were obtained from Don Tomlinson

Commercial Fishing (San Diego, CA, USA). Lobsters were maintained at 16°C in

constantly aerated and filtered seawater. Freshwater prawns (Macrobrachium rosenbergii)

were obtained from the Kentucky State University Aquaculture Program (Frankfort, KY,

USA). Animals were kept in filtered, aerated freshwater and killed within 24 h of arrival.

Pink shrimp (Penaeus duorarum) were obtained from Gulf Specimen Marine Laboratories
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Inc. (Panacea, FL, USA). Animals were kept in filtered, aerated seawater and killed within

48 h of arrival. Live American lobsters (Homarus americanus) and blue crabs (Callinectes

sapidus) were obtained from the Dekalb Farmer's Market (Decatur, GA, USA) and kept on

ice for up to 4 h from the time of purchase before killing. All animals were anesthetized by

cooling on ice prior to experiments.

Statistical analyses and curve fitting

Student t-tests were performed with Excel software. Curve fitting and Kruskall–Wallis (ANOVA

on ranks) tests were performed with Prism software. In all cases, statistical significance was

determined as p < 0.05.

Results

DA activates Gs, Gi and Gq in STNS membranes in all species examined

DA-induced signal transduction cascades have never been defined in crustaceans. Although

DARs can transduce signals through a variety of pathways, G protein cascades remain a

major form of DAR-mediated signal transduction in all species examined. As a first step in

characterizing DAR transduction cascades in the crustacean STNS, we examined DA-

induced G protein activation in STNS membrane preparations from multiple crustacean

species (Fig. 3). Recent studies on the phylogenetic relationships between Decapod

crustaceans are summarized in the cladogram as shown in Fig. 3a (Richter and Scholtz 2001;

Dixon et al. 2003). STNS circuits have been described for Dendrobranchiata (Tazaki and

Tazaki 2000), Caridea (Meyrand and Moulins 1988) and Reptantia (Selverston and Moulins

1987; Harris-Warrick et al. 1992; Katz and Tazaki 1992). We examined five species

spanning these three taxa. The data indicate that dopaminergic responses in the STNS are

mediated by Gs, Gi, and Gq in all species examined (Fig. 3b), as is the case in the

mammalian and C. elegans CNS. Although the mean DA-induced increase in Gs activity

varied greatly with the species (e.g., compare the DA-induced fold change in Gs activity in

lobster vs. freshwater prawn), there were no statistically significant differences in DA-

induced G protein activity across species, as determined with one-way ANOVAs for Gs (p >

0.078), Gi (p > 0.3) and Gq (p > 0.48).

In some cases, the level of G protein activation within a given species varied according to

the G protein. For example, Fig. 3(b) indicates that on average, DA increased Gs activity

4.6-fold, Gi activity 2.6-fold and Gq activity 2.2-fold in Panulirus membrane preparations.

This could reflect differences in DAR and/or G protein abundances or efficacies. To

determine if these changes correlated with the number of G proteins in the membrane

preparation, we performed a semi-quantitative immunoblot analysis as described in

Materials and methods, and found that Gs was approximately 2.4-fold more abundant than

Gq (p > 0.05) and roughly 6.4-fold more abundant than Gi (p < 0.03), while Gq was about

4.0-fold more abundant than Gi (p > 0.05). These data suggest that the level of G protein

activation did not strictly correlate with G protein abundance in the membrane preparation.
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STG DARs are localized to the synaptic neuropil

Dopamine-induced activation of multiple G proteins is consistent with the fact that there are

three known DARs in arthropods. In order to determine which DARs might contribute to the

dopaminergic effects observed in Fig. 3(b), we ascertained receptor distributions in the spiny

lobster STG. First, affinity-purified antibodies for each of the spiny lobster DARs were

generated as described in Materials and methods. The immunoblots in Fig. 4 demonstrate

that each of the antibodies recognized a protein larger than the predicted molecular weight,

indicating putative post-translational processing of the receptor (glycosylation,

phosphorylation, etc). The two bands recognized by the antibody against D1αPan most likely

represent alternate splicing of receptor transcripts (Clark and Baro 2006, Clark and Baro

2007).

The antibodies were next used to determine receptor distributions in the native system. The

STG is a highly structured ganglion containing roughly 30 neurons. STG anatomy has been

well-characterized at the level of light and electron microscopy (King 1976a,b; Kilman and

Marder 1996; Cabirol-Pol et al. 2002), and is diagramed in Fig. 5(a) and (b). The STG can

be divided into three regions. The outer or peripheral layer contains the neuronal cell bodies.

The central core, or coarse neuropil, contains large diameter neurites. The fine neuropil,

which contains small diameter neurites, lies between the central coarse neuropil and the

outer peripheral layer. STG synapses are exclusively confined to this region, so it is also

known as the synaptic neuropil (King 1976b). As shown in Fig. 5(a), a monopolar STG

neuron, whose soma lies in the peripheral layer, sends its primary process into the central

coarse neuropil where it divides to produce several large diameter secondary and tertiary

processes. These neurites then extend into the fine neuropil where they further divide and

make synaptic contacts with other STG neurons, as well as the terminals of sensory and

projection neurons. In sum, each of the three layers of the STG contains distinct neuronal

subcellular compartments.

The well-defined STG architecture allows subcellular localization of neuronal proteins using

confocal microscopy in conjunction with ICC experiments on STG wholemounts (Baro et

al. 2000; Clark et al. 2004). Using this approach, we discovered that DARs were localized

exclusively to neurolemma in the STG synaptic neuropil. Low magnification confocal stacks

through the STG suggested that DARs were found predominantly in the fine neuropil (e.g.,

compare region of obvious immunostaining in Fig. 5c with horizontal section in Fig. 5b).

Projections of high magnification confocal stacks from the fine neuropil showed that each of

the three DARs displayed a punctate distribution throughout this region (Fig. 5d-f). STG

neurons are entirely ensheathed by glial cells except at their synaptic terminals (King

1976b). We were interested in whether DARs localized to neurons and/or glia; therefore, in

some experiments a single neuron was dye-filled prior to fixation and ICC. Examples of

these experiments are shown in Fig. 5(g)–(i). The data illustrated that DARs were located in

the terminals of ≤ 1 μm diameter processes, as well as in 3–10 μm bulbous structures

emanating from fine neurites (arrowheads in Fig. 5g-i). Light and electron microscopic

studies have previously shown that pre-synaptic compartments of spiny lobster STG neurons

appear as 3–10 μm bulbous structures emanating from finer neurites, whereas post-synaptic

compartments appear as ∼1 μm finger-like projections extending from the pre-synaptic
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compartments (King 1976b). DARs that were not located in the filled neurons (i.e., green

immunoreactivity in Fig. 5g-i) exhibited the same staining pattern found for the filled

neurons, suggesting that these DARs were most likely also localized to neurons, and not to

glial cells. Finally, careful examination of 1 μm optical slices throughout an entire filled

neuron and ganglia (n ≥ 3 per antibody) indicated that DARs were never found in the plasma

membrane surrounding the soma or large diameter neurites (not shown). Thus, the most

parsimonious interpretation of our data is that DARs are in neuronal synaptic compartments

located exclusively in the fine neuropil.

Generating receptor-specific antibody antagonists

The DA-induced increases in G protein activity observed in Fig. 3(b) represent the sum of

all DAR-G protein couplings in the STNS. We next wanted to determine specific G protein

couplings for each of the three lobster DARs. A RSA will subtract the contribution of an

individual receptor from the summed DA-induced G protein activation, and thereby define

receptor-G protein coupling. Accordingly, we set out to acquire a specific antagonist for

each of the three DARs.

Since the pharmacology of invertebrate DARs is not well-characterized, and RSAs have not

been identified, we created a specific antagonist for each receptor. The domains involved in

receptor activation and G protein coupling have been fairly well defined and include the

intracellular face of the third transmembrane domain and the adjacent intracellular loop 2

(i2) (Limbird 2004). The i2 region is not highly conserved between the three DAR paralogs

(D1α, D1β, D2α) (Clark and Baro 2006, Clark and Baro 2007); thus, an anti-i2 antibody

could theoretically bind to its corresponding receptor and prevent it from activating G

proteins.

To create RSAs, we generated three custom, affinity-purified antibodies against i2, one for

each of the three Panulirus DARs: D1α RSA, D1β RSA, and D2α RSA. We tested each of

the three potential RSAs for its ability to specifically block its cognate receptor in membrane

preparations from previously described HEK cell lines, each stably expressing one of the

three lobster DARs: HEK D1αPan; HEK D1βPan; HEK D2α.1Pan (Clark and Baro 2006, Clark

and Baro 2007). Figs 6–8 illustrate that each antibody acts as an RSA.

The D1αPan receptor exclusively couples with Gs in HEK cells, but not members of the Gi/o,

Gq, or G12 families of G proteins (Clark and Baro 2006). Figure 6a shows the effect of each

RSA on D1αPan-Gs coupling at the highest [RSA] tested (300 ng/mL). DA (10−5mol/L)

produced a significant, roughly 2-fold increase in Gs activity in these cells. The D1α RSA

completely blocked the DA-induced increase in Gs activity, while the D1β and the D2α
RSAs had no significant effect. Thus, only the D1α RSA can uncouple the D1αPan receptor

from Gs. Pre-absorption with its peptide antigen prevented D1α RSA antagonism and the

D1α RSA had no significant effect on its own. Figure 6b illustrates the dose-dependencies of

the 3 RSAs. Together these data indicate that only the D1α RSA can uncouple the D1αPan

receptor from Gs.

Next we tested the effect of the three RSAs on D1βPan receptor-G protein coupling. When

expressed in HEK cells, the D1βPan receptor couples with Gs and Gz, but not members of
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the Gq, or G12 families of G proteins, nor any member of the Gi/o family except Gz (Clark

and Baro 2006). We performed G protein activation assays for Gs (Fig. 7a and b) and Gz

(Fig. 7c and d) using HEK D1βPan membranes with increasing concentrations of the RSAs.

The D1β RSA blocked both of these couplings in a dose-dependent manner such that Gs and

Gz activities in 10−5mol/L DA plus 300 ng/mL D1β RSA were not significantly different

than under baseline conditions. The D1β RSA could be inhibited by pre-absorption with its

peptide antigen and had no effect on its own (Fig. 7a and c). As expected, the D1α and D2α
RSAs had no significant effect on D1βPan receptor-G protein couplings at any concentration

tested. Together these data indicate that only the D1β RSA can prevent the D1βPan receptor

from coupling with G proteins.

The D2αPan receptor couples with multiple members of the Gi/o family, but not members of

the Gs, Gq, or G12 families of G proteins (Clark and Baro 2007). Figure 8 demonstrates that

the D2α RSA disrupts all of these couplings in a dose-dependent manner, and reduces Gi/o

activity to levels that are not significantly different from baseline. The D2α RSA had no

effect on its own and pre-absorption of the D2α RSA with its peptide antigen prevented

receptor antagonism (Fig. 8a, c and e). In contrast to the D2α RSA, the D1α and D1β RSAs

had no significant effects on D2αPan coupling at any concentration tested. Thus, only the

D2αPan RSA can uncouple the D2αPan receptor from G proteins. In summary, the data

indicate that each of the three antibodies produces a significant dose-dependent decrease in

receptor-G protein coupling for its cognate DAR, but not for any other DAR examined.

Therefore, each antibody is a bona fide RSA.

D1αPan couples with Gs and Gq, D1βPan couples with Gs and D2αPan couples with Gi in
Panulirus STNS membranes

To determine DAR-G protein coupling in the lobster STNS, we performed G protein

activation assays on lobster STNS membrane preparations in the presence and absence of

DA and each of the RSAs. We reasoned that if an RSA could partially block some aspect of

the DA response seen in Fig. 3(b), it would suggest that the corresponding receptor signals

through the G protein whose activity had been reduced. These experiments are shown in Fig.

9. For a given experiment, the membrane preparations were tested with no DA and no RSA

(baseline conditions, right panels in Fig. 9a–c) and with 10−5mol/L DA and increasing

concentrations of the indicated RSA (left panels in Fig. 9a–c). For each experiment all the

data were normalized by G protein activity in the presence of 10−5mol/L DA without RSA.

Multiple experiments were averaged and the data are plotted as the percent of the response

in 10−5mol/L DAwithout RSA.

Figure 9a illustrates that DA increased Gs activity by 3.1 ± 0.08-fold (p < 10−4, n = 4), Gq

activity by 1.9 ± 0.06-fold (p < 10−4, n = 4) and Gi activity by 3.2 ± 0.05-fold (p < 10−5, n =

4). The D1α RSA dose-dependently reduced the DA-induced increase in Gs and Gq, but not

Gi activities. The DA-induced increase in Gs activity was significantly reduced by 300

ng/mL D1α RSA (p < 0.005 for 0 vs. 300 ng/mL RSA) such that it was not significantly

different from baseline (p > 0.17 for 300 ng/mL RSA vs. baseline). Similarly, the DA-

induced increase in Gq activity was significantly reduced by 300 ng/mL D1α RSA (p <

0.002) such that it was not significantly different from baseline (p > 0.35). On the other
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hand, 300 ng/mL D1α RSA had no significant effect on the DA-induced increase in Gi

activity (p > 0.7). In sum, the data indicate that the D1αPan receptor couples with both Gs

and Gq.

Figure 9b shows that the D1βPan receptor couples solely with Gs in the spiny lobster STNS.

Gs activity was significantly reduced in a dose-dependent fashion by the D1β RSA (p < 10−4

for 0 vs. 300 ng/mL D1β RSA, n = 3). The D1β RSA reduced Gs activity to levels that were

not significantly different than baseline (p > 0.08). On the other hand, there were no

statistically significant changes in Gq (p > 0.2) or Gi (p > 0.4) activities in response to

increasing concentrations of the RSA. Further, although it appears that Gi activity increases

with increasing [D1β RSA], perhaps suggesting an interaction between Gs and Gi (e.g.,

competition for Gβγ subunits), a linear regression did not reveal a statistically significant

correlation between the rise in Gi and the reduction in Gs activities with increasing [RSA].

Figure 9c illustrates that the lobster D2αPan receptor couples with Gi alone. At 200 ng/mL

the D2α RSA significantly reduced the DA-induced increase in Gi activity (p < 0.02, n = 3).

Furthermore, at concentrations of 10 ng/mL or higher, the D2α RSA reduced Gi activity to

levels that were not significantly different than baseline (p > 0.88). On the other hand, the

D2α RSA had no significant effect on DA-induced increases in Gs (p > 0.9) or Gq (p >

0.68) activities. In summary, the data suggest that D1αPan couples with Gs and Gq, D1βPan

couples with Gs and D2αPan couples with Gi in STNS membrane preparations.

Discussion

The crustacean STNS is an important model system for understanding the involvement of

neuromodulators in motor control. It was previously shown that DA can alter CPG output by

modulating multiple ionic conductances in component neurons in a cell-specific manner.

DA altered the biophysical properties of ion channels throughout neurons, including

channels in the soma and the neuropil. In this study, we begin to define the molecular

mechanisms underlying these changes. We found that DA activates Gs, Gi and Gq in the

STNS of all five crustacean species examined. Further, we demonstrated that the three

known DARs were all expressed in the spiny lobster STG and were exclusively localized to

the synaptic neuropil where the D1αPan receptor coupled with Gs and Gq, the D1βPan

receptor coupled with Gs and the D2αPan receptor coupled with Gi. The expression of

multiple receptors with distinct G protein couplings in the STNS can help to explain the

previously documented, cell-specific modulation of ionic conductances by DA.

In other systems, DARs are known to alter local target protein activity through multiple G

protein-dependent and -independent mechanisms. Our data suggest that STNS DARs can

also alter cell function locally through G protein transduction cascades. Unfortunately, our

data do not predict how a given receptor will alter second messengers, but the literature

suggests that STNS DARs will most likely modulate [cAMP] and [Ca2+]. Regardless of the

details, both Gα and Gβγ subunits will indirectly modulate local second messenger levels,

and this in turn will alter kinase and phosphatase activities, which will modify the

phosphorylation states of ion channels and thereby change neuronal excitability and circuit

output. Independent of second messengers, the Gβγ subunits can also directly modulate ion
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channels (Dascal 2001). In addition, Gβγ subunits are known to directly regulate the

synaptic release machinery (Blackmer et al. 2005; Gerachshenko et al. 2005), which could

partially account for DA-induced alterations in synaptic strengths within the circuit (Johnson

and Harris-Warrick 1990).

STNS DARs may also generate more global signals. On the one hand, we have shown that

DA-Rs are not in the plasma membrane surrounding pyloric somata or primary neurites.

Indeed, DARs are at least hundreds of microns away from the primary neurite and are found

exclusively in the neurolemma encompassing fine neurites and/or terminals in the synaptic

neuropil (Fig. 5). On the other hand, two electrode voltage clamp studies suggest that DA

alters somatic ion channels within seconds of application (Hartline et al. 1993; Kloppenburg

et al. 1999). Together these data suggest that pyloric DARs might transduce constant bath

applied DA into a global signal. Second messengers have the potential for rapid diffusion

and could therefore propagate a global signal. One possibility is that at least some STNS

DA-Rs produce global changes in cAMP since (i) previous imaging studies on STG neurons

revealed that neuromodulator-induced increases in [cAMP]i were initially generated in the

fine neurites and diffused to the soma with time (Hempel et al. 1996), (ii) STNS DA-Rs

activate G protein cascades that modulate [cAMP]i (Clark and Baro 2006, Clark and Baro

2007), and (iii) experimental and computational studies on a variety of cell types have

shown that GPCRs that couple with Gs can generate small and sustained global changes in

[cAMP]i (Rich et al. 2001; Dyachok et al. 2006; Nikolaev et al. 2006; Rochais et al. 2006;

Gervasi et al. 2007). Alternatively, DA-Rs may produce global changes in Ca2+.

Mammalian and arthropod D1 (Reale et al. 1997) and D2 receptors, including D2αPan (Tsu

and Wong 1996; Clark and Baro 2007), are known to activate phospholipase-C-β via Gβγ
subunits, and in some cases increase [Ca2+]i (Nishi et al. 1997; Hernandez-Lopez et al.

2000). In addition, D1αPan receptors couple with Gq, which is traditionally thought to

release Ca2+ stores. It might also be argued that second messenger effectors (i.e., proteins)

rather than the second messengers themselves diffuse to the soma. Given the size difference,

protein diffusion should be a much slower process. Moreover, it has been shown that in

Aplysia neurons protein kinase A (PKA) is distinct in the soma (PKA I) and terminals (PKA

II), and PKA I is responsible for activating nuclear cAMP response element-binding proteins

in response to neuromodulators acting at distant terminals (Liu et al. 2004).

Our work reinforces the idea that receptor-G protein interactions are highly preserved

throughout evolution. Spiny lobster DARs are not only highly conserved at the amino acid

level, but they show the same couplings in native and heterologous systems as is observed

with receptors from other species (Fig. 3, Clark and Baro 2006, Clark and Baro 2007).

Interestingly, DA seemed to activate Gs to a lesser extent in M. rosenbergii than in other

species (Fig. 3b). This could reflect a difference in DAR and/or G protein distribution

patterns across species, but without sequence data we cannot rule out technical reasons for

the variation. For example, the anti-Gs antibody used in the G protein assay may not

recognize the M. rosenbergii Gs protein as well as the Gs protein in other species.

Finally, the data demonstrate that lobster DAR signaling is context-dependent. G protein

couplings in the native system are different from those in HEK cell lines. The D1αPan

receptor only couples with Gs in HEK cells (Clark and Baro 2006), but Gs and Gq in the
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lobster STNS. D1βPan couples with Gs and Gi/o protein families in HEK cells, but only Gs

in the STNS. Differential coupling according to cell type has been reported for DARs from a

variety of species and cell types (Sidhu and Niznik 2000). Together, these data suggest that a

given DAR can interact with a limited repertoire of G proteins, and that the cellular

environment further restricts the range of interactions and helps to define the specific DAR-

G protein couplings that occur in a given cell type.
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ICC immunoblots and immunocytochemistry

PKA protein kinase A

RSA receptor-specific antagonists

STG stomatogastric ganglion

STNS stomatogastric nervous system
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Fig. 1.
Diagram of the STNS. Ganglia are represented as filled ovals and circles. Ganglia contain

the somatodendritic compartments of neurons. Neurons in one ganglion project their axons

to another ganglion or to muscles via identified nerves, which are represented as lines.

Monopolar neurons in the STG send their axons down the dvn to terminate on muscle fibers,

or up the stn to terminate in the neuropil of higher ganglia (i.e., commissural ganglia, COG).

DA containing neurons are located in the COG and brain, and send axons down the stn to

terminate in the STG. EOG, esophageal ganglion; ion, inferior esophageal nerve; son,

superior esophageal nerve; stn, stomatogastric nerve; dvn, dorsal ventricular nerve; mvn,

medial ventricular nerve; lvn, lateral ventricular nerve; lpn, lateral pyloric nerve; pyn,

pyloric nerve; pdn, pyloric dilator nerve.
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Fig. 2.
Gs, Gi and Gq are differentially expressed in the lobster. Western blots containing protein

extracts from the lobster nervous system were probed with antibodies against D2αPan and

Gαi, Gαq, or Gαs. The human G protein antibodies recognized lobster G proteins of

predicted molecular weights (Gαi ∼ 36 kDa, Gαq ∼ 36 kDa, Gαs ∼ 37 kDa).
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Fig. 3.
Dopaminergic responses in the STNS are mediated by Gs, Gi, and Gq in all species of

Decapod crustaceans examined. (a) Phylogenetic classification scheme for Decapod

crustaceans modified from (Dixon et al. 2003). Branches are not drawn to scale. (b) DA

activates Gs, Gi and Gq in all species examined. G protein activity in the absence (open bar)

versus the presence (filled bar) of 10−5mol/L DA was measured for Gs, Gi, and Gq in STNS

membrane preparations from multiple species, as indicated. For each species, the total

number of animals used for all experiments, and the total number of independent

experiments are: 25 Penaeus, n = 5 experiments; 13 Machrobrachium, n = 3; 30 Panulirus,

n = 17; 10 Homarus, n = 7; 20 Callinectes, n = 5. The activities of all three G proteins were

measured in each experiment. Data are represented as the mean ± SEM. Statistically

significant differences in the activity of a given G protein are indicated with an asterisk (*)

(p < 0.05). For Gq activity in Callinectes, p < 0.051 and for Gs activity in Machrobrachium,

p < 0.07.
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Fig. 4.
Affinity-purified antibodies specifically recognize their respective proteins. Western blots

containing protein extracts from the lobster nervous system were probed with anti-D1αPan

(a) or anti-D1βPan (b) or anti-D2αPan (c) antibodies. For each antibody, nervous systems

from multiple lobsters were individually examined (n ≥ 3). The molecular weight standards

for each western blot are indicated. The predicted molecular weights of the receptors are:

D1αPan ∼ 76 kDa, D1βPan ∼ 48 kDa, D2αPan ∼ 66 kDa.

Clark et al. Page 20

J Neurochem. Author manuscript; available in PMC 2014 April 14.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 5.
DARs are localized to the STG synaptic neuropil. (a) Diagrammatic representation of a

midsagittal section through the STG, with a single neuron highlighted. (b) Diagram of a

horizontal section through the STG. (c) 21 μm confocal projection from a wholemount STG

preparation showing DAR staining in the STG. 3 μm confocal slices from the center of the

ganglion were used to construct the low magnification projection shown. Mounting was

such that all confocal slices represent horizontal sections through the STG, as shown in B.

The arrows point to: fine neuropil (FN), coarse neuropil (CN), and peripheral zone (PZ).

Staining appears as white puncta. (d–f), Whole-mount STG preparations stained with anti-

D1αPan, n = 9 (d) or anti-D1βPan, n = 11 (e) or anti-D2αPan, n = 11 (f) were used to obtain

stacks of serial 1 μm confocal optical sections through the synaptic neuropil. The stacks

were used to make the 10 μm projections shown. (g–i) Merged confocal projections of STG

neurons that were filled with Texas red and stained with anti-D1αPan (g) or anti-D1βPan (h)

or anti-D2αPan (i). Yellow indicates DAR staining in the filled neurons. Green shows DAR

staining in unfilled cells. Projections are 30 μm (g), 26 μm (h), or 48 μm (i). Arrowheads

point to putative synaptic terminals containing DARs.
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Fig. 6.
Only the D1α RSA can uncouple the D1αPan receptor from Gs. (a) The left panel shows the

effect of each RSA on D1Pan receptor-G protein coupling. Gs activity was measured in HEK

D1αPan membrane preparations in the presence (+) or absence (−) of 10−5mol/L DA and 300

ng/mL of an RSA as indicated under each bar. Data were normalized by G protein activity in

the presence of 10−5mol/L DA without RSA, and are plotted as the percent of the response

in 10−5mol/L DA without RSA. Pre D1α indicates that the D1α RSA was preabsorbed with

its peptide antigen. Asterisks (*) indicate a significant difference from no DA no RSA (p <

0.05). Data represent the mean ± SEM, n ≥ 3. (b) The right panel shows the dose-

dependency of RSA uncoupling. Gs activity was measured in HEK D1αPan membrane

preparations in the presence of 10−5mol/L DA and increasing concentrations of an RSA

(D1α, open triangles; D1β, open squares, D2α open circles). Data represent the mean ± SEM,

n ≥ 3.

Clark et al. Page 22

J Neurochem. Author manuscript; available in PMC 2014 April 14.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 7.
Only the D1β RSA can produce significant uncoupling of the D1βPan receptor from Gs and

Gz. The left panels show the effect of each RSA on D1βPan receptor-G protein coupling. Gs

(a) or Gz (c) activities were measured in HEK D1αPan membrane preparations in the

presence (+) or absence (−) of 10−5mol/L DA and 300 ng/mL of an RSA as indicated under

each bar. Asterisks (*) indicate a significant difference from no DA no RSA (p < 0.05). Data

represent the mean ± SEM, n ≥ 3. The right panels show that RSA uncoupling exhibits a

dose-dependency. Gs (b) or Gz (d) activities were measured in HEK D1βPan membrane

preparations in the presence of 10−5mol/L DA and increasing concentrations of an RSA

(D1α, open triangles; D1β, open squares, D2α open circles). Data represent the mean ± SEM,

n ≥ 3.
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Fig. 8.
Only the D2α RSA can uncouple the D2αPan receptor from the Gi/o family of G proteins.

The left panels show the effect of each RSA on D2αPan receptor-G protein coupling. Gi1 and

Gi2 (a) or Gz (c) or Gi3 and Go (e) were measured in HEK D2αPan membrane preparations

in the presence (+) or absence (−) of 10−5mol/L DA and 300 ng/mL of an RSA as indicated

under each bar. Asterisks (*) indicate a significant difference from no DA, no RSA (p <

0.05). Data represent the mean ± SEM, n ≥ 3. The right panels show that RSA uncoupling

exhibits a dose-dependency. Gi1 and Gi2 (b) or Gz (d) or Gi3 and Go (f) activities were

measured in HEK D2αPan membrane preparations in the presence of 10−5mol/L DA and

increasing concentrations of an RSA (D1α, open triangles; D1β, open squares, D2α open

circles). Data represent the mean ± SEM, n ≥ 3.
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Fig. 9.
DAR-G protein couplings in Panulirus STNS membranes. (a) The D1αPan receptor couples

with Gs and Gq, but not Gi, in Panulirus STNS membranes. G protein activities (Gs, circle;

Gi, square; Gq, diamond) in Panulirus STNS membrane preparations were measured either

in the presence of 10−5mol/L DA and increasing concentrations of the D1α RSA, or in the

absence of DA and the RSA (baseline conditions). Two STNS were used per experiment,

and the experiment was repeated four times. Thus, each data point in panel A represents 8

lobsters. Data are represented as the mean ± SEM. (b) The D1βPan receptor couples with Gs,

but not Gq or Gi, in Panulirus STNS membranes. G protein activities (Gs, circle; Gi, square;

Gq, diamond) in Panulirus STNS membrane preparations were measured either in the

presence of 10−5mol/L DA and increasing concentrations of the D1β RSA or in the absence

of DA and the RSA (baseline conditions). Two STNS were used per experiment, and the

experiment was repeated three times. Thus, each data point in panel b represents 6 lobsters.

Data are represented as the mean ± SEM. (c) The D2αPan receptor couples with Gi, but not

Gs or Gq, in Panulirus STNS membrane preparations. G protein activities (Gs, circle; Gi,

square; Gq, diamond) in Panulirus STNS membrane preparations were measured either in

the presence of 10−5mol/L DA and increasing concentrations of the D2α RSA or in the

absence of DA and the RSA (baseline conditions). Two STNS were used per experiment,
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and the experiment was repeated three times. Thus each data point in panel c represents six

lobsters. Data are represented as the mean ± SEM. In all, 20 lobsters were used in these

experiments (8, panel a + 6, panel b + 6, panel c).
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