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MONOAMINERGIC RECEPTORS IN THE STOMATOGASTRIC NERVOUS SYSTEM: 

CHARACTERIZATION AND LOCALIZATION IN PANULIRUS INTERRUPTUS 

by 

MERRY C. CLARK 

Under the direction of Deborah J. Baro, Ph.D. 

 

ABSTRACT 

Neural circuit flexibility is fundamental to the production of adaptable behaviors. 

Invertebrate models offer relatively simple networks consisting of large, identifiable neurons that 

are useful for investigating the electrophysiological properties that contribute to circuit output. In 

particular, central pattern generating circuits within the crustacean stomatogastric nervous 

system have been well characterized with regard to their synaptic connectivities, cellular 

properties, and response to modulatory influences. 

Monoaminergic modulation is essential for the production of adaptable circuit output in 

most species. Monoamines, such as dopamine and serotonin, signal via metabotropic receptors, 

which activate intracellular signaling cascades. Many of the neuronal and network targets of 

monoaminergic modulation in the crustacean stomatogastric nervous system are known, but 

nothing is known of the signal transduction cascades that mediate the biophysical response. 

This work represents a thorough characterization of monoaminergic receptors in the 

crustacean stomatogastric nervous system. We took advantage of the close phylogenetic 

relationship between crustaceans and insects to clone monoaminergic receptors from the spiny 

lobster. Using a novel database mining strategy, we were able to identify several uncharacterized 

monoaminergic receptors in the Panulirus interruptus genome. We cloned one serotonin (5-



HT2βPan) and three dopamine receptors (D1αPan, D1βPan, and D2αPan), and characterized them with 

regard to G protein coupling and signal transduction cascades. We used a heterologous 

expression system to show that G protein couplings and signaling properties of monoaminergic 

receptors are strongly conserved among vertebrate and invertebrate species. This work further 

shows that DAR-G protein couplings in the stomatogastric nervous system are unique for a given 

receptor subtype, and receptors can couple to multiple signaling pathways, similar to their 

mammalian homologs. 

Custom made antibodies were used to localize monoamine receptors in the 

stomatogastric ganglion, and in identified neurons. Pyloric neurons show unique receptor 

expression profiles, which supports the idea of receptor expression as an underlying mechanism 

for cell-type specific effects of a given modulator. Receptors are localized to the synaptic 

neuropil, but are not expressed in the membrane of large diameter processes or the soma. The 

localization of dopamine receptors in identified pyloric neurons suggests that they may respond 

to synaptic, paracrine or neurohormonal dopamine signals. This work also supports the idea that 

different types of signals can be generated by a single receptor. 

 

INDEX WORDS:  Central Pattern Generator, Stomatogastric, Monoamine, Dopamine, cAMP 
Serotonin, Signal transduction, GPCR, Panulirus interruptus, Crustacean, 
Heterologous expression, Invertebrate Neuromodulation 
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CHAPTER ONE 

GENERAL INTRODUCTION 

 

Central pattern generators 

 Rhythmicity is a fundamental property necessary for all living organisms. For example, 

gas exchange in the plant kingdom, patterns of bioluminescence in cyanobacteria, and animal 

behaviors such as sleeping and eating all rely on environmentally induced rhythms. In many 

cases, rhythmic physiological or behavioral activities are driven by coordinated 

electrophysiological oscillations produced by central pattern generators (CPGs). A CPG is a 

neuronal network that drives a set of muscles to produce a rhythmic activity. CPGs produce a 

wide variety of rhythmical motor patterns, including continuous activities, such as respiration, 

and intermittent behaviors, such as walking or chewing (Feldman et al. 2003; Selverston 2005). 

CPG output does not require rhythmic sensory or patterned central input. Rather, oscillatory 

behavior arises as a property of the CPG network components and/or the connectivities among 

them. Circuit input induces variability in the motor pattern and adapts output to changing 

demands. For example, walking, trotting and galloping are all produced by the same motor 

circuit, but each behavior is induced in response to different input, or intensity of input (Kiehn 

2006). 

 In some cases, a CPG contains one or more endogenously oscillatory neurons, termed 

“bursting pacemaker” neurons, which generate the rhythm. In a pacemaker-driven CPG, one or 

more cells spontaneously and rhythmically depolarizes, fires bursts of action potentials, then 

repolarizes. In this case, the oscillatory behavior intrinsic to the pacemaker neuron(s) is 

determined by membrane currents that drive the periodic depolarization-repolarization cycle 
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(Gola and Selverston 1981; Harris-Warrick and Flamm 1987; reviewed in Harris-Warrick 2002). 

Coupling of a pacemaker neuron to other neurons in a CPG network forces follower neurons to 

exhibit oscillatory behavior, and the resulting motor pattern is shaped by additional intrinsic 

neuronal properties, such as post inhibitory rebound (PIR) or plateau potential (reviewed in 

Marder and Bucher 2001). 

 Endogenous bursting behavior is not associated with all CPG circuits. In some cases, 

neural rhythmicity emerges as a consequence of synaptic connectivity among the component 

neurons. In this type of CPG, termed a half-center oscillator (Brown 1924), reciprocal inhibitory 

connections between two neurons cause alternating bursts of activity. The mammalian locomotor 

CPG, for example, is a half center oscillator: populations of interneurons in the flexor or extensor 

half-centers excite flexor or extensor muscles, respectively. Simultaneous activity of flexors and 

extensors is prevented by mutual inhibitory connections between the half-centers (Kiehn 2006). 

Oscillations result as firing slows in one half-center, releasing the other half-center from 

inhibition and allowing for activity in antagonist motoneurons (Grillner et al. 1998). As is the 

case in pacemaker driven networks, the half-center oscillations are sculpted by intrinsic 

membrane properties that dictate the transition between activated and inactivated states. For 

example, the calcium activated potassium current (IKCa) causes a progressive hyperpolarization 

following a burst that slows firing, consequently releasing the opposing half center oscillator 

from inhibition (Grillner et al. 2001). Alternatively, neuronal ionic currents that are activated by 

hyperpolarization often underlie escape from inhibition in the opposing oscillator (Kiehn et al. 

2000). Thus, a full understanding of reciprocally inhibitory networks includes defining synaptic 

coupling as well as identifying the constellation of ionic conductances expressed in component 

neurons. 
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 Often, CPGs have multiple mechanisms that sustain the rhythmic output. For example, 

mammalian respiratory rhythms appear to arise from multiple, mechanistically distinct CPG 

elements that are each capable of producing the same motor output, allowing for functional 

transitioning from a pacemaker-driven network to one driven by purely reciprocal synaptic 

interactions (Smith et al. 2000). Over the past decade, there has been a great deal of  debate 

regarding the mechanism for respiratory rhythmogenesis, but the current consensus is that two 

brain regions are critical for generating the respiratory motor pattern: a subregion of the 

ventrolateral medulla termed the preBotzinger complex (PBC), and another region in the 

parafacial respiratory group (pFRG), located rostral to the PBC (Rekling and Feldman 1998; 

Onimaru and Homma 2003; Ramirez et al. 2004). Originally, experimental attempts to identify 

the respiratory rhythm generator focused on the PBC, showing that neural circuits located in this 

region were sufficient for generating respiratory motor patterns in vitro, and PBC neurons were 

capable of intrinsic bursting oscillations (Smith et al. 1991; Koshiya and Smith 1999). Moreover, 

lesioning of a subpopulation of PBC neurons led to an uncoordinated, non-rhythmic respiration 

in awake, adult rats (Gray et al. 2001). These results suggested that neurons present in the PBC 

generate the respiratory rhythm. However, subsequent studies indicated that the rhythm may be 

an emergent property of the network rather than being dependent on the bursting properties of 

the neurons, as abolishing bursting behavior in PBC neurons had no effect on  respiratory-related 

rhythm in neonatal PBC slices (Del Negro et al. 2002). Furthermore, Thoby-Brisson and 

Ramirez found that the pacemaker neurons within the PBC displayed significantly different 

bursting properties (2001), and different responses during hypoxia (2000) which contributed to 

the idea of a distributed network that encompasses multiple pacemaker “kernels”. Indeed, Mellen 

et al. (2003) showed that neurons in the PBC and pFRG represent two synaptically coupled 
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pacemaker networks, each sufficient for generating the respiratory rhythm. Moreover, each of 

the oscillatory centers is differentially sensitive to modulatory input: opiates alter the pattern of 

the pFRG kernel but have no effect on PBC bursting (Mellen et al. 2003). Janczewski and 

Feldman (2006) further showed that these two rhythm generators are normally coupled but can 

function independently in juvenile rats in vivo, and suggested that the role of pFRG neurons is to 

drive the expiratory rhythm, while the PBC group controls inspiration. Despite significant 

advances in delineating the underlying mechanisms for respiratory rhythm generation, major 

researchers in this field do not share a common view on the mechanisms that drive rhythmical 

activity, and this remains a subject for debate (Feldman and Janczewski 2006a, b; Onimaru and 

Homma 2006). 

 Many of the operating principles for CPGs are the same for vertebrates and invertebrates 

(Marder and Calabrese 1996; Marder and Bucher 2001). As such, the relative simplicity of 

invertebrate nervous systems provides a means of investigating the molecular basis of rhythmic 

behaviors. Indeed, much of the conceptual work that has provided some understanding of 

vertebrate CPG circuits is derived from invertebrate systems. For example, the first evidence that 

rhythmic motor patterns are centrally generated came from studies on the locust nervous system 

(reviewed in Marder and Calabrese 1996). Studies on the Tritonia swim circuit were the first to 

show that neuromodulation can be intrinsic to a CPG circuit (Katz et al. 1994; Katz and Frost 

1997), and the leech heartbeat CPG has offered insight into intersegmental coordination of CPG 

circuits, and circuits with multiple mechanisms for generating rhythmic output (Arbas and 

Calabrese 1987b, a; Angstadt and Calabrese 1989; Arbas and Calabrese 1990; Angstadt and 

Calabrese 1991; Cymbalyuk et al. 2002). Moreover, the CPG that controls feeding behavior in 

Aplysia not only represents a useful model for examining sensorimotor integration, but is also 
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providing new insights into the neural networks and subcellular mechanisms that mediate two 

important forms of associative learning (reviewed in Cropper et al. 2004). 

 

The stomatogastric system 

 One of the best characterized model systems for investigating rhythm generating 

neuronal networks is the crustacean stomoatogastric nervous system (STNS), which contains 

multiple CPGs that control rhythmic feeding and digestive activities such as swallowing, 

chewing, and filtering of food particles. The crustacean foregut consists of a short, muscular 

esophageal tube, and a stomach. The stomach is further subdivided into three regions: the cardiac 

sac, gastric mill, and pylorus (Figure 1-1). Unlike the mammalian foregut, which is comprised of 

an epithelium surrounded by smooth muscle, the crustacean foregut is surrounded by striated 

muscles. Motor neurons in the STNS CPGs innervate these muscles. The motor nerves have 

multiple terminals widely distributed over the muscle fiber, and contraction of the muscle is a 

graded function of synaptic input. Muscle contractions direct food taken in through the mouth 

through the esophagus to the cardiac sac, where it is combined with digestive juices. Partially 

digested food is then directed to the gastric mill region, which contains three interlocking teeth 

that facilitate mechanical breakdown. Smaller pieces pass into the pylorus, where filtering occurs 

(Johnson and Hooper 1992). Solid particles are passed into the animal’s hindgut for excretion, 

while fluid nutrients are taken up by a system of glands functionally similar to the liver and 

pancreas (Ceccaldi 1989). 

 All of the muscles directing these rhythmic movements are controlled by four CPG 

circuits found within the STNS. The esophageal circuit controls muscles to allow alternating 

constrictions and dilations of the esophagus, while the cardiac sac circuit innervates muscles
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Figure 1-1: Diagrammatic view of the lobster foregut.  Schematic shows the esophagus, the 3 
regions of the stomach (cardiac sac, gastric mill, pylorus), the stomatogastric nervous system 
(red), and 2 pyloric muscles (the dorsal and ventral dilators). Nerve abbreviations: pdn = pyloric 
dilator; pyn = pyloric; lvn = lateral ventricular; mvn = medial ventricular. Ganglion 
abbreviations: STG = stomatogastric; CG = commissural. From (Hooper and DiCaprio 2004). 
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that control the size of the cardiac sac region of the stomach (Johnson and Hooper 1992). 

Contraction of these muscles expands the cardiac sac, which allows food to enter. The gastric 

mill CPG circuit participates in constriction of the cardiac sac, which directs food to the gastric 

mill, and also controls the stomach teeth to facilitate chewing. The pyloric network controls 

movements of the pyloric filtering machinery. Movement of food particles occurs bidirectionally 

from the gastric mill to the pylorus and vice versa, such that chewing and filtering activities are 

repeated to ensure thorough digestion (Ceccaldi 1989). 

 The STNS is a peripheral nervous system comprised of four ganglia and their associated 

nerves (Figure 1-2). The paired commissural ganglia (CoG) each contain roughly 400 neurons, 

while the unpaired esophageal ganglion (OG) contains approximately 18 neurons (Marder and 

Bucher 2007). Among other things, descending input from these centers controls activity in the 

fourth ganglion, the stomatogastric ganglion (STG), comprised of roughly 30 neurons, depending 

on the species (Bucher et al. 2007). The esophageal and cardiac sac CPG circuitries lie in the 

CoG and the OG, while the gastric and pyloric networks are localized to the STG (Figure 1-2). 

The distribution of esophageal and cardiac sac component neurons among multiple ganglia has 

made them difficult to identify, and while the rhythms produced by these CPGs are known, the 

circuitry has not been completely mapped out. On the other hand, the gastric and pyloric 

networks have been extensively characterized, and are among the best understood neural circuits 

to date. 

 The gastric mill circuit is inactive in vivo and in vitro, except when it receives input from 

CoG projection neurons (Blitz and Nusbaum 1997; Clemens et al. 1998a; Blitz et al. 1999). The 

gastric mill rhythm does not emerge as the result of pacemaker activity, but is instead the result



 8

 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
Figure 1-2: 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). 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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of synaptic interconnectivity within the network (Selverston and Mulloney 1974; Hartline and 

Russell 1984). The resulting motor pattern is variable, depending on how the rhythm is initiated 

(Coleman and Nusbaum 1994; Blitz et al. 1999; Beenhakker and Nusbaum 2004; Blitz et al. 

2004). For example, two different gastric mill rhythms are elicited in vitro in the crab, Cancer 

borealis, depending on whether projection neurons in the CoGs are stimulated by 

mechanoreceptor or proprioceptor input (Beenhakker and Nusbaum 2004; Blitz et al. 2004). 

Proprioceptor input additionally plays a regulatory role during gastric mill activity via direct 

connections with gastric mill neurons to further influence the motor output (Beenhakker et al. 

2005). 

 Unlike the gastric mill circuit, the pyloric CPG is continuously active in the intact animal, 

producing alternating dilations and constrictions of the pylorus (Rezer and Moulins 1983). The 

pyloric rhythm is pacemaker-driven, though the complete motor pattern results from the 

connectivity and membrane properties of all network components (Miller 1987). Pyloric activity 

is conditional on the presence of one or more neuromodulators, and removal of modulatory input 

to this network abolishes rhythmic output (Nagy and Miller 1987). Several variations of the 

pyloric rhythm can be elicited, depending on the exact modulatory input (reviewed in Dickinson 

2006). The pyloric CPG is the subject of this dissertation and is discussed in more detail below. 

 One characteristic of CPGs within the STNS is a great deal of internetwork connectivity. 

Activity in one STNS circuit often influences activity in another. For example, gastric mill and 

cardiac sac activity alter the motor pattern produced by pyloric network (Thuma and Hooper 

2002, 2003). The result is that pyloric muscles can display gastric or cardiac motor patterns even 

though they are not innervated by neurons from these CPGs (Morris et al. 2000). While the 

functional relevance of these internetwork interactions is not completely understood, it is thought 
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that they coordinate muscle contractions among the foregut compartments, and thus the 

directionality of food movement, to ensure adequate digestion (Thuma et al. 2003). 

 Another type of internetwork interaction results in circuit reconfigurations. Meyrand et 

el. (1991) showed that modulatory input elicits a rhythmic, swallowing-like behavior that 

mediates the transfer of food from the esophagus to the cardiac sac (Figure 1-1), and the motor 

pattern for this behavior is produced by a single CPG constructed de novo from components of 

the esophageal, gastric mill, and pyloric circuitries. The de novo circuit produces a single motor 

output that overrides the individual esophageal, gastric and pyloric patterns, ensuring that valve 

openings are synchronized and food is moved posteriorly. Thus, CPGs are not necessarily hard-

wired. 

 In light of these examples of CPG flexibility, an increasing number of studies address 

CPGs not as the sum of the network components and their cellular and synaptic properties, but as 

complex, dynamic systems with multiple mechanisms for generating rhythmic output. Studies 

regarding the cellular and molecular basis for CPG flexibility are rapidly growing in number. We 

are particularly interested in how monoaminergic signal transduction cascades contribute to 

circuit flexibility. Indeed, a complete understanding of CPG function will necessarily include 

such information. 

 

The pyloric network 

 In the spiny lobster, Panulirus interruptus, the pyloric network is a 14-neuron circuit 

containing 6 cell types: the anterior burster (AB), two pyloric dilators (PDs), the ventricular 

dilator (VD), the inferior cardiac (IC), the lateral pyloric (LP), and eight pyloric constrictors 

(PYs) (Miller 1987). The somatodendritic compartments of these neurons lie within the STG. All 
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of these neurons, except the pacemaker AB, project their axons to a muscle(s) via identified 

motor nerves as shown in Figure 1-2. The AB neuron projects its axon up the stomatogastric 

nerve (stn) and makes connections with higher ganglia, such as the CoG. A more detailed 

description of neuron and STG anatomy is provided in Chapter 2. 

 As shown in Figure 1-3, the extensive chemical and electrical connections of the pyloric 

neurons are known. All of the chemical synapses within the network are inhibitory (indicated by 

small, filled circles in Figure 1-3). Electrical couplings are either rectifying, as in the case of the 

LP-PY, PY-PY, and VD-PD synapses (Figure 1-3, diode symbols), or nonrectifying, such as 

those between the AB neuron and the two PD neurons, and between the PD neurons themselves 

(resistor symbols, Figure 1-3). Some connections are mixed, as in the case of the AB-VD, which 

has both a chemical and a rectifying electrical synapse (Eisen and Marder 1982). 

 In vitro, the pyloric motor pattern is similar to that recorded in vivo (Miller 1987). The 

characteristic triphasic pyloric output (Hartline and Maynard 1975; Selverston 1977) is shown in 

Figure 1-4.  Figure 1-4A shows intracellular recordings from the somata of six pyloric cell types. 

PD and AB fire in the first phase, LP and IC in the second phase, and PY and VD in the third 

phase.  Figure 1-4B shows extracellular recordings from identified motor nerves containing the 

axons of these neurons. Spikes seen on the nerve recordings correspond to bursts of action 

potentials generated by neurons whose axons are contained within the nerve. For example, the 

pyloric dilator nerve (pdn) contains axons from the two PD neurons, and the pdn recording 

shown in Figure 1-4B depicts spikes generated by the PD neurons. The lateral ventricular nerve 

(lvn) contains the LP, PY and the PD axons; hence there are three distinct sets of spikes on the 

lvn recording. The medial ventricular nerve (mvn) contains the VD and IC axons; action 

potentials generated by the VD and IC neurons are represented on the mvn recording. The spikes 
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Figure 1-3: The neuronal complement and synaptic interconnectivity of the pyloric 
network. There are 8 PY neurons, 2 PD neurons, and one each of the other pyloric neurons.  
Small, filled circles indicate inhibitory chemical synapses, resistor symbols indicate 
nonrectifying electrical synapses, diodes indicate rectifying electrical synapses, with the 
direction of the arrow representing the preferred direction of positive current flow. From 
(Johnson et al. 1995). 
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seen in a burst presumably regulate muscle contractions, but there is not necessarily a linear 

correlation between spiking and contraction, as contraction properties are modified in some cases 

by the number or the frequency of action potentials, (Morris and Hooper 1997) or the pyloric 

cycle period (Morris and Hooper 1998). 

 Pyloric neurons interact to generate a triphasic rhythm (Figure 1-4) in the following 

manner: the dilator phase (Phase I) of the pyloric rhythm is driven by a three-neuron electrically 

coupled pacemaker kernel, consisting of an endogenous burster (the AB neuron) and the two PD 

neurons. These three neurons inhibit all the other neurons in the network (Figure 1-3). Next is the 

two-part constriction phase. When PD inhibition wanes, the LP is first to recover and it inhibits 

PY, VD and PD (Phase II). IC fires in phase with LP. As LP begins to repolarize, PY and VD 

escape from inhibition and inhibit LP (Phase III). Inhibition of LP allows PD to depolarize and 

the cycle begins again. Thus, the sequential firing of LP and PY drives the two-part constriction 

phase of the motor pattern. 

 The triphasic pyloric motor output drives a sequence of muscle contractions that underlie 

the filtering activities in the pylorus. In phase one, the PD induces contraction of the 

cardiopyloric valve muscles, which dilate the pylorus and open the cardiopyloric valve, allowing 

liquefied food to enter the pylorus (Johnson and Hooper 1992; Selverston 2005). In the two part 

constriction phase, a rostral to caudal wave of pyloric muscle constriction directs food toward 

the. midgut or digestive gland (Selverston 2005). In the case of large food particles that require 

further processing, muscles innervated by additional STNS circuits participate in opening the 

cardiopyloric valve and directing food anteriorly (Johnson and Hooper 1992).
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Figure 1-4: The pyloric motor pattern. A) Intracellular glass microelectrodes were used to 
record in vitro from the somata of six pyloric neurons. The duration of the recording shown is 1 
sec. Scale bar = 20 mV for PD and LP, 10 mV for AB, VD, IC, and PY. B) Extracellular 
recordings from the peripheral motor nerves in vitro. The pdn contains axons from the two PD 
neurons. The lvn contains the LP axon (large spikes), the PY axons (small spikes), and the PD 
axons (intermediate spikes). The mvn contains the VD axon (large spikes) and IC axon (small 
spikes). The triphasic pyloric rhythm consists of bursts of action potentials from the PD neurons 
(Phase I, orange), followed by bursts of action potentials in the LP neuron (Phase II, blue), then 
by bursts in the PY neurons (Phase III, yellow). Phases are indicated by roman numerals and 
highlighted for clarity in A and B. Recordings are from P. interruptus preparations with CoGs 
intact. Adapted from (Miller 1987). 
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Neuromodulatory input to the STG 

 Natural selection favors animals capable of producing adaptive behaviors. Feedback or 

input to CPG circuits refines the motor output pattern, thus enabling continuous behavioral 

flexibility. For example, cerebellar input influences locomotor CPG output, such that limb 

movements are coordinated within each step cycle (Grillner 1985). Likewise, sensory and 

neuromodulatory inputs coordinate respiratory rhythms with changing metabolic demands 

(Mitchell and Johnson 2003). As mentioned above, the range of flexibility afforded to STG 

circuits by modulatory inputs is extensive. In some cases, modulatory input is necessary to 

initiate a motor pattern, while in other cases, modulators alter an active motor pattern. 

Modulators can also enable neurons to switch from one CPG to another, or form new circuits 

capable of generating a distinct motor pattern. Thus, the STG circuits provide attractive models 

for studying CPG modulation. 

 Modulatory substances are delivered to the STG via projection neurons in the OG or 

CoGs, which send their axons to the STG via the stn (Figure 1-2) (reviewed in Nusbaum and 

Beenhakker 2002). Within the STG, the input fibers can arborize extensively, sending process 

throughout the entire ganglion (Nusbaum et al. 1992). In the crab, Cancer borealis, there are 

roughly 25 different modulatory input fibers to the STG, which is approximately half the number 

of input fibers seen the spiny lobster (Coleman et al. 1992). These fibers deliver neuropeptides 

and small molecule transmitters, and in some cases amines, to the STG (reviewed in Marder and 

Bucher 2007). Modulatory inputs contain both conventional and nonconventional transmitter 

release profiles. Electron microscopy studies have revealed that, within the STG, modulatory 

neuron terminals contain classical, fast-synaptic neurotransmitter release profiles, as well as 
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neurohemal profiles, which are associated with release at a distance from the target (Marder et al. 

1995). Thus, projection neurons can have both synaptic and paracrine effects on STG neurons. 

 Primary sensory neurons can also be sources of modulatory input to the STG, and can 

induce fast excitatory responses, as well as slow, prolonged modulation of STG neurons (Katz 

and Harris-Warrick 1990b). In the crab Cancer borealis, the gastropyloric receptor (GPR) cells 

are proprioceptive cells that sense the movement of foregut muscles (Katz et al. 1989). GPR cells 

send input fibers containing both serotonin (5-HT) and acetylcholine (Ach) to the STG to modify 

the pyloric and gastric rhythms (Katz and Harris-Warrick 1990a). The presence of co-

transmitters in modulatory neurons is not uncommon in this system, and indeed serves to 

enhance the range of responses that can be elicited (see below) (Nusbaum et al. 2001). GPR 

stimulation has 5-HT-mediated, modulatory effects on all of the pyloric neurons, but only elicits 

Ach-mediated, synaptic responses in two of the cells (Katz and Harris-Warrick 1990a). These 

findings suggest that the GPRs do not synapse directly onto all pyloric neurons, because all 

pyloric cells respond to Ach (Marder and Eisen 1984). Thus, sensory inputs to the STG likely 

have both synaptic and paracrine effects. 

 The STG is located in a blood vessel, and is therefore constantly bathed in hemolymph. 

As such, modulatory substances can reach the STG as circulating hormones. Indeed, many of the 

same neuroactive chemicals that are delivered to the STG by modulatory neurons are also found 

concentrated in varicosities within neurosecretory structures (Christie et al. 1995; reviewed in 

Marder and Bucher 2007), and freely circulating in the hemolymph at nanomolar concentrations 

(Livingstone et al. 1980). In the crab, one pair of projection neurons in the CoGs contain a 

cholecystokinin (CCK)-like peptide within their STG terminals, and this same neuropeptide is 

found the pericardial organs, which are the major neurohemal structures in the crab (Christie et 
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al. 1995). In Panulirus interruptus, levels of a CCK-like peptide in the hemolymph increase 

fourfold after feeding, peaking at 1.6 x 10-9 M, and gradually decrease over 4 hours (Turrigiano 

and Selverston 1990). Thus, a single neuroactive chemical can have effects with different time 

scales (i.e., short-term or long-term) depending on how it is released. 

 For a given modulator, the release mechanism may vary within species. In adult Homarus 

americanus, 5-HT modifies pyloric network activity, and the threshold for producing 

physiological effects is 10-6M, which is much greater than the 10-9M concentration of 5-HT in 

the circulating hemolymph (Beltz et al. 1984). As such, 5-HT is presumed to exert its modulatory 

influence via direct input fibers to the STG. Indeed, 5-HT immunoreactivity is observed in the 

stn and within the STG neuropil in the adult (Beltz et al. 1984). During embryonic development, 

however, 5-HT modulates the motor patterns produced by STG neurons well before 5-HT is 

found in projection inputs to the STG (Fenelon et al. 1999), suggesting that hormonally released 

5-HT plays a predominant role in regulating STG output early in H. americanus development, 

while direct 5-HT input becomes relevant at later stages. 

 For a given modulator, the modulatory release mechanism may vary across species. As 

mentioned above, 5-HT is found in input fibers to the STG in the lobster H. americanus, and 

high concentrations (10-6 M) of this monoamine modulate pyloric activity. In the spiny lobster, 

Panulirus interruptus, however, the threshold for 5-HT-mediated modulation of pyloric activity 

is 10-9 M (Beltz et al. 1984). Indeed, this monoamine is not found in descending modulatory 

input fibers, but only in the neurosecretory structures, and thus acts strictly as a hormone in this 

species. The neuromodulatory content of input neurons can also differ across species: the GPR 

cells contain 5-HT in the crab, but not in the spiny lobster, for example (reviewed in Katz and 

Harris-Warrick 1990b). 
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Effects of modulatory input 

 Several modulatory inputs to the STG have been described (reviewed in Katz and Harris-

Warrick 1990b; Nusbaum and Beenhakker 2002). Research on one of the most well studied 

modulatory neurons, the modulatory commissural neuron (MCN)-1, has revealed many basic 

principles related to neuromodulation. One such principle is that the effect of a modulatory 

neuron is not limited to one CPG. Some modulatory neurons, when stimulated, can 

simultaneously modify the pyloric, gastric mill and cardiac sac activities and thereby coordinate 

the functions of the different circuits. As an example, MCN-1 excites the pyloric network 

(Coleman and Nusbaum 1994) and elicits gastric mill activity (Coleman et al. 1995). Thus, 

modulatory neurons can have multiple targets which comprise different CPGs. 

 A second basic principle regarding MCN-1 studies is that a neuron may contain multiple 

transmitters; however, a given cotransmitter may act on only a subset of all of that neuron’s 

modulatory targets.  In the crab, MCN-1 contains multiple modulatory substances, or co-

transmitters: γ-aminobutyric acid (GABA), proctolin and Cancer borealis tachykinin-related 

peptide-Ia (CabTRP Ia), and each of these can modify gastric mill activity when bath applied 

(Blitz et al. 1999). However, the MCN-1 uses only CabTRP Ia and GABA to initiate the gastric 

mill rhythm, and MCN-1-released proctolin has no direct influence on the gastric mill CPG 

(Stein et al. 2007). Conversely, the effects of MCN-1 on the pyloric network are mediated by 

proctolin and CabTRP Ia (Wood and Nusbaum 2002). 

 There are several mechanisms that could restrict a modulator’s actions to only a subset of 

all possible post-synaptic targets. The most obvious explanation is that a target cell lacks the 

appropriate receptor. As I show in my dissertation work, this is possible, because STG neurons 

can display unique receptor expression profiles. However, in the case of MCN-1 and its targets, 
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there are examples of neurons that do not respond to an MCN-1 released neuropeptide but do 

respond to the same focally applied peptide (Stein et al. 2007); thus, other mechanisms must 

exist. Another explanation is that the modulatory substance may never reach the target cell’s 

receptors due to differential release and/or diffusion barriers. In some cases, a neuron will not 

release a given modulator from all terminals. Neuropeptides can be targeted to only a subset of 

terminals (Sossin et al. 1990). Similarly, transmitter release may differentially depend on 

neuronal firing patterns. Neuropeptide release often requires higher firing frequency than small 

molecule transmitter (i.e., GABA) release (Vilim et al. 1996). Often, this is due to the fact that 

the peptides are localized at a distance from the release site (Karhunen et al. 2001). Diffusion 

barriers may also prevent neuroactive substances from reaching receptors on target cells. Several 

types of diffusion barriers can exist, including physical (Kilman and Marder 1996), cellular (e.g. 

glial wrap) or molecular barriers, such as reuptake mechanisms (Iversen 2006), and enzymes that 

degrade the neuroactive substance (Wood and Nusbaum 2002). This brings us to the next 

principle: Neuromodulatory influences can be locally regulated. 

 Paracrine or long distance effects are mediated by neuroactive substances, which in most 

cases, are not released directly into the synaptic cleft, and are therefore not subject to the 

classical reuptake mechanisms operating for neurotransmitters (reviewed in Nusbaum 2002). 

Instead, these modulatory substances can diffuse within the STG and exert a wider range of 

influence over longer time scales than synaptic transmitters. Interestingly, the same neuropeptide 

released in a paracrine fashion by one or more neurons does not necessarily reach the same set of 

receptors. Rather, the extent of neuromodulatory control can be dictated by extracellular 

aminopeptidase activity. For example, MCN-1 and MPN differentially modulate the pyloric 

rhythm in the crab, even though the different effects are partially mediated by the same 
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modulator, proctolin. When proctolin actions are prolonged by blocking aminopeptidase activity, 

the pyloric circuit response to these two projection neurons is similar (Wood and Nusbaum 

2002). Thus, modulatory influences are spatially and functionally restricted, in some cases, by 

peptidase activity. 

 A fourth organizing principle revealed by studies on MCN-1 is that cotransmitters can act 

over different time scales, and this is often essential for pattern generation. For example, the 

MCN-1-mediated actions of CabTRP Ia and GABA on gastric mill neurons have different time 

courses of action (Stein et al. 2007). The fast GABAergic actions initiate bursting in one of the 

gastric mill neurons, while the peptidergic actions slowly excite a gastric mill neuron that in turn 

inhibits MCN-1. The temporally distinct responses of MCN-1’s targets in this case lead to phasic 

inhibition of MCN-1 transmitter release, which is critical for shaping the gastric mill rhythm 

(Coleman et al. 1995). 

 A fifth principle of neuromodulation is that different projection neurons containing the 

same neuroactive substance can elicit distinct STG rhythms depending upon the complement of 

cotransmitters (Nusbaum et al. 2001). For example, three pair of proctolin containing neurons 

innervate the STG and modulate circuit activity: MCN-1, MCN-7, and modulatory proctolin 

neuron (MPN) (Coleman et al. 1992; Blitz et al. 1999). These three proctolinergic neurons have 

distinct cotransmitters, and this contributes to their distinct actions on the STG circuits. As 

mentioned above, MCN-1 uses CabTRP Ia and GABA to differentially modulate gastric mill 

neurons, while proctolin and CabTRP Ia mediate its effect on the pyloric circuit. Stimulation of 

MPN or MCN-7 elicits distinct pyloric rhythms but does not activate the gastric mill rhythm. The 

distinct effects are due, in part, to the fact that MPN uses GABA and proctolin, while MCN-7 

has no known co-transmitter (Blitz and Nusbaum 1999). 
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 A sixth principle is that the same motor pattern can be elicited by different modulatory 

inputs. In Cancer borealis, pyrokinin (PK) peptides are found in modulatory inputs to the STG 

and in neurohemal release sites, and bath applied PK elicits gastric mill activity in vitro 

(Saideman et al. 2007b). The PK-elicited gastric mill rhythm is nearly identical to the MCN-1-

elicited gastric mill rhythm, even though MCN-1 does not use PK as a cotransmitter. However, 

despite the similarities in the two elicited gastric mill motor patterns, they are different. This is 

because bath applied PK targets distinct sets of STG neurons to elicit the gastric mill motor 

pattern than MCN-1 stimulation (Saideman et al. 2007a). MCN-1 stimulation targets a pyloric 

neuron, the AB, and so alters the pyloric rhythm, but PK has no effect on pyloric neurons, which 

leads to differences in gastro-pyloric coordination in response to PK- versus MCN-1-mediated 

modulation. Since the coordination of circuit activities is variable under different physiological 

conditions (i.e., before or after feeding) (Clemens et al. 1998b), these results highlight the 

functional relevance of convergent modulatory actions. 

 A seventh principle is that neuromodulators can converge onto the same current. Indeed, 

six neuromodulatory substances have been found to activate the same voltage dependent current  

in pyloric neurons (Swensen and Marder 2000). The response to one of the six modulators is 

nonetheless variable among neurons. For example, all six substances elicit the same current in 

the LP neuron, while the VD neuron responds to only a subset of the modulators. Indeed, each of 

the modulators targets a distinct set of pyloric neurons, and therefore elicits a unique motor 

pattern, despite sharing a common target (Swensen and Marder 2001). 

 The preceding discussion focused on modulatory influences that acted over the short 

term. However, the last principle to be discussed is that modulatory neurons can have long term 

effects. In the absence of modulatory inputs, neurons reorganize their ionic current densities to 
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maintain a constant firing pattern (Mizrahi et al. 2001; Thoby-Brisson and Simmers 2002). This 

suggests that modulatory inputs somehow help to control gene expression in the target neuron.  

The observed changes in current densities are partly due to changes in neuronal activity 

(Golowasch et al. 1999; Watt et al. 2000; Mee et al. 2004). However, it appears that 

neuromodulators also have activity independent effects and can directly regulate current 

densities (Khorkova and Golowasch 2007). Modulatory inputs can also exert long-term 

regulatory effects on their target networks during development. In Homarus gammarus, 

modulatory inputs play a critical role in the maturation of motor networks, by maintaining a 

unique embryonic neuronal network while masking the adult circuit until appropriate stages in 

development (Le Feuvre et al. 1999). 

 

Effects of hormonal input 

 Hormonal input also influences STG motor patterns. In Homarus americanus, hormonal 

concentrations of DA evoke action potentials in the PD neuron, and these spikes are generated in 

the axon, where no direct DA input exists (Bucher et al. 2003). These spikes travel 

orthodromatically toward the PD muscle and antidromatically toward the PD soma where they 

can influence PD bursting behavior. Interestingly, the effects of DA-induced peripheral spikes 

are state-dependent: with modulatory input removed, centrally generated spikes increase in 

response to DA, but then gradually decline and cease. On the other hand, peripheral spikes 

increase in DA up to a steady state level, such that they generate the majority of the overall 

spikes. In preparations with modulatory inputs intact, centrally generated spikes decrease with 

increasing peripheral spikes in response to DA, and both reach a steady level. Thus, the 
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hormonal influence on pyloric motor patterns depends on the state of the circuit that is 

established by modulatory inputs. 

 In some cases, hormonal inputs expand the range of flexibility of the CPG circuits 

beyond that provided by neuronal modulation. For example, crustacean cardioactive peptide 

(CCAP), influences the STG only as a circulating hormone (Marder and Bucher 2007). At low 

concentrations (10-10M), CCAP does not elicit gastric mill activity, but does modify the MCN-1-

elicited gastric mill rhythm in C. borealis (Kirby and Nusbaum 2007). Interestingly, gastric mill 

neurons that exhibit altered activity during these CCAP-influenced rhythms do not correspond 

completely to the set of CCAP-responsive neurons. Moreover, if gastric mill activity is triggered 

by direct mechanoreceptor stimulation, CCAP also modifies the resulting gastric rhythm, though 

it targets a different subset of neurons than those targeted during the MCN1-elicited rhythm. 

Thus, despite having multiple targets within the gastric mill circuit, CCAP acts on only a subset 

of neurons, depending on the state of the circuit. 

 Hormonal influences provide long term effects that may outlast the presence of the 

hormone. As mentioned above, increasing levels of a CCK-like peptide are found in the 

hemolymph following feeding in Panulirus interruptus (Turrigiano and Selverston 1990). The 

levels of this hormone coincide neatly with gastric mill activity over the same time period: at one 

hour post-feeding, gastric mill cycle frequency and CCK levels peak, then both decline over a 

period of three hours, suggesting that CCK regulates gastric mill activity. Postprandial gastric 

mill activity can be blocked if a CCK antagonist is administered within two hours of the 

initiation of feeding behavior, but the antagonist has little effect if administered more than two 

hours after the start of feeding, suggesting that the intracellular effects of the hormone are long 

lasting. Moreover, gastric mill activity triggered by CCK injections is not identical to that seen 
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after feeding, indicating that this hormone contributes to feeding behavior in the lobster, similar 

to its role in vertebrate systems, but gastric mill activity is influenced by additional, state-

dependent modulatory sources in vivo. 

 

The role of neuromodulators in homeostatic maintenance of CPG activity 

 As discussed above, neuromodulators can produce both short-term (e.g., differences in 

phosphorylation states) and long-term (e.g., differences in transcript and protein abundance) 

changes in intrinsic neuronal properties and synaptic strengths. In addition, activity-dependent 

mechanisms can produce long-term changes in these same properties (Golowasch et al. 1999; 

Mee et al. 2004). This leads to significant preparation-to-preparation variability in ion channel 

mRNA abundance and ion current maximal conductance in identified neurons (Schulz et al. 

2006; Schulz et al. 2007), as well as variability in synaptic strengths (Watt et al. 2000; Watt et al. 

2004). Despite this, circuit activity is remarkably constant over the long-term. This begs the 

question: How is it that stable firing properties and variable ion channel densities are not 

mutually exclusive? 

 Modeling studies have shown that multiple combinations of synaptic strengths and 

neuronal properties can produce a constant circuit output (Prinz et al. 2004). Thus it is likely that 

multiple ionic currents and synaptic strengths, which are constantly changing over the short term, 

are balanced over the long term to maintain a constant circuit output. Our lab is testing the idea 

that modulators contribute to the maintenance of a stable output over the long term by 

continually controlling the phosphorylation state and transcription of a given ion channel,  

Further, that a change in modulator concentration will evoke opposite effects on channel function 

and abundance, e.g., an increase in conductance and a decrease in gene expression. We are 
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testing this hypothesis for the monoamines dopamine (DA) and serotonin (5-HT), because a 

great deal of background information exists on their cellular and circuit effects in the STNS (see 

below). An understanding of DA and 5-HT receptors and their signaling cascades is therefore a 

prerequisite for testing the hypothesis. When I began my dissertation work, the signaling 

cascades mediating the neuromodulatory effects in the STG were completely unknown. 

Moreover, in general, there is no clear understanding of the spatio-temporal organization of 

transduction cascades in any neurons. Thus, I set out to characterize the DA and 5-HT signal 

transduction cascades operating in the pyloric network. 

 

Serotonergic modulation of the pyloric network in Panulirus interruptus 

 Among the more than 30 different modulatory substances that have an effect on the 

pyloric network (Marder and Bucher 2007), monoamines play a central role in reconfiguring the 

circuit. They can alter both the strength of synaptic interactions and the intrinsic firing properties 

of neurons within the network to influence motor output. The monoamines octopamine (OCT), 

5-HT, and dopamine (DA), are delivered via ascending or descending input fibers, or as 

circulating hormones. Their effects on pyloric motor output have been characterized in detail 

(Flamm and Harris-Warrick 1986b, a; Katz and Harris-Warrick 1990b; Johnson et al. 1994, 

1995; Ayali et al. 1998; Ayali and Harris-Warrick 1999; Kloppenburg et al. 1999; Kloppenburg 

et al. 2000; Johnson et al. 2003; Gruhn et al. 2005; Peck et al. 2006). Each monoamine evokes a 

unique suite of changes in the motor pattern. For example, each of the three monoamines elicits 

bursting in a quiescent AB by acting on different ionic currents, resulting in distinguishable 

differences in burst frequency and amplitude (Harris-Warrick and Flamm 1987). 
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 In the spiny lobster, Panulirus interruptus, 5-HT acts strictly as a circulating 

neurohormone to alter the intrinsic firing properties and synaptic strengths of pyloric network 

components over the long term (Beltz et al. 1984; Flamm and Harris-Warrick 1986b, a). Over 

two decades ago, Flamm and Harris-Warrick (1986a) showed that a 10 minute bath application 

of 10-5M 5-HT, intending to mimic neurohormonal transmission in P. interruptus, has 

differential effects on pyloric neurons. In a synaptically intact circuit, with endogenous 

modulatory inputs removed, 5-HT elicits bursting in AB and PD, has a weakly excitatory effect 

on IC, inhibits LP and VD, and has no effect on the PY neuron. 

 In isolated cells (i.e., all modulatory and synaptic inputs blocked), the effects of 5-HT are 

consistent with those recorded in intact circuits, with the exception of the PD neuron: 5HT has 

no effect on the isolated PD (Figure 1-5) (Flamm and Harris-Warrick 1986b). Thus, PD activity 

is enhanced in the intact circuit due to electrical coupling with the AB, which is excited by 5-HT. 

The cell-type specific responses to 5-HT observed in the AB, IC, LP and VD neurons are due, in 

part, to differential modulation of ionic conductances. However, the specific 5-HT targets in each 

cell are not completely understood. The ionic conductances targeted by 5-HT in the AB neuron 

to elicit bursting are unknown (Harris-Warrick and Flamm 1987; Ayali and Harris-Warrick 

1999). 5-HT enhances Ih in the IC neuron, (Peck et al. 2006) but has no effect on this current in 

any of the other pyloric neurons. IA is decreased in the IC neuron in response to 5-HT, consistent 

with 5-HT’s enhancement of IC firing, but IA in the AB and VD neurons is unaffected by 5-HT 

(Peck et al. 2001). 

5-HT additionally modulates the strength of electrotonic coupling and chemical synapses 

within the pyloric circuit (Figure 1-5) (Johnson and Harris-Warrick 1990; Johnson et al. 1993b, 

1994, 1995). 5-HT alters the strength of graded synaptic transmission from the PD neurons: it 
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reduces graded transmission from the PD to LP and PY neurons, and enhances the PD-IC 

synapse (Johnson and Harris-Warrick 1990). Graded transmission from the AB neuron to the IC, 

LP, and PY neurons is increased by 5-HT, while graded transmission at all other pyloric 

synapses is either decreased or not effected (Johnson et al. 1995). 5-HT also alters the strength of 

electrical connections between pyloric neurons (Johnson et al. 1993b, 1994). Thus, in addition to 

the cellular effects described above, 5-HT enhances circuit flexibility by acting on a network 

level, supporting the idea that circuit reconfiguration encompasses multiple distributed changes 

within the circuitry. 

 Electrophysiological data have provided a great deal of understanding regarding the 

actions of 5–HT on the pyloric motor pattern; however, little is known about the underlying 

cellular mechanisms that mediate these actions. Pharmacological studies suggest that 5-HT 

responses in the pyloric network are mediated by multiple receptors (Zhang and Harris-Warrick 

1994), but the signal transduction cascades operating in pyloric cells were largely unknown. As 

part of my dissertation work, I investigated the organization of the crustacean 5-HT receptor 

family and provided the first characterization of a crustacean 5-HT2 receptor (Chapter 2). My 

research laid the foundation for subsequent studies on the components of the 5-HT response 

system that provide flexibility in 5-HT regulation of pyloric network cycle frequency (Chapter 

7). 
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Figure 1-5: 5-HT effects in the pyloric network. Experiments were conducted in the absence 
of modulatory input using bath applied 10-5M 5-HT. Neuronal targets were identified by 
synaptically isolating each cell (Flamm and Harris-Warrick 1986b). Small, filled circles indicate 
inhibitory chemical synapses, resistor symbols indicate nonrectifying electrical synapses, diodes 
indicate rectifying electrical synapses, with the direction of the arrow representing the preferred 
direction of positive current flow. The direct effect of 5-HT on synaptic strength is indicated as 
follows: thin lines = no change; thickened lines = enhanced; dashed lines = weakened. The effect 
of 5-HT on pyloric neurons is indicated as follows: red = excitatory; grey = inhibitory; white = 
no effect. Modified from (Johnson et al. 1995). 
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Dopaminergic modulation of the pyloric network  

 Since STG neurons are constantly bathed by hemolymph, they receive neurohormonal 

DA input via secretion into the hemolymph by the pericardial organs (Sullivan et al. 1977; Fort 

et al. 2004). DA is also found in descending modulatory input fibers from cells in the 

commissural ganglia and the brain (Barker et al. 1979; Kushner and Barker 1983). It is not 

known whether these modulatory projections make direct synaptic connections with pyloric 

neurons, or if their effects are paracrine. 

 The effects of DA on the pyloric network have been extensively characterized. When 

bath applied, DA dramatically alters the pyloric motor pattern by differentially altering the 

cellular properties and synaptic strengths within the network (Figure 1-6) (Eisen and Marder 

1984; Flamm and Harris-Warrick 1986b, a; Harris-Warrick and Flamm 1987; Johnson and 

Harris-Warrick 1990; Johnson et al. 1993a, b; Harris-Warrick et al. 1995b; Harris-Warrick et al. 

1995a; Johnson et al. 1995; Kloppenburg et al. 1999; Peck et al. 2001; Johnson et al. 2003; 

Gruhn et al. 2005; Peck et al. 2006). DA inhibits the PD and VD neurons, while exciting the AB, 

IC, LP and PY neurons (Figure 1-6). The overall effect of bath-applied 10-4M DA is a phase-

advance for the LP, IC and PY neurons, and a marked decrease in cycle frequency. 

 Electrophysiological data show that differential DA modulation occurs via cell-type 

specific targeting of ionic currents in each of the neurons in the network (Table 1-1) 

Additionally, DA has been shown to alter the efficacy of every graded chemical synapse within 

the pyloric network (Figure 1-6). However, since changes in synaptic strengths were determined 

by recording IPSPs (inhibitory post-synaptic potentials) in the somata, it is not clear whether DA 

acts directly on synaptic proteins, or whether it alters the cellular input resistance and thereby 

indirectly alters synaptic strengths. Interestingly, DA can differentially modulate spike-mediated 
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and graded synaptic inhibition at a particular synapse. For example, at the LP-PD synapse, 

graded inhibition is enhanced in the presence of DA, but spike-mediated inhibition is reduced 

due to DA’s effect on the postsynaptic PD cell (Ayali et al. 1998). As graded release occurs at 

lower thresholds than spike-mediated release in pyloric neurons (Graubard et al. 1983), these 

findings suggest that, as seen in the leech (Ivanov and Calabrese 2006), Ca2+ currents with 

different voltage thresholds may underlie graded versus spike mediated transmission at pyloric 

synapses, and DA may predominantly target low-threshold Ca2+ channels. 

An understanding of how DA evokes distinct responses from each cell type requires a 

characterization of the DA signal transduction cascades operating in each cell.  Nothing was 

known about the molecular aspects of DA signal transduction in the pyloric network. As part of 

my thesis dissertation I have characterized the dopaminergic transduction cascades (Chapters 3-

5) and dopamine receptor expression patterns in pyloric neurons (Chapter 6). This work has led 

to the realization that in response to bath applied DA, highly localized DA receptors alter local 

protein function and generate global signals that act throughout the cell. 

 

G protein-coupled receptors 

 Most monoaminergic signals are transduced to the intracellular milieu via transmembrane 

receptors coupled to trimeric G proteins. These aptly named G protein-coupled receptors 

(GPCRs) constitute a superfamily with an estimated 791 members in the human genome 

(Bjarnadottir et al. 2006). GPCRs are activated by an enormous number of ligands, including 

odorants, light, proteins, nucleotides and Ca++. All GPCRs share a common central core domain, 

comprised of 7 α–helically arranged transmembrane domains (TM1 through TM7) connected by 

alternating intracellular and extracellular peptide loops (Figure 1-7). Thus, there are 3
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Figure 1-6: DA effects in the pyloric network. Experiments were conducted in the absence of 
modulatory input using bath applied 10-4M DA. Neuronal targets were identified by synaptically 
isolating each cell (Flamm and Harris-Warrick 1986b). Small, filled circles indicate inhibitory 
chemical synapses, resistor symbols indicate nonrectifying electrical synapses, diodes indicate 
rectifying electrical synapses, with the direction of the arrow representing the preferred direction 
of positive current flow. The direct effect of DA on synaptic strength is indicated as follows: thin 
lines = no change; thickened lines = enhanced; dashed lines = weakened. The effect of DA on 
pyloric neurons is indicated as follows: red = excitatory; grey = inhibitory. Modified from 
(Johnson et al. 1995). 
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Table 1-1: Ionic targets of DA in pyloric neurons 
 
1(Harris-Warrick et al. 1995b); 2(Harris-Warrick et al. 1995a); 3(Kloppenburg et al. 1999); 
4(Peck et al. 2001); 5(Peck et al. 2006); 6(Johnson et al. 2003); 7(Gruhn et al. 2005) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Cell IA IOCa Ih ICa IKv 

AB ↓ 4 not tested ↑ 5 ↓ 6 ↑ 7 

VD no effect 4 not tested ↑ 5 ↓ 6 no effect 7 

IC ↓ 4 not tested no effect 5 ↑ 6 no effect 7 

LP ↓ 2 not tested ↑ 2 ↑ 6 no effect 7 

PY ↓ 1 not tested ↑ 5 ↑ 6 ↑ 7 

PD ↑ 3 ↑ 2 no effect 5 ↓ 6 no effect 3 



 33

intracellular loops (i1-3) and 3 extracellular loops (e1-3), as well as the intracellular C- and 

extracellular N- terminal domains (Yeagle and Albert 2007). It is thought that a change in the 

conformation of the core domain is responsible for receptor activation in all GPCRs (Bockaert 

and Pin 1999). 

 A number of different approaches have been taken toward classifying GPCRs. Some 

classification systems group the receptors according to where ligand binding occurs, while others 

use sequence or motif-based analysis, or statistical models that predict G protein couplings 

(Bockaert and Pin 1999; Fredriksson et al. 2003; Sgourakis et al. 2005; Gao and Wang 2006). 

Currently, GPCR protein sequences are divided into six families: Family A: rhodopsin-like, 

Family B: secretin-like, Family C: metabotropic glutamate, Family D: fungal pheromone, Family 

E: cAMP receptor and Family F: frizzled/smoothened. (Fredriksson and Schioth 2005; Gao and 

Wang 2006). Each family contains several subfamilies of GPCRs. Family A contains the most 

GPCRs, including receptors for odorants, small ligands, biogenic amines, peptides, and 

glycoprotein hormones. Family B includes secretin and adhesion-like receptors, and ligands 

include high molecular weight hormones and large peptides. Family C contains calcium sensing 

receptors, GABA and glutamate receptors, and a group of putative pheromone receptors. Family 

D comprises pheromone receptors linked to Gi, and family F contains receptors involved in 

embryonic development, as well as some taste receptors (Bockaert and Pin 1999; Schioth and 

Fredriksson 2005; Gao and Wang 2006). 

 An intriguing point from an evolutionary perspective is that while function (i.e., 

alteration of G protein activity in response to extracellular ligands) and global structure of 

GPCRs are highly conserved, receptors from different families share little sequence similarity.
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Figure 1-7: Structure of a GPCR. Seven transmembrane (TM) helices (I through VII) divide 
the protein into three domains, the cytoplasmic, the TM and the extracellular domains. 
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Thus, the various families achieve similar functions through distinct means. For example, 

although a similar change in conformation of the core domain is presumably associated with 

GPCR activation in most GPCR families, a great variety of mechanisms have evolved to allow 

the natural ligand to induce this change in conformation. For some Family A GPCRs, the ligand 

binding occurs in a cavity formed by TM3-TM6, while the N terminal region is critical for ligand 

binding in some Family B receptors (Bockaert and Pin 1999). Moreover, no predicative motif 

has been identified in GPCRs to explain receptor coupling to a specific G protein (Sgourakis et 

al. 2005). For example, the C-terminal region and il-2 are both required for the type-1 

vasopressin receptor (V1R) to activate a Gq-mediated signaling cascade (Liu and Wess 1996; 

Berrada et al. 2000; Thibonnier et al. 2001), whereas il-3 and a short sequence at the N-terminus 

are required for activation of Gs by the type-2 vasopressin receptor (V2R) (Erlenbach and Wess 

1998). Thus, G protein coupling appears to be due to distinct combinations of receptor regions. 

 GPCR families are further divided into subfamilies, classes, subclasses and subtypes. For 

example, amine receptors are one subfamily of the Family A group of GPCRs. The amine 

subfamily is further divided into classes: muscarinic acetylcholine, dopamine histamine, 

octopamine, serotonin, and adrenoreceptors (Gao and Wang 2006). Within a class, receptors are 

divided into subclasses based on pharmacological profiles and sequence similarities, as in the 

case of the DA receptor class, which has D1 and D2 subclasses (Missale et al. 1998). 

Pharmacology and signaling pathways are unique to each subclass, and a given subclass may 

contain multiple receptor subtypes. In mammals, the D1 receptor subclass contains two receptor 

subtypes, D1 and D5,  and the D2 subclass contains D2, D3 and  D4 receptor subtypes. Within a 

given subclass, signaling mechanisms and structure are conserved. 
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GPCR signaling 

 GPCR activation causes GPCRs to act as guanine nucleotide exchange factors (GEFs), 

prompting trimeric G proteins to exchange GDP for GTP, resulting in dissociation of Gα from 

Gβγ subunits. These subunits then interact with effectors, initiating signaling cascades and 

second messenger production. There are at least 18 different Gα subtypes that are classified into 

four subfamilies (Gαi/o, Gαq, Gαs, and Gα12/13) based on sequence homology and the 

downstream effector molecules they associate with (Table 1-2) (Wong 2003). Members of the Gs 

family traditionally couple to adenylate cyclase (AC) in a stimulatory manner to increase cAMP 

production, while Gi proteins have an inhibitory effect on AC. Phospholipase C (PLC) β is the 

classical downstream effector for Gq family members, while Gα12/13 stimulates p115RhoGEF, 

a regulatory protein (Cabrera-Vera et al. 2003). 

 
 
 
 
 
 
 
Table 1-2: Traditional Gα effectors 
 

 effector effect 2nd messenger 
Gαs adenylate cyclase stimulatory cAMP 
Gαi adenylate cyclase inhibitory cAMP 
Gαq phospholipase C β stimulatory IP3/Ca++/DAG 
Gα12/13 phospholipase D/ 

p115RhoGEF 
stimulatory  
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 While the traditional view of G protein signaling attributes changes in second messenger 

levels to α subunit interactions with effector molecules, there are additionally five β subtypes and 

twelve γ subunits that can mediate intracellular signaling cascades. In general, Gβγ dimers can 

form from many Gβ-Gγ combinations, but there is evidence that the dimerization process is not 

random. Some Gβ and Gγ isoforms do not dimerize in vitro, and Gβγ dimerization may also 

exhibit cell-type specificity (Cabrera-Vera et al. 2003). Additionally, different Gβγ dimers can 

have different effectors. Gβγ effectors include many of the same targets of Gα, including PLCβ 

and AC, as well as additional kinases and regulatory proteins (Cabrera-Vera et al. 2003). Gβγ 

subunits can modulate ion channels by direct binding (Yamada et al. 1998), and are also 

implicated in altering the function of vesicle fusion machinery. For example, PC12 cells release 

catecholamines from dense core vesicles. In response to Ca2+, the SNARE complex, which 

consists of 3 proteins (synaptobrevin, sxntaxin, SNAP-25), interacts with synaptotagmin, a Ca2+ 

sensor, leading to transmitter release. Gβγ interacts with the SNARE complexes to prevent their 

interaction with synaptotagmin, and secretion in these cells is attenuated with βγ treatment 

(Blackmer et al. 2005). This inhibitory mechanism appears to be evolutionarily conserved, to 

some degree. In the lamprey spinal cord, Gβγ similarly targets Ca2+ dependent assembly of the 

synaptic vesicle fusion machinery. Specifically, βγ binds the C-terminus of SNAP-25 to mediate 

GPCR-induced presynaptic inhibition (Gerachshenko et al. 2005). 

 GPCRs can exhibit promiscuity with regard to G protein coupling and thus couple to 

multiple signaling pathways in a cell. For example, the human thyrotropin receptor can couple to 

members of all four Gα protein families with equal potency (Laugwitz et al. 1996). In some 

cases a given agonist can differentially activate a subset of all possible pathways, a phenomenon 

termed agonist-directed trafficking (Pauwels 2000). In addition, GPCRs can switch coupling in 
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the continued presence of an agonist. Studies have revealed that phosphorylation of β2ARs by 

PKA decreases coupling to Gαs and switches receptor coupling to Gαi (Daaka et al. 1997). 

 Some GPCR functions do not involve G proteins. For example, in hippocampal neurons, 

human D5 receptors regulate synaptic strength via direct interaction with GABAA receptors (Liu 

et al. 2000). In some cases, G protein independent signaling involves an adaptor protein, such as 

β-arrestin. β-arrestins regulate GPCR signaling cascades first by uncoupling the receptor and G 

protein (see below), and second, by recruiting additional signaling proteins to the GPCR, such as 

signal terminating phosphodiesterases (PDEs) (Perry et al. 2002) or tyrosine kinases (Luttrell et 

al. 1999). In the latter case, β-arrestin switches receptor signaling from a G protein-dependent to 

a G protein-independent, MAP kinase cascade (Luttrell et al. 2001; Baillie et al. 2003). 

 The physiological consequences of β-arrestin binding are not limited to intracellular 

signaling, but encompass receptor expression as well:  β-arrestins play a key role in controlling 

GPCR internalization and recycling (Lefkowitz 1998). Agonist-induced GPCR stimulation leads 

to GPCR kinase- (GRK) mediated phosphorylation, which enhances the affinity of the receptor 

for interaction with β-arrestins rather than G proteins, a process termed desensitization. β-

arrestins bind to the GPCR and recruit clathrin and additional adaptor proteins, which leads to 

the co-localization of the GPCR and β-arrestin in clathrin coated pits at the cell surface. GPCRs 

are then internalized to acidic endosomes, where they are either recycled to the cell surface or 

degraded in a process known as downregulation (Pierce and Lefkowitz 2001). The carboxy-

terminal tail of the GPCR is important in determining how the receptor is internalized. In the 

case of the β2AR, the receptor and β-arrestin co-localize in clathrin-coated pits at or near the cell 

surface, and rapidly dissociate before the GPCR travels to endosomes; thus, the receptor is 

quickly recycled and returned to the cell surface in about 30 minutes (Oakley et al. 2001; Pierce 
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and Lefkowitz 2001). V2Rs, on the other hand, bind tightly to β-arrestins and may remain 

complexed in endosomes for extended periods of time before being recycled or degraded (Tohgo 

et al. 2003). 

 In addition to β-arrestin, a diverse plethora of adaptor proteins exist to regulate signal 

specificity and receptor localization. Some adaptors have been shown to tether signaling 

components at discrete subcellular locations such as an organelle or the dendritic cytoskeleton 

(Hall and Lefkowitz 2002; Bockaert et al. 2003; Wong and Scott 2004; Dodge-Kafka et al. 

2005). Additionally, signaling components can be compartmentalized within the membrane by 

sequestering them to caveolae or lipid rafts. In neonatal rat cardiac myocytes, studies have 

identified caveolin-enriched microdomains that contain GPCRs, G protein subunits, and 

downstream effectors (reviewed in Insel et al. 2005). Moreover, there is evidence that the 

compartmentalization of GPCRs and effector molecules is cell-type specific: in rat cardiac 

myocytes, β2ARs associate with AC in caveolin-rich membrane fractions, but in vascular smooth 

muscle cells, these signaling components are not associated with caveolae (Ostrom et al. 2002). 

 As a result of the subcellular compartmentalization of GPCR signaling components and 

protein-protein interactions described above, GPCR signals can be spatially restricted. A second 

mechanism for restricting a signal involves physical barriers, such as the endoplasmic reticulum 

(ER). A third mechanism involves molecular barriers. The inclusion of signal terminating 

molecules within a GPCR microdomain restricts a large proportion of the signal to the 

membrane, resulting in distinct local and global signals. The function of molecular barriers has 

been best studied for GPCRs that couple with Gs to increase cAMP and thereby increase PKA 

activity. 



 40

 It has been demonstrated that GPCRs that couple with Gs can simultaneously generate 

large, complex local changes in cAMP at or near the plasma membrane, as well as small, 

sustained global changes in distal cellular compartments (Rich et al. 2001; Nikolaev et al. 2006). 

Figure 1-8 shows temporal changes in cAMP that occur in a two compartment model cell upon 

GPCR activation. Trace 1 represents the signal generated within the local compartment, near the 

receptor. Trace 2 indicates the global signal, which is received in the distal compartment. Due to 

restricted diffusion out of the local compartment, the local cAMP signal is substantially larger 

then the global signal. The local signal is transient, due to signal terminating molecules (i.e., 

PDEs) that are activated as a result of dramatic changes in PKA activity that accompany the 

large increase in cAMP (see below). On the other hand, some diffusion out of the local 

compartment results in a small, sustained cAMP signal in the distal compartment. 

 The extent and form of local and global signaling largely depend on diffusion barriers 

within the cell. For example, it has been shown that in HEK cells and cardiac myocytes, 

scaffolding proteins can simultaneously bind PDE and PKA near the GPCR. When PDE is 

phosphorylated by PKA, its activity increases. In this arrangement, receptor mediated increases 

in PKA activity trigger PDE-mediated cAMP degradation (Michel and Scott 2002; Zaccolo and 

Pozzan 2002). This negative feedback loop (1) ensures that the increase in PKA activity is 

transient and (2) reduces cAMP diffusion away from the membrane (Willoughby et al. 2006). 

This is exactly what is observed in the model described above (trace 1, Figure 1-8). 

 While GPCR signals can be highly restricted, evidence also suggests that a signal can 

travel across compartments. The global signal is only a small fraction of the signal observed near 

the GPCR (compare trace 1 and 2 in Figure 1-8) (Rich et al. 2001), yet it does not represent non-

specific second messenger diffusion. Instead, it appears that the extent of a global signaling is
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Figure 1-8: Rich-Karpen model of local and global signaling. The dashed line represents 
[cAMP] when no agonist is present. The traces represent temporal changes in [cAMP] in local 
(1) vs. distant (2) compartments during constant agonist application. Modified from (Rich et al. 
2001). 



 42

controlled. In rat cardiomyocytes, both β1- and β2ARs couple to Gs to produce an increase in 

cAMP, though the signals are markedly different: β1AR stimulation generates a cAMP signal 

that diffuses throughout the cell, while β2AR stimulation does not elicit cAMP diffusion 

(Nikolaev et al. 2006). It has been argued that the differences in diffusion are indirectly due to 

differences in signal strength, because the β2AR-mediated cAMP signal is smaller than that 

generated by the β1AR. However, when a portion of the β1AR-mediated cAMP signal is blocked 

to achieve levels comparable to those generated by β2ARs, the cAMP signal is still propagated 

over long distances throughout the cell. Surprisingly, restriction of the β2AR–mediated cAMP 

signal is independent of PDE activity, suggesting that additional barriers or regulatory 

mechanisms are in place to preferentially restrict β2AR- but not β1AR-mediated cAMP signals. 

Thus, global signals, while far reaching, are nonetheless tightly controlled. 

 An interesting example of the importance of PDE barriers in controlling local and global 

signaling involves glucagon-like peptide-1 receptors in pancreatic β-cells. Receptor stimulation 

produces cAMP oscillations at the membrane that are temporally coordinated with Ca2+ 

oscillations in rat pancreatic cells. Inhibiting PDE activity in these cells prevents the oscillations, 

and results in a stable cAMP elevation that promotes PKA translocation to the nucleus (Dyachok 

et al. 2006).  

 

Summary 

 This dissertation describes the use of a crustacean model to address mechanisms that 

impart flexibility on a rhythmic system. A first step in understanding circuit flexibility and 

rhythm generation is to understand how GPCRs signal in rhythmic neurons. My dissertation 

work is consistent with recent findings regarding both traditional and non-traditional GPCR 
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signaling. In particular, the data presented here indicate that monoaminergic receptor-G protein 

couplings are conserved across vertebrate and invertebrate lines, but multiple signaling cascades 

can be initiated by a given receptor, depending on the cellular milieu. This work is the first to 

report on monoamine receptor expression or localization in pyloric neurons, and differential 

receptor expression patterns are described that firmly support previous electrophysiological 

work. My results suggest that GPCRs produce global signals and provide a platform for further 

investigation into the subcellular compartmentalization and/or regulation of GPCR signaling 

cascades. My work will also provide the basis for future studies on how monoaminergic response 

systems provide flexibility to the pyloric network over the short term while contributing to 

stability over the long-term. Finally, novel laboratory protocols and tools are described that will 

aid future investigations in this and other rhythmogenic systems. 
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Introduction 

 As mentioned in Chapter 1, the effects of 5-HT on the pyloric network have been 

investigated at the cellular and circuit levels (Figure 1-5). However, the wealth of information on 

the electrophysiological responses to 5-HT modulation contrasts sharply with the dearth of 

information on how these signals are transduced in pyloric neurons. The data suggest that there 

are a minimum of three 5-HT receptors (Zhang and Harris-Warrick 1994; Krenz et al. 2000), but 

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. 

 5-HT receptor classification is based upon primary sequence homologies and, to a lesser 

degree, second messenger responses. Four different subclasses of mammalian 5-HT GPCR have 

been identified: 5-HT1, 5-HT2, 5-HT5, and 5-HT4/6/7. There are five members in the 5-HT1 

subclass (5-HT1A, 5-HT1B, 5-HT1D, 5-HT1E, 5-HT1F), and three members in 5-HT2 subclass (5-

HT2A, 5-HT2B, 5-HT2C) (Albert and Tiberi 2001). The remaining subtypes (i.e., 5-HT4/6/7 and 5-

HT5) are less understood, and have been established due to the discovery of 5-HT receptors that 

share little sequence homology or signaling properties with 5-HT1 or 5-HT2 receptors (Wong 

2003). Members of the 5-HT1 receptor subclass traditionally couple with Gαi/Gαo proteins to 

produce a net decrease in cAMP, while most 5-HT4/6/7 members couple to Gs proteins to increase 

AC activity. The canonical signaling pathway associated with 5-HT2 receptors is a Gαq-mediated 

activation of PLCβ. The coupling for 5-HT5  receptors is still uncertain (Bockaert et al. 2006). 

 The pharmacological profiles for invertebrate receptors differ from those of vertebrate 

receptors, although protein sequences and second messenger couplings are relatively well 

conserved. For example, the 5-HT2Lym receptor, cloned from the pond snail, Lymnaea stagnalis, 



 46

displays 57% homology with its drosophila homolog and 46–49% homology with mammalian 5-

HT2 receptors. Furthermore, when 5-HT2Lym was expressed in HEK293 cells, stimulation with 5-

HT elicited inositol phosphate (IP) production, indicating that, like vertebrate 5-HT2 receptors, 5-

HT2Lym activates PLCβ (Tierney 2001). Likewise, invertebrate 5-HT1 receptor sequences are 

most homologous to the mammalian 5-HT1 receptor subclass, and couple with Gαi/o-mediated 

decreases in cAMP (Tierney 2001; Hoyer et al. 2002; Spitzer et al. 2008). 

 As mentioned above, nothing is known regarding the receptors that mediate the 5-HT 

response in the STNS. In this chapter, we begin to elucidate 5-HT signal transduction in pyloric 

neurons. We have used a bioinformatics approach to identify 8 novel arthropod monoamine 

receptors that have never been cloned or characterized in any species. We clone and characterize 

one of these monoamine receptors from the spiny lobster, and show that it is a serotonin receptor. 

Here, we describe the 5-HT2βPan receptor, which couples to the traditional Gαq signaling cascade 

when expressed in HEK293 cells. This receptor is constitutively active due to a mutation in 

TM3, and is expressed by most STG neurons. 

 

Materials and Methods 

Cloning and mutagenesis of the 5-HT2βPan receptor 

 Total RNA was extracted from Panulirus interruptus nervous system using Trizol 

(Ambion) according to the manufacturer’s instructions. RNA quality was assessed with 

denaturing gel electrophoresis and quantified with a biophotometer (Fisher). Multiple RNA 

extractions were performed. When necessary, mRNA was isolated with an oligotex kit (Qiagen). 

cDNA was obtained from total and/or mRNA preparations by performing reverse transcription 

reactions using Superscript II (Invitrogen) according to the manufacturer’s instructions. The 
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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 TITTYTGYACIGCIWSNATNATG 

5c: ACIGCIWSATNATGCAYYTNTGYAC 

3a: GGIATRTARAARCAIACIATNSWNCC 

3b: CATIACICCNARNGGNATRTARAARCA 

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 2 degenerate 

primers for any given PCR) as previously described (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 twenty-five 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). Unincorporated nucleotides were removed from the reaction by ethanol precipitation, 

and the resulting product was used to probe 5 different Panulirus interruptus nervous system 

cDNA libraries as previously described (Baro et al. 1996b).  The conventional library screen 
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yielded 5 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) according to the manufacturer’s instructions. The following primers 

(written 5’ to 3’) were used in the reaction: 

GSPAM1: CGTGACGGCCAGGGAGAGCAGGAAGTAGTTG 

NGSPAM1: GCCAGGATGAGGAGGATGTTGCCGAAGAGTGTC 

ProbeAM1: CAACCTATCTTACGGGAGGGAGAACGAGACGT 

To guard against PCR induced sequence errors, four different RNA preparations were used in 

separate experiments, and multiple, independent RACE 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 contain 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 methionine in the amino terminus 

region (sequence 5’ to TM1), 3) The translation 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, protein expression levels were adequate in HEK 293 

cells using this endogenous site (see below). The full length of the isolated cDNA was 3.92kb 

and included a polyA tail. Constructs containing the complete open reading frame (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: TGTTTCCCCACTTACCCACCAG 

U2: TGCGGAGGTCCCACTGTCG 
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U3: CTCCTGTGGGCTCCGTTCTTCATC 

U4: TCGGAGTTGATGGCTTCTTGTG 

U5: GAATTAGTGCTGTGCTCCGTGTG 

U6: GCTGAGTTGTGCTTTGGAAGTGA 

L1:  ACACAGCTCCTTACCCAACTTCACAC 

L2: GTTGACCATGGAGGAGGCGTAGC 

L3: ACGAGGTCCGGGGTGGTTCTG 

L4: TCGGTGGAGCGGGGAAGT 

L5: TCGGTGATGGAGACGGCAGTG 

L6: ATGAGGAGGATGTTGCCGAAGAGT 

L7: GGAGGAGGCGTAGCCCAGCCAGGTCACCAAGTTGA 

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) according to the manufacturer’s instructions. 

Both strands of multiple mutagenized clones were sequenced, and one clone was used to 

establish permanent cell lines as described below.  Sequence data was analyzed and manipulated 

using Sequencher (Gene Codes) and Lasergene (DNAStar) software. 

 

Generation of HEK293 cell lines stably expressing 5HT receptors 

 HEK293 cells were maintained in DMEM supplemented with 10% horse serum, 

penicillin (50 units/ml), streptomycin (50 μg/ml) at 37°C, 5% CO2. Cells were grown to 90-95% 

confluency in 35mm dishes and transfected with 2 μg DNA using 10μl Lipofectamine in 100μl 

opti-MEM.  After varying amounts of time (6 to 24 hours), the media was replaced with DMEM 
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supplemented with 10% horse serum, according to the manufacturer’s suggestions. After two 

days in culture, cells expressing the transfected genes were selected in media containing 10% 

dialyzed fetal bovine serum and 500 μg/ml neomycin (Sigma). Cells were maintained in 

selection media for > 28 days, 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-HT2BCrust to probe the membranes (see below). 

All experiments reported in this manuscript were conducted on the cell line with the highest 5-

HT2BPan expression level. However, the same results were obtained with a second line.  The same 

procedure was used to establish two 5-HT2BPan (F171Y) cell lines. All tissue culture lines and 

reagents were purchased from American Type Culture Collection (ATCC), except the dialyzed 

serum, Lipofectamine, and opti-MEM (Invitrogen). 

 

PKC assay  

 We used a modified version of a previously described procedure to fractionate cells and 

measure total PKC activity in each fraction (Setterblad et al. 1998).  A 100mm plate of confluent 

cells was trypsinized and cells were recovered by centrifugation.  The pellet was resuspended in 

DMEM, and cell numbers were determined. Aliquots of 5 ×105 resuspended cells were removed 

to separate 1.5ml tubes and exposed to varying concentrations of monoamines (usually 0 to 10-2 

M) for 15 minutes at 37°C in a total volume of 1 ml DMEM. Normally, one plate would yield 

enough cells for an entire concentration series for a given drug (i.e., 9 aliquots ranging from 0 to 

10-2 M). After exposure to the drug, cells were pelleted in a centrifuge for 2 minutes, the media 

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 one month with similar results in both 
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cases.  For the PKC assay, frozen pellets were resuspended in 500µl lysis buffer (25mM Tris-

HCl, 0.5mM EDTA, 0.5mM EGTA, 0.05% Triton X-100, 10mM β-mercaptoethanol, 1μg/ml 

leupeptin, 1μg/ml aprotinin, 2mM PMSF), and centrifuged at 100,000 × g for 1 hour. The 

supernatant (soluble fraction) was collected, and the pellet (membrane fraction) was resuspended 

in 500μl of lysis buffer containing 1% Triton X-100. Total PKC activity in each fraction was 

determined using a PKC assay system (Promega), which measures 32P-phosphorylation of a 

PKC-specific substrate. Briefly, 5 nmol of a biotinylated PKC peptide substrate [neurogranin 

(28-43)] was mixed with 5μl of a given cell lysate in the presence of 32P-ATP, activation buffer 

(1.6mg/ml phosphatidylserine, 0.16mg/ml diacylglycerol, 100mM Tris-HCl, 50mM MgCl2), and 

coactivation buffer (1.25mM EGTA, 2mM CaCl2, 0.5mg/ml BSA). Following a 5 minute 

incubation at 30°C, the reaction was terminated by the addition of 7.5M guanine hydrochloride. 

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 2M NaCl. A phosphorimaging system (FUJI) was used to determine the 

radioactivity incorporated into the substrate.  The signal was expressed in units of PSL (photo-

stimulated luminescence).  Protein concentrations in each cell fraction were determined using a 

BCA Protein Assay Kit (Pierce) and the residual cell lysate from the fractionation procedure 

described above.  The specific activity in each fraction was expressed as PSL/μg protein. The 

total specific activity for a given aliquot of 5 ×105 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 

phorbol 12-myristate 13-acetate (PMA; Sigma), a PKC activator, was substituted for a 

monoamine, or 5-HT application was preceded by a 15 minute application of 10µM 1-O-

Octadecyl-2-O-methyl-rac-glycero-3-phosphorylcholine (Et-18-OCH3; Calbiochem), a PLC 
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inhibitor, or prior to removing cells from the plate, a 24 hour application of 100ng/ml pertussis 

toxin (PTX; Calbiochem), a Gi/o inhibitor. 

 

Assay for inositol phosphate (IP) formation or phosphatidyl inositol (PI) hydrolysis 

 Measurement of IP formation in cultured cells was performed using a slight modification 

of a previously described protocol (Li et al. 1995). Briefly, confluent cells in 24-well plates were 

labeled with [3H]-myoinositol (1.3μCi/ml; Perkin Elmer) for 48 hr. They were washed with PBS 

and preincubated with 10mM LiCl (Sigma) in PBS for 30 minutes. Cells were incubated an 

additional 60 minutes in either 10-3M 5-HT, 20mM NaF, or no drug (control). Cells were lysed 

by adding 0.75 ml ice-cold 20mM formic acid to the wells and incubating the plates at –20°C for 

1 hour. The lysate was loaded on to AG1-X8 columns (BioRad) that were pre-equilibrated with 

formic acid (20mM). Care was taken not to disturb the membranes that remained attached to the 

plate.  The columns were washed with 3ml 50mM ammonium hydroxide. IP1 and IP2 were 

collected with 10ml of 0.1M formic acid/0.4M ammonium formate. IP3 was eluted with 10ml of 

0.1M formic acid/1M 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, as previously described (Agretti et al., 2003). Results are expressed as 

percentage radioactivity incorporated in inositol phosphates (IP1 + IP2 + IP3) over the sum of 

radioactivity in inositol phosphates and phosphatidyl inositols. 
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[cAMP] determinations 

 1 ×105 cells were plated in 35mm dishes and grown to confluency. Cells were washed 

with 2 ml phosphate-buffered saline and preincubated at 37°C for 10 minutes in the presence of 

the phosphodiesterase inhibitor, 3-isobutyl-1-methylxanthine (2.5mM) (Sigma). Cells were 

incubated an additional 30 minutes at 37°C with either 5-HT (10-3M) or forskolin (2.5μM) or 

forskolin and 5-HT. The media was removed and 0.5ml of 0.1M HCl with 0.8% Triton X-100 

was added to the plates. After a 30 minute incubation at room temperature, the lysate was 

removed from the plates and spun in a centrifuge for 2 minutes. Supernatant was collected and 

assayed for cAMP levels using a direct cAMP enzyme immunoassay kit (Assay Designs, Inc.) 

according to the manufacturer’s instructions. Protein concentrations in each sample were 

determined using a BCA Protein Assay Kit (Pierce). For some experiments, cells were pretreated 

with pertussis toxin (100ng/ml) for 24 hours prior to the experiment.  Data are expressed as pmol 

cAMP/mg protein. 

 

Antibody production 

 Two affinity purified antibodies were synthesized by Bethyl labs against sequences that 

are conserved across crustacean orthologs of the 5-HT2B receptor (lobster and prawn, Sosa and 

Baro, unpublished).  Since these antibodies will recognize the 5-HT2B receptor in multiple 

species of Crustacea, we call them anti-5-HT2BCrust.  Anti-5-HT2BCrust.A was made against the 

peptide: DRFLSLRYPMKFGRHKTRRR.  Anti-5-HT2BCrust.B was generated against the peptide: 

DPHSTIVDGVCQIPVSLFQI. When necessary, a C was appended to the end of the sequence 

for conjugation to a carrier. 
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Protein extractions and western blots 

 Protein extractions and western blots were performed as previously described (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 (Biorad).  Blots were cut down 

the midline of the lane containing the visibly labeled molecular weight marker (Biorad) and 

incubated with either the antibody, or the antibody preabsorbed with its peptide antigen for > two 

hours at room temperature.  The ratio of peptide to antibody was 1:50 (w/w), respectively.  Blots 

were reassembled just prior to chemiluminescent detection. 

 

Immunocytochemistry 

 Whole mount immunocytochemistry with stomatogastric ganglia was as previously 

described (Baro et al., 2000).  Controls included preabsorption of the primary antibody with the 

peptide used to generate the antibody for 2hours at room temperature prior to incubation with the 

prep (peptide to antibody = 1:50, w/w), and omission of the primary antibody.  In all cases the 5-

HT2BPan signals were lost, indicating specificity of the antibody (data not shown).  To determine 

whether the receptor was present at neuromuscular junctions (NMJs), a double label protocol 

involving anti-5-HT2BCrust and anti-synaptotagmin, which labels NMJs (Littleton et al. 1993; 

Cooper et al. 1995; Quigley et al. 1999) and was a kind gift from Dr. Hugo Bellen, was 

performed on identified muscles (Govind and Atwood 1975). Muscles were dissected without 

the ganglion and fixed intact in 3.2% paraformaldehyde in PBS (0.14 M NaCl, 0.27mM KCl, 

10mM Na2 HPO4, and 0.18mM KH2 PO4, pH 7.3) for 2 hours 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 8 changes of 

PBST (PBS plus 0.3% Triton X-100) over 2-8 hours.  The primary antibody was added [1:1000 
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dilution of rabbit anti-synaptotagmin in PBST containing 5% normal goat serum (NGS)] and 

incubated overnight at 4°C. The prep was then washed in 8 changes of PBST over 2-8 hours.  

The secondary antibody, goat anti-rabbit IgG Fab fragments conjugated to FITC or tetramethyl 

rhodamine (JacksonImmuno Research) was added at a dilution of 1:50 in PBST containing 5% 

NGS and incubated overnight at 4°C.  The prep was washed in 8 changes of PBST over 2-8 

hours.  The second primary antibody was added (1-10µg/ml rabbit anti-5-HT2BCrust in PBST 

containing 5% NGS) and the prep was incubated overnight at 4°C.  The primary antibody was 

washed out with 8 changes of PBST over 2-8 hours, and a second secondary antibody was added 

[goat anti-rabbit IgG conjugated to Texas Red (Jackson Immuno Research) or Oregon Green 488 

(molecular probes) in PBST containing 5% NGS] and incubated overnight at 4°C.  The 

secondary antibody was washed out in 8 changes of PBS over 2-8 hours.  The preparations were 

placed on a poly-lysine coated cover slip, dehydrated in an ethanol series, cleared in xylene, and 

mounted on a glass slide with DPX (Fluka) as previously described (Baro et al., 2000).  In some 

experiments the order of the primary antibodies was reversed.  Negative controls included 

preparations in which the second primary antibody, (always rabbit anti- 5-HT2BCrust), was omitted 

or preabsorbed for at least 2 hours with the peptide that served as the antigen in antibody 

production (antibody to antigen ratio was 50:1, w/w). Negative controls always included 

sequential addition of both secondaries.  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 and one secondary confirmed the findings of the double-label experiments. 

Similarly, double label experiments were performed on the STG using the same protocol, except 

that the additional primary antibody was anti-shal 1.b, instead of anti-synaptotagmin. 
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All images were obtained with a Zeiss LSM510 confocal imaging system and manipulated with 

Adobe Photoshop 5.5 software. 

 

Experimental animals 

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

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

and filtered seawater.  All animals were anesthetized by cooling on ice prior to experiments. 

 

Statistical analyses 

 Student t-tests were performed with Excel software, alpha = 0.05. Results are given as 

mean ± SEM. 

 

Results 

Bioinformatics and Cloning of 5-HT2βPan  

 We took advantage of the fly 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 previously cloned 

monoamine receptors (Table 2-1). We next used one of the uncloned candidates 

(NP_731257/NP_649806) in a protein-protein blast against the Anopheles database to identify 

the mosquito ortholog. An alignment of the two protein sequences 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 produced fragments of the lobster 

ortholog. These fragments were used as probes to screen five Panulirus cDNA libraries.
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We obtained 5 partial library clones, all missing the amino terminus. RACE was used to obtain 

the missing 5’ ends. 

 

 
Table 2-1: Monoamine GPCRs in Drosophila 
Dopamine (DA); serotonin (5-HT); tyramine (TYR); octopamine (OCT) 
 

Protein Accession 
Number(s) 

Subtype Reference(s) original 
name(s) 

Renamed according to the 
new nomenclature rules 

 
NP_524548 DA1 (Feng et al. 1996; 

Han et al. 1996) 
DAMB, 

DopR99B 
D1αDro 

NP_733299 DA1 (Gotzes et al. 1994; 
Sugamori et al. 1995)

Dmdop1, 
dDA1 

D1βDro 

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-HT1αDro (present study) 
 

NP_523789 5-HT1 (Saudou et al. 1992) 5HT-dro2B 5-HT1BDro (Colas et al. 1995); 
5-HT1βDro (present study) 

 
NP_524223 5-HT2 (Colas et al. 1995) 5-HT2Dro 5-HT2αDro (present study) 

 
NP_731257 + 
NP_649805 

5-HT2 Present study 5-HT2βDro  

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    
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The predicted protein sequence from the complete lobster cDNA (Figure 2-1) 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, NP_731257/NP_649806, situated at cytological location 85A5. The 

second, NP_649805, mapped to cytological position 85A4 and was among the remaining genes 

from our mining expedition. Closer inspection of the two protein sequences revealed that TM 

regions 3-7 (TM 3-7) and the carboxy terminus of the receptor were contained in the original 

candidate gene, while the amino terminus and TM1-2 were contained in the second candidate 

gene. Clearly the algorithms used to annotate the database and identify introns and gene 

boundaries did not detect the very large intron between TM2 and 3, 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 7 TM 

regions. Complete predicted receptors currently represented by multiple genes in the databases 

are indicated as such in Table 2-1. This work makes two important points: 1) the existing 

genome projects (2 or more) can be used effectively to clone orthologs from related species for 

which no sequence data is available, and 2) cloning genes from related organisms helps to 

annotate existing databases. 

 

5-HT2βPan sequence analyses and comparisons 

 A protein-protein blast of the complete genbank with the predicted amino acid sequence 

of the newly identified lobster monoamine 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-HT2αDro (Colas et al. 1995), and e-23 for an arthropod 5-
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HT type 7 receptor. Arthropod 5-HT type 1 receptors were not listed in the results, but a paired 

protein - protein blast against 5-HT1αDro returned an e-value of 6e-16. Since one 5-HT type 2 

receptor has already been identified in Drosophila (Colas et al. 1995), we named the two new 

proteins 5-HT2βPan (lobster) and 5-HT2βDro (fruit fly) according to a modification of the suggested 

nomenclature rules (Colas et al. 1995; Tierney 2001). With this nomenclature, homology to the 

mammalian subtypes is indicated by a subscripted number immediately after 5-HT (i.e., 5-HT1-

5-HT7). This number is meant to imply conservation between vertebrate and invertebrate 

receptors at the level of the DNA sequence and the signaling pathway. Thus, the arthropod 5-

HT1 receptors, originally named 5-HT2A and 5-HT2B (Table 2-1) (Saudou et al. 1992; Colas et 

al. 1995), are most homologous to the mammalian 5-HT1 receptors and all negatively couple 

with cAMP. Similarly, the arthropod 5-HT7 receptor, originally named 5-HTdro1 (Table 2-1) 

(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-HT1α, 5-HT1β, etc.), rather than the Roman letters used in the mammalian nomenclature (i.e., 5-

HT1A, 5-HT1B, etc.). This is because the subscripted letter is not meant to imply orthology across 

vertebrate/invertebrate 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-HT2β 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 vertebrates. 

Species is indicated immediately after the subscripted letter. 
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Table 2-2: 5-HT2 receptor transmembrane region (TMR) amino acids with known 
functions. 
LB, Ligand binding; HBP, hydrophobic binding pocket. 
TMR Position in 

receptor 
Function Conserved References 

TM1  2CHum55W  LB No (Roth et al. 1997a; Roth 
et al. 1997b)  

TM2 2CHum104L 
2CHum111L 
2CHum113A 
2βPan118D 

LB 
LB 
LB 
LB and G-protein coupling, binds to 
residue 2BPan697N in TM7 
 

No 
No 
No 
Yes 

(Wang et al. 1993; 
Choudhary et al. 1995; 
Sealfon et al. 1995; Roth 
et al. 1997b; Manivet et 
al. 2002) 

TM3  2βPan152D 
2CHum138S  
2βPan169D 
2βPan170R 
2βPan171F 

LB and membrane targeting 
LB 
Activation (see text) 
Activation (see text) 
Activation (see text) 

Yes 
No 
Yes 
Yes 
No  

(Kristiansen et al. 2000; 
Visiers et al. 2001; 
Kroeze et al. 2002; 
Manivet et al. 2002; 
Shapiro et al. 2002); 
present study  

TM5 2βPan236S 
2βPan240F 
2βPan242I 
2CHum222A  
2CHum224F  
2CHum228T 
 

LB  
LB contributes to HBP  
LB  
LB  
LB  
LB  

Yes 
Yes 
Yes  
No  
No  
No  

(Almaula et al. 1996b; 
Almaula et al. 1996a; 
Johnson et al. 1997; 
Shapiro et al. 2000; 
Manivet et al. 2002) 

TM6  2CHum305N 
2CHum310S 
2βPan644E 
2βPan645Q  
2βPan646K 
2βPan650V  
2βPan651L  
2βPan654V  
2βPan662W  
2βPan664P  
 
2β an665F  
2βPan666F  
2βPan669N 
 

Activation  
Activation 
Activation (see text)  
Activation  
Activation (see text)  
Activation  
Activation  
Activation  
LB contributes to HBP  
Activation: hinge allowing TM3/TM6 
association-dissociation 
LB contributes to HBP  
LB contributes to HBP  
LB 

No  
No  
Yes 
Yes  
Yes 
Yes  
Yes  
Yes  
Yes  
Yes  
 
Yes  
Yes  
Yes 

(Choudhary et al. 1993; 
Choudhary et al. 1995; 
Roth et al. 1997a; Roth 
et al. 1997b; Shapiro et 
al. 2000; Visiers et al. 
2001; Manivet et al. 
2002)  

TM7 2βPan688W 
2βPan691Y 
2CHum353F  
2βPan697N  
2βPan701Y 

LB contributes to HBP 
LB contributes to HBP 
LB 
LB/coupling, interacts with 2Bpan118D
Activation 

Yes 
Yes 
No  
Yes  
Yes 

(Sealfon et al. 1995; 
Roth et al. 1997a; Roth 
et al. 1997b; Rosendorff 
et al. 2000; Manivet et 
al. 2002) 
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 A prosite scan revealed that both arthropod 2β orthologs contain N-linked glycosylation 

sites in their amino termini (Figure 2-1) and multiple phosphorylation sites (data not shown). 

Figure 2-1 shows an alignment of the arthropod 5-HT2β receptors with a mammalian 5-HT2C 

receptor, as well as 5-HT2αDro and a 5-HT subtype 1 homologue from lobster (5-HT1Pan) (Sosa et 

al. 2004). Only the TM regions were aligned, thereby emphasizing the differences in the lengths 

of the extracellular amino termini, the third intracellular loops (i3) and the intracellular carboxy 

termini. Though characteristic and expected, the lack of i3 conservation between 2β 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 

across arthropod 2β orthologs, whereas the extracellular loops (e1-e3) are not. G protein 

coupling is partially determined by i2 (Burns et al. 1997; Lembo et al. 1997; Niswender et al. 

1999), e2 functions in ligand selectivity (Kroeze et al. 2002), but the functions of the other loops 

are unknown. 

 The amino termini of 5-HT receptors are usually not conserved in sequence or length, 

and their role remains undefined. The conserved proximal portion of the C-terminus (2βPan, 

706K-717K) is predicted to form a helix parallel to the membrane surface, and the adjacent 

conserved cysteine (2βPan, 718C) represents a putative palmitoylation site that may play a role 

in anchoring this presumed eighth cytoplasmic helix at the membrane surface (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; Becamel et al. 2002). Similarly, this domain helps to determine 

functional activity and receptor trafficking of 5-HT2A receptors (Xia et al. 2003). 
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Figure 2-1: Conservation of 5-HT receptors. The predicted protein sequences for the two 
arthropod 5-HT2B receptors are aligned with those predicted for the human type 2C receptor, the 
arthropod 5-HT2A paralog and a lobster 5-HT type 1 receptor. Amino acids are numbered such 
that the start methionine is +1 in each sequence.  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 are highlighted.  Highlighted circles represent N-
linked glycosylation sites. 
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In contrast, this domain is not present in the arthropod 2β 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 of structure and function in the 5-HT receptor TM 

regions, which function both in ligand binding and receptor activation. Residues known to be 

important to these functions are listed in Table 2-2. Amino acids in the TM helices near the 

extracellular surface are thought to interact and form a binding pocket for ligands (Kroeze et al. 

2002). Roughly half of the amino acids known to be involved in ligand binding are conserved 

between the human 2C and lobster 2β receptors (Table 2-2), 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 responsible for 

mediating this effect. The conserved arginine residue (2βPan: 170R) is thought to interact with 

the neighboring conserved aspartate in TM3 (2βPan: 169D) and a conserved glutamate in TM6 

(2βPan: 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. Interestingly, this residue is not conserved in the lobster 2β 

ortholog (2βpan: 171F). 

 

The 5-HT2βPan signaling pathway: Gq to PLC to PKC 

 While a 5-HT type 2 receptor has been cloned in Drosophila (Colas et al. 1995), its G 

protein coupling(s) is unknown. Conservation of a given receptor subtype across species usually 
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extends beyond the sequence to the primary signaling pathway. Traditionally, mammalian 5-HT 

type 2 receptors are thought to couple via Gq to PLC.  Activated PLC hydrolyses 

phosphotidylinositol 4,5 bisphosphate (PIP2), thereby producing inositol 1,4,5-triphosphate (IP3) 

and diacyl glycerol (DAG).  IP3 goes on to release calcium stores, and together, the Ca2+ and 

DAG bind to the C2 and C1 sites on protein kinase C (PKC), respectively, thereby linking PKC 

to the membrane where it is activated by association with phosphotidyl serine (Liu and Heckman 

1998; Newton 2001).  It has now been shown that 5-HT2 receptors can additionally couple to 

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 substrates and requirements 

for DAG and Ca2+ (Way et al. 2000). In the next series of experiments, we investigated whether 

5-HT2βPan is coupled to the Gq signaling pathway. 

 Using standard cloning techniques we generated full-length constructs for 5-HT2βPan and 

used them to establish permanent HEK cell lines expressing 5-HT2βPan (HEK 5-HT2βPan). We 

then assayed cells for PKC activation in response to increasing concentrations of 5-HT (Figure 2-

2). PKC translocates from the cytosol to the membrane where it is activated, and translocation is 

a standard assay for PKC activation in response to GPCR activity (Burgess 1992).  We exposed 

cells to 10-9 to 10-2 M 5-HT for 15 minutes, lysed and fractionated 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 conventional PKC isozymes that are 

sensitive to both [DAG] and [Ca2+] i (Huang et al. 1993; Ramakers et al. 1999). Figure 2-2A 

demonstrates that for HEK 5-HT2βPan cells there is a significant, dose-dependent translocation of 

PKC to the membrane in response to increasing concentrations of 5-HT.  On the other hand, the 

parental, nontransfected HEK cells show no response to 5-HT application (Figure 2-2B).
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Figure 2-2: The effect of biogenic amines on PKC translocation. HEK 5-HT2βPan or 
nontransfected HEK cells were exposed to the indicated drug for 15 minutes. Cytosolic and 
membrane fractions were separated, and PKC specific activity in each fraction was measured. 
The percent of total PKC specific activity associated with the cytosolic (filled bars) vs. 
membrane (open bars) fractions is indicated. Data are expressed as mean + SEM and n=3 for all 
experiments except panels A & B, where n=8 for 0 5-HT. * significantly different (p < 0.05) 
when compared to the same fraction in the absence of drug. 
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Since some monoamine receptors can be activated by multiple ligands (Hearn et al. 2002), we 

next asked if other monoamines that normally function as modulators in the lobster nervous 

system could activate the 5-HT2βPan receptor.  Neither dopamine (Figure 2-2C), octopamine 

(Figure 2-2D), tyramine (Figure 2-2E) nor histamine (Figure 2-2F) produced significant PKC 

translocation in HEK5-HTPan2β cells, even at concentrations as high as 10mM. 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-HT2βPan receptor, we applied the PLC inhibitor, ET-18-OCH3, 15 minutes prior 

to incubation with 5-HT, and assayed the cells for PKC translocation.  Figure 2-3 demonstrates 

that application of the PLC inhibitor precludes the 5-HT evoked PKC translocation, suggesting 

that the signaling cascade activated by the 5-HT2βPan receptor includes PLC. 

 In order to further test this hypothesis, we measured inositol phosphate (IP) accumulation 

in response to 5-HT. Figure 2-4 illustrates that HEK5-HT2βPan 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), while 

the parental HEK cells showed no significant change.  However, both cell lines responded to the 

nonspecific activator of trimeric G proteins, NaF, with roughly a 3-fold increase in PI hydrolysis. 

Collectively, these data suggest that the 5-HT2βPan receptor transduces signals via PLC. (Figure 

2-5), and both showed the same basal level of cAMP, approximately 300pmol/mg, which was 

similar to that previously reported from other groups (Sadou et al., 1992). However, both cell 

lines responded to the AC activator, forskolin, with equivalent increases in [cAMP]i (Figure 2-5). 

These data suggest that 5-HT2βPan does not activate Gs, which positively couples to AC. 

 PLC can be activated by the α subunit of Gq or through the βγ subunits of other G 

proteins. Three pieces of data suggest that PLC is activated via Gq. First, both nontransfected 
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Figure 2-3: The PLC inhibitor, ET-18-OCH3, but not pertussis toxin, blocks the 5-HT2βPan 
receptor-mediated translocation of PKC. Following pretreatment with an inhibitor, cells were 
incubated an additional 15 minutes with 5-HT (10-3M). PKC activity was measured in the 
cytosolic and membrane fractions. Data are expressed as the mean + SEM, n = 3 per condition. * 
significantly different (p < 0.05) when compared to 0 5-HT. 
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Figure 2-4: 5-HT stimulates inositol phosphate production in cells expressing the 5-HT2βPan 
receptor, but not in the parental HEK cell line. Total PI and IP were assayed in nontransfected 
HEK (white), HEK 5-HT2βPan (black), and HEK 5-HT2βPan (F171Y) cells (gray).  Three 
conditions are shown: control (no drug), 5-HT (60 minute exposure to 10-3 M 5-HT) and NaF (60 
minute exposure to the nonspecific trimeric G protein activator, 20 mM NaF). Results are 
expressed as a ratio of IP/(PI + IP). Data represent mean + SEM from three separate 
experiments. * significantly different (p < 0.05) for drug vs. control for a given cell line. ** 
significantly different from HEK cells under the same condition (i.e., comparisons within each of 
the groups: control, 5-HT, NaF). *** significantly different from HEK 5-HT2βPan (F171Y) under 
the same condition. 
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Figure 2-5: cAMP levels do not change in response to 5-HT treatment. cAMP levels were 
measured in 5-HT2βPan transfected (shaded bars) and nontransfected cells (open bars), or cells 
exposed to 5-HT (10-3M), or forskolin (2.5mM), or forskolin (2.5mM) with 5-HT(10-3M), or 
forskolin (2.5mM) with 5-HT(10-3M) following pretreatment with pertussis toxin. Results are 
expressed as pmol cAMP/mg protein. Data are mean + SEM from three separate experiments. * 
significantly different (p < 0.05) for drug vs. 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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HEK and HEK 5-HT2βPan cells showed no increase in cAMP levels in response to 10-3 M 5-HT 

Second, exposure to 5-HT did not significantly alter the forskolin response in either cell line, 

suggesting that Gi/o, which inhibits AC, was not activated by 5-HT in either cell line (Figure 2-

5). Third, pertussis toxin, which specifically blocks Gi/o dissociation into Gα and Gβγ subunits, 

had no significant effect on the 5-HT evoked PKC translocation in HEK 5-HT2βPan cells (Figure 

2-3), or on levels of cAMP in cells exposed to both forskolin and 5-HT (Figure 2-5). This further 

demonstrates that the βγ 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-HT2βPan receptor couples to 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-HT2βPan 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-HT2βPan) relative to the 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-HT2βPan cells relative to nontransfected 

HEK cells (p < 2 X 10-5: compare the first set of bars in Figure 2-2A, 2-2C, 2-2D, 2-2E, and 2-

2F to 2-2B). The average PKC activity associated with the membrane fraction was 11 + 1.4 % 

for nontransfected HEK cells and 35 + 4.0% for HEK5-HT2βPan cells under baseline conditions.  

Since PKC activation is associated with translocation to the membrane, we conclude that there is 

roughly a 3-fold increase in the basal level of PKC activity in cells expressing the 5-HT2βPan 
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receptor. Similarly, in the absence of agonist we observed a significant, 2.3-fold increase in IP 

levels in cells expressing the 5-HT2βPan receptor relative to the parental cell line (Figure 2-4; p < 

0.05). The most parsimonious interpretation of these data is that when the 5-HT2βPan receptor is 

expressed in HEK cells, it displays some agonist independent activity. 

 Phorbol esters, like PMA, can substitute for DAG, as they associate with the DAG 

binding site, C1, on the PKC enzyme.  Thus, both PMA and DAG serve as hydrophobic anchors 

that can recruit conventional PKC isozymes to the membrane even in the absence of Ca2+ 

(Newton 2001). A 15 minute application of 0.1µM PMA alone caused 90% of the PKC to 

translocate to the membrane in HEK 5-HT2βPan cells, but not in the parental, nontransfected cells 

(Figure 2-6). A sixty minute 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 HEK5-HT2βPan and HEK cells  (0.11 + 0.02 psl/µg vs. 0.095 + 0.03 psl/µg; p = 

0.2).  Thus, the average number of PKC molecules is probably similar in the two cell lines.  

Since the level of PKC’s membrane affinity is linearly related to the mol fraction of C1 ligand in 

the bilayer (i.e., DAG and/or PMA), and since Ca2+ 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 earlier, it has been suggested that the highly conserved DRY motif in TM3 

helps to mediate receptor activation, and mutation of the D and/or R in this motif is known to 

cause constitutive receptor activity in mammalian type 2 receptors 
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Figure 2-6: The PMA response is potentiated in HEK 5-HT2βPan cells. The PKC activator, 
PMA (0.1µM), was applied for 15, 30, or 60 minutes to each of three cell lines [HEK 5-HT2βPan, 
diamonds; HEK, squares; HEK 5-HT2βPan (F171Y), triangles]. The PKC specific activity 
associated with the cytosolic and membrane fractions was measured, and the percent of the total 
specific activity associated with a given fraction was determined.  The percent 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. 
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(Kroeze et al. 2002; Shapiro et al. 2002). In the 5-HT2βPan receptor, the DRY motif has evolved 

into DRF (Figure 2-1). This same alteration has also occurred in a nematode receptor, 5-HT2As 

(Huang et al. 2002). Restoration of the DRY motif in the nematode receptor caused a reduction 

in its affinity for 5-HT, but the effect on activation was not considered (Huang et al. 2002). 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-HT2βPan receptor. We used this new construct 

to stably transfect HEK cells and establish a second cell line, HEK 5-HT2βPan(F171Y). We then 

assayed the cell line for PKC activity and PI hydrolysis as previously described.  Figure 2-7 

demonstrates that HEK 5-HT2βPan(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 associated with the membrane fraction of HEK 5-

HT2βPan(F171Y) cells, 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, although 

cells expressing the mutated receptor still respond to 10-3M 5-HT with a significant, roughly 2.4-

fold increase in PI hydrolysis (Figure 2-4, p < 0.05), under baseline conditions IP levels were not 

significantly different between the HEK 5-HT2βPan(F171Y) and the parental HEK cell lines, but 

were significantly lower for cells expressing the mutated versus wild type receptor (p < 0.003). 

Finally, Figure 2-6 illustrates that restoration of the DRY motif abolishes the potentiated PMA 

response associated with the wild type receptor. All of these results strengthen the idea that the 

wild type 5-HT2βPan receptor is constitutively active when expressed in HEK cells, and suggest 

that the residue at position 171 plays a role in receptor activation. 
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Figure 2-7: Restoration of the DRY motif disrupts the agonist independent activity 
associated with the 5-HT2βPan receptor, but not the response to 5-HT. HEK 5-HT2βPan 
(F171Y) cells were assayed for PKC translocation after a 15 minute exposure to varying 
concentrations of 5-HT, as indicated. Data are expressed as mean + SEM from three separate 
experiments, except for the 0 5-HT data point where n = 5. *, p < 0.05 when compared to activity 
in the same fraction in the absence of drug treatment. 



 75

 Interestingly, in addition to triggering constitutive activity, the Y to F transition at 

position 171 also seems to increase evoked PI hydrolysis.  Figure 2-4 shows that PI hydrolysis in 

response to 5-HT was significantly higher in cells expressing the wild type versus the mutant 

receptor.  Similarly, the response of 5-HT2βPan cells to NaF was significantly greater than for 

either of the other two cell lines. There did not appear to be a potentiation of the evoked PKC 

response in 5-HT2βPan relative to 5-HT2βPan(F171Y) cells; however, the 5-HT exposure time varied 

between the two assays: 15 minutes for the PKC assay versus 60 minutes for the IP assay, as did 

the state of the cells during exposure to the drug (resuspended versus plated, respectively). 

 

5-HT2BPan localization in the stomatogastric nervous system (STNS) 

 In Panulirus interruptus, stomatogastric neurons are modulated by bath application of 5-

HT (Flamm and Harris-Warrick 1986b, a). There are no serotonergic input fibers to the STG. 

Instead, a short distance away is a neurohemal plexus that releases 5-HT into the hemolymph 

that constantly bathes the ganglion (Sullivan et al. 1977b; 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-HT2βPan could potentially 

serve as a neurohormonal receptor mediating some of the actions of 5-HT on pyloric neurons.  

We therefore asked if 5-HT2βPan was expressed in stomatogastric neurons, and if so, where this 

potential neurohormone receptor might be located. 

 We generated affinity purified antibodies against the receptor as detailed in Materials and 

Methods. Figure 2-8 shows that the antibody recognizes a single band around the predicted 

molecular weight of 79kD, and the signal is lost upon preabsorption with the peptide used to
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Figure 2-8: Anti-5-HT2BCrust specifically recognizes the 5-HT2βPan receptor in lobster 
nervous tissue.  The figure shows a representative western blot experiment. The blot containing 
protein extracts from lobster nervous tissue was probed with an antibody against 5-HT2BCrust  (5-
HT2βPan) or the same antibody preabsorbed with the peptide antigen used to generate the antibody 
(Preabsorbed). Molecular weight standards are indicated. The antibody produces a signal 
corresponding to the predicted size of the protein, which is lost upon preabsorption. 
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generate the antibody, suggesting that the antibody is specific for the 5-HT2βPan protein. To 

determine if this receptor is expressed in pyloric neurons, we used the antibody to perform whole 

mount immunocytochemistry experiments on the STG and identified muscles, followed by 

confocal microscopy, as previously described (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 (see Baro et al., 2000; Wilensky et al., 2003 for a more complete perspective). A 

perineural sheath covers the entire ganglion. Each of the 14 monopolar pyloric neurons have 

their cell bodies in the peripheral layer, and send 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 neurons 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 (stn) and dorsal ventricular nerve (dvn) 

are associated with the ganglion anteriorly and posteriorly, respectively. The13 pyloric 

motoneurons all send an axon out the dvn, each of which goes on to innervate identified muscles. 

 Figure 2-9 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 (Figures 2-9A and 2-9B). In an 

attempt to determine whether the receptor might be in the somatodendritic plasma membrane, we 

performed double-label experiments (Figure 2-9C) using anti-5-HT2BCrust and an antibody against 
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Figure 2-9: Most stomatogastric neurons express 5-HT2βPan to varying degrees. Panels A and 
B each represent a 5.45µm confocal slice from different representative ganglia. The scale bar 
represents 50µm for both panels. A. Anterior left quadrant roughly 20µm from the dorsal-most 
aspect of the ganglion. This slice depicts mostly the peripheral layer showing 8 neuronal cell 
bodies; however, the fine, synaptic neuropil containing tufts of neurites from stomatogastric and 
modulatory input neurons can be seen in the lower right corner, (above 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 approximately 35µm from the ventral-most 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), sourrounded by the peripheral layer containing 
somata, sourrounded by the perineural sheath. C. Confocal projection representing roughly 
1.5µm in depth, showing a single neuron double-labeled for the 5-HT2βPan receptor (red) and the 
K+ channel, shal 1.b (green). The third panel represents the merged image. Note the ring of 
protein in the plasma membrane that is present in the K+ channel profile but absent in the 
receptor profile. 
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the terminal exon of the K+ channel, Shal 1.b (Baro et al., 2001).  Though 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 

(Baro, unpublished).  The typical shal channel profile, which is an intense ring around the 

somata, can be seen in Figure 2-9C. This ring, which suggests that the protein is concentrated in 

the plasma membrane, was missing in the receptor profile for all single and double label 

experiments.  Thus, the receptor does not appear to be well represented in the somatic plasma 

membrane.  Similarly, an intense ring surrounding the large diameter process in the coarse 

neuropil was seen only in the K+ channel profiles (not shown). On the other hand, the receptor 

was observed 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 (Figure 2-9A and 2-

9B).  The receptor was not observed in the membranes of axons leaving the ganglion via the 

dorsal ventricular nerve (dvn) or in glial cells surrounding the neurons. 

 Flamm and Harris-Warrick (1986) demonstrated that all pyloric neurons except the 

pyloric dilators (PD) and pyloric constrictors (PY) respond to bath applied 5-HT, as determined 

by somatic intracellular recordings from synaptically isolated cells. The PD and PY cell types 

comprise roughly 30% of all stomatogastric neurons (i.e., approximately 10 out of 30 neurons). 

Our immunocytochemistry data suggest that the 5-HT2βPan receptor is detected in the somatic 

endomembrane compartment of nearly all stomatogastric neurons. Thus, most PD and PY 

neurons must express the 5-HT2βPan receptor. The signals detected in the endomembrane system 

most likely represent turnover, processing, and/or transport of the receptor protein. Since the PD 

and PY neurons send axons out the dvn that go on to innervate distant, identified muscles that are 

centimeters away from the somata, one explanation for the presence of immunoreactivity but 
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absence of an electrophysiological response, is that some cell types, like PD and PY, transport 

the receptors to axon terminals at neuromuscular junctions (NMJs) where their presence would 

not be detected by somatic intracellular recordings. To test this hypothesis, we examined 

receptor distribution at two identified NMJs: the PD NMJ (PD neurons exclusively innervating 

the paired ventral PD muscles (cpv2; n =5 animals) and the PY NMJ (PY neurons exclusively 

innervating the paired P8 muscles; n = 4 animals). In these experiments we used a second 

antibody against synaptotagmin, which has previously been used to identify the axon terminals at 

crustacean NMJs (Littleton et al. 1993; Cooper et al. 1995; Quigley et al. 1999). Figure 2-10 

illustrates that the 5-HT2βPan receptor is observed at both identified NMJs. Consistent with our 

hypothesis, the strong colocalization with synaptotagmin, an integral, synaptic vesicle membrane 

protein, suggests that the receptor is located presynaptically. We occasionally observed receptor 

staining without counterpart synaptotagmin staining (arrows in Figure 2-10). We do not know if 

this staining represents extra-synaptic receptors in the muscle and/or terminal, or simply 

“nonspecific” sticking of the antibody; however, this staining was not observed when the anti-5-

HT2BCrust antibody was preabsorbed.  In addition, receptor staining at the PD NMJ was always 

robust, while at the PY NMJ staining intensities varied with the animal.  We do not know if 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  
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Figure 2-10: Colocalization of 5-HT2βPan 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 
ant-5-HT2BCrust antibody was preabsorbed. Each row displays  representative NMJs from one 
experiment, where identified muscles and control are as indicated. Arrows point to 5-HT2βPan 
staining that is not localized to the synapse. The PD panels represent a projection of 5 confocal 
slices representing approximately 5µm in depth. Each set of PY and preabsorbed panels 
represent a single 1.0µm confocal slice. 
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be exploited to the advantage of other important, but genetically intractable arthropod models 

used to study physiological processes like motor pattern generation.  The number of potential 

monoamine receptors identified by this approach suggests that a little over half of the existing 

arthropod monoamine receptors have been cloned and characterized (10 of the predicted 18), and 

that invertebrate receptor numbers may parallel those observed for vertebrates. 

 The 5-HT2β receptor that we identified in fly and spiny lobster is a paralog of the 5-HT2A 

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 couple to the Gq signaling pathway, like their mammalian homologs.  This is consistent 

with most comparisons of monoamine 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 signaling pathways will be conserved across 

species, while pharmacological profiles may not. 

 Similar to many other GPCRs, the 5-HT2βPan receptor displays agonist-independent 

activity when heterologously expressed in a mammalian cell line.  Our data suggest that the Y to 

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 stabilize 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). Since endogenous 

inverse agonists exist (Ango et al. 2001; Bockaert et al. 2002; Seifert and Wenzel-Seifert 2002), 

much of the constitutive activity displayed in heterologous systems may be absent in the native 

system where the inverse agonists also reside. Still, there have been demonstrations of agonist 
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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, neuronal activity can disrupt the interaction between mGluR and 

the scaffold protein/inverse agonist, 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-HT2βPan 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 2 decades of electrophysiological 

and anatomical experimentation showing that 5-HT modulates neural circuits located in this 

ganglion (Beltz et al. 1984; Marder and Eisen 1984b; Flamm and Harris-Warrick 1986a, b; 

Harris-Warrick and Flamm 1987; Katz et al. 1989; Katz and Harris-Warrick 1989; Johnson and 

Harris-Warrick 1990; Katz and Harris-Warrick 1990b; Kiehn and Harris-Warrick 1992a, b; 

Meyrand et al. 1992; Johnson et al. 1993a; Turrigiano and Marder 1993; Zhang and Harris-

Warrick 1994; Christie et al. 1995; Zhang and Harris-Warrick 1995; Zhang et al. 1995; Hempel 

et al. 1996b; 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). A minimum of three pharmacologically 

distinct 5-HT receptors exist in these neurons (Zhang and Harris-Warrick 1994).  To date, we 

have localized two serotonin receptors, 5-HT2βPan and 5-HT1Pan (Baro and Clark, Society for 

Neuroscience Abstract, 2003), to the STG and another 3 arthropod 5-HT receptors have been 

cloned and characterized in insects [5-HT1B (Saudou et al. 1992); 5-HT7 (Witz et al. 1990); 5-

HT2ADro (Colas et al., 1995)].  It may be the case that other uncharacterized 5-HT receptors exist 

in arthropods (Table 2-1).  Whether all or only a subset of arthropod 5-HT receptors are 
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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 differentially 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-HT2βPan receptors to the 

plasma membrane surrounding the somatic compartment and the large diameter, lower branch 

order processes in the coarse neuropil, though receptors are seen in the endomembrane system 

throughout the cells. Furthermore, the collective data suggest that PD and PY neurons 

exclusively localize plasma membrane 5-HT2βPan receptors to distal compartments outside the 

ganglion, including axon terminals at NMJs.  This 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 demonstrating the existence of presynaptic 5-HT2 receptors at crustacean NMJs (Dixon 

and Atwood 1989; Tabor and Cooper 2002; Cooper et al. 2003). We do not yet know whether all 

stomatogastric neurons target the 5-HT2βPan receptor exclusively to axon terminals, or whether 

some neurons localize this receptor to distal neurites in the fine neuropil and/or peripheral spike 

initiation zones (Meyrand et al. 1992; Bucher et al. 2003b) in addition to, or instead of axon 

terminals. In this regard, it is interesting to note that pyloric neurons show a stereotyped 

distribution of K+ channels. That is to say, all neuronal cell types target shal channels to the 

plasma membrane surrounding the somatodendritic compartment and shaker channels to the 

plasma membrane surrounding the axonal compartment (Baro et al., 2000). Thus, it is possible 

that all stomatogastric neurons target 5-HT2βPan to the NMJ, and that most ganglionic, plasma 

membrane bound 5-HT2βPan receptors are located in the modulatory neurons that synapse on 

stomatogastric neurites in the fine neuropil.  Indeed, we observed profiles that are consistent with 
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receptor transport in modulatory neurons. We should be able to address the likelihood of this 

possibility once we have the pharmacological profile for this receptor in hand. 

 The interactions between ion channels and GPCRs are key to maintaining neurons as 

distinct, yet malleable components of a dynamic cellular ensemble, and recent work suggests that 

ion channels and GPCRs can be physically organized into functional units. One question to 

emerge from this work 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, as 

distinct tasks such as nonspiking dendrodendritic graded synaptic transmission, axonal spike and 

somal voltage oscillation generation may reside in discrete cellular compartments that are 

differentially decorated with receptors.  Indeed, out data suggest that the 5-HT2βPan receptor is not 

obviously expressed in the plasma membrane surrounding the soma and lower branch order 

processes, while it is clearly expressed in fine neurites and axon terminals. 

 Interestingly, bath application of DA or 5-HT to the STG alters the biophysical properties 

of ion channels located in pyloric somata, as determined by voltage clamp recording from the 

somata (Hartline et al. 1993; Harris-Warrick et al. 1995a; Harris-Warrick et al. 1995b; 

Kloppenburg et al. 1999; Peck et al. 2001). However, three pieces of data apart from the current 

study suggest modulatory receptors are located only in the distal dendritic processes of pyloric 

neurons and not in the somata: 1) a diffusionally restrictive glial sheath covers the entire neuron, 

except at sites of synaptic contact (Friend 1976; King 1976a, b; Atwood et al. 1977); 2) a cAMP 

imaging study shows that stimulation of modulatory inputs causes an initial accumulation of 

second messenger in the fine neurites that can eventually diffuse to the somata of stomatogastric 

neurons (Hempel et al. 1996b); and 3) puffing monoamines onto the somata instead of into the 
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neuropil fails to elicit modulation. Collectively, these data suggest that ion channels participating 

in a compartmentalized cellular task, restricted to the soma or lower branch order processes, for 

example, can be regulated by distant GPCRs via voltage-independent mechanisms. Future work 

will be aimed at elucidating the different types of GPCR multi-protein complexes that exist in 

pyloric neurons, and ascertaining whether any type can modulate the cell globally, with or 

without local effects. 

 In summary, there are roughly 18 monoamine receptors in arthropods, including multiple 

dopamine and serotonin receptors.  We cloned and characterized a novel arthropodal 

metabotropic 5-HT receptor, 5-HT2βPan.  Sequence comparisons illustrate both conservation and 

dissimilarity across vertebrate/invertebrate lines. The 5-HT2βPan receptor signals via Gq to 

activate PLC, which activates PKC in HEK 293 cells.  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 synaptic neuropil of the STG and axon terminals of stomatogastric neurons, and 

therefore, is most likely involved in modulating the motor output of stomatogastric networks. 

Taken together, these data represent an important step toward understanding the molecular 

mechanisms underlying modulation of an adaptive motor output. 
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Introduction 

 The role of neuromodulation in fashioning multiple outputs from a single circuit has long 

been appreciated. In this regard, important insights have been realized from studies on the STNS 

in Decapod crustaceans (Nusbaum and Beenhakker 2002; Hooper and DiCaprio 2004). 

Peptidergic and monoaminergic modulation of STNS circuits have been studied extensively at 

the anatomical and electrophysiological levels (Harris-Warrick et al. 1992a; Beltz 1999; 

Nusbaum 2002). DA is known to alter both synaptic and intrinsic properties of stomatogastric 

neurons in a cell specific manner (Cleland and Selverston 1997; Harris-Warrick et al. 1998; 

Kloppenburg et al. 1999; Peck et al. 2001; Bucher et al. 2003b; Johnson et al. 2003a); however, 

little is known about the signal transduction cascades that generate these physiological responses. 

 Dopaminergic responses are mediated through multiple DA receptors (DARs) that 

comprise an evolutionarily conserved family of GPCRs. DARs are thought to have evolved 

initially from gene duplication and drift leading to 2 related paralogous genes defining two 

different subfamilies: D1 and D2 (Callier et al. 2003; Kapsimali et al. 2003; Le Crom et al. 2003). 

To date, all DARs can be broadly classified into these two subfamilies on the basis of conserved 

structure and signaling mechanisms. In general, type-1 DARs preferentially couple to Gs to 

increase AC activity while type-2 receptors preferentially couple with Gi/o to decrease AC 

activity (Neve et al. 2004). Pharmacology is also used to classify vertebrate DARs. 

Pharmacological profiles are not conserved across vertebrate/invertebrate lines; thus, vertebrate 

pharmacology cannot be used when classifying arthropod receptors as D1 vs. D2. 

 The natural history of D1 receptors has been well studied for vertebrates, but much less is 

known for vertebrate D2 receptors. In addition, the orthologous relationships for vertebrate and 

invertebrate DARs are unknown (Kapsimali et al. 2003). Seven DAR subtypes exist in the 
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phylum chordata: four D1 subtypes (D1/D1A, D1B/D5, D1C, D1D) and three D2 subtypes (D2, D3, 

D4). A given class (e.g., mammal, teleost, reptile, etc.) may possess only a subset of the seven. 

For example, only five DAR subtypes are represented in mammals: D1/D1A, D1B/D5, D2, D3 and 

D4. There are three well-characterized DARs in the phylum arthropoda (Gotzes et al. 1994; 

Sugamori et al. 1995; Feng et al. 1996; Han et al. 1996; Blenau et al. 1998; Hearn et al. 2002). 

Two of these receptors can be classified as type 1, and one of these receptors can be classified as 

type 2. A fourth arthropod receptor that responds to DA with a slight, but significant increase in 

cAMP has recently been cloned (Srivastava et al. 2005). This receptor also responds strongly to 

ecdysteroids, and further characterization is necessary to determine if this receptor should be 

classified as belonging to the DAR family. 

 As a first step toward defining the dopaminergic transduction cascades operating in the 

STNS, we have cloned and characterized the two known arthropod type 1 receptors from the 

spiny lobster, Panulirus interruptus: D1αPan and D1βPan. In the work presented in this chapter, we 

define the G protein and second messenger couplings for each receptor, and examine which 

monoamines activate these receptors. 

 

Materials and Methods 

Cloning and expression in a heterologous system  

 The three lobster DARs were cloned from nervous tissue of Panulirus interruptus using a 

degenerate PCR strategy with conventional library screening and RACE technology as 

previously described (Clark et al. 2004). Full length constructs were created and inserted into a 

pIRESneo3 vector (B.D. Biosciences Clontech, Palo Alto, CA) using standard recombinant 

techniques. Constructs were stably expressed in HEK cells using methods previously described 
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(Clark et al. 2004). The data have been submitted to Genbank under accession numbers 

DQ295790 (D1αPan) and DQ295791 (D1β.1Pan). 

 

Membrane preparations 

 Stably transfected cells were harvested with trypsin (ATCC, Manassas, VA) or cell 

stripper (Media Tech, Herndon, VA). Pellets were homogenized in 20mM HEPES (pH 7.4) 

containing 2mM MgCl2, 1 mM EDTA, 2mM 1,4-dithiothreitol (DTT), 1µg/ml leupeptin, 1µg/ml 

aprotinin, and 2mM PMSF. The homogenate was centrifuged at 2500 rpm for 5 minutes. The 

supernatant was recovered and centrifuged at 15,000 rpm for 30 minutes at 4°C. Pellets were 

resuspended in 20mM HEPES (pH 7.4) containing 0.5% 3-[(3 

cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), and 2mM EDTA. For some 

experiments, samples were stored at -70°C until assayed. Protein concentrations in each sample 

were determined using a BCA Protein Assay Kit (Pierce). 

 

G protein activation assay 

 Agonist-induced activation of specific G proteins was determined using an assay based 

on a well-established, previously described protocol (Zhou and Murthy 2004). In these 

experiments, individual wells of a 96-well break-apart plate (Fisher Scientific) were UV 

sterilized in a tissue culture hood for 15 minutes.  At this point, wells were denoted either as 

blanks or coated. Coated wells received an antibody against one human Gα subunit 

[EMD/Calbiochem catalog #371778 (G12α), #371723 (Gi1/2α), #371751 (Gqα), #371726 (Gi3/oα), 

#371732 (Gsα), or #371741 (Gzα)]. Antibodies were diluted to a concentration of 20μg/ml in 

sterile phosphate-buffered saline, and 50μl were aliquotted to separate wells. Plates were 
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incubated on ice. After 2 hours, the liquid was removed from the coated wells. Both coated and 

blank wells were then completely filled with blocking solution (3%BSA, 0.06% sodium azide in 

phosphate-buffered saline) and incubated on ice for 2 hours. During this time, reactions were 

performed as follows. Membrane preparations from cell lines (1.5µg/ul of protein) were 

incubated at 37°C for 15 minutes in 10mM HEPES (pH 7.4) containing 10mM MgCl2, 100μM 

EDTA and 10nM GTPγ35S (Amersham) with or without DA. Reactions were terminated with ten 

volumes of termination buffer [10mM MgCl2, 100μM GDP, 200mM NaCl in 100mM Tris (pH 

8.0)]. Fifty μl of each terminated sample were then aliquotted in triplicate to both coated wells 

and blank wells (i.e., there are a total of six wells for each sample when measuring the activity of 

one G protein, nine wells for each sample when measuring the activity of two different G 

proteins, etc.). Plates were incubated on ice for 2 hours. Wells were then rinsed three times with 

phosphate-buffered saline containing 0.3% Tween-20. Individual wells were placed in 

scintillation vials containing ScintiSafe Econo 1 (Fisher) and the radioactivity in each well was 

quantified with a scintillation counter. Resulting cpm from the blank wells were averaged and 

used as a measure of non-specific binding. Nonspecific binding was subtracted from the average 

cpm obtained from the coated wells. Data are expressed as cpm/µg of protein. 

 

cAMP assays 

 cAMP levels were measured as previously described (Clark et al. 2004). Briefly, 1 ×105 

cells were plated in 35mm dishes and grown to confluence. Cells were washed with 1 ml of 

media and preincubated at 37°C for 10 minutes in the presence of the phosphodiesterase inhibitor 

3-isobutyl-1-methylxanthine (2.5mM) (Sigma). In some cases, cells were incubated an additional 

30 minutes at 37°C with or without FSK (2.5μM), and varying concentrations of DA. In some 
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experiments, cells were pretreated for 24 hours with pertussis toxin (PTX, Calbiochem) or 15 

minutes with 1-O-Octadecyl-2-O-methyl-rac-glycero-3-phosphorylcholine (Et-18-OCH3, 

Calbiochem). The media was removed and 0.5ml of 0.1M HCl (Sigma) with 0.8% Triton X-100 

(Sigma) was added to the plates. After a 30 minute incubation at room temperature, the lysate 

was removed from the plates and centrifuged for 2 minutes. The supernatant was collected and 

assayed for cAMP levels using a direct cAMP enzyme immunoassay kit (Assay Designs, Inc.) 

according to the manufacturer’s instructions. Protein concentrations in each sample were 

determined using a BCA Protein Assay Kit (Pierce). Data are expressed as picomoles of 

cAMP/milligram of protein. 

 

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 (GraphPad Software, San Diego, CA, 

www.graphpad.com). In all cases, statistical significance was determined as p < 0.05. 

 

Results 

The family of DA receptors is conserved across different classes of arthropods 

 To begin to elucidate the dopaminergic systems in the STNS, we cloned the two known 

arthropod type-one DARs from Panulirus interruptus: D1αPan and D1βPan. The D1αPan receptor is 

orthologous to the Drosophila receptor DAMB/DopR99B (Feng et al. 1996; Han et al. 1996) and 

the D1βPan receptor is orthologous to the Drosophila receptor Dmdop1/dDA1 (Gotzes et al. 1994; 

Sugamori et al. 1995; Blenau et al. 1998). Figure 3-1 illustrates that orthologs show high 

homology. Paired alignments of lobster and Drosophila D1α and D1β orthologs revealed 44% and 
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37% amino acid identity over the entire protein, respectively. Most differences across species 

occur in the amino and carboxy termini and intracellular loop 3, which is typical for GPCRs 

(Clark et al. 2004; Sosa et al. 2004). Indeed, the idea of divergent termini is emphasized by the 

fact that the gene for the D1β receptor is alternately spliced to produce two proteins with different 

amino termini, D1β.1Pan and D1β.2Pan (Table 3-1; Figure 3-1). Interestingly, and contrary to the idea 

that the carboxy termini often diverge, both D1βPan orthologs end in a conserved PDZ domain. 

However, we have not performed an exhaustive search for alternate splice forms, and it is 

possible that there are additional alternately spliced exons for both D1αPan and D1βPan receptors. 

 

D1αPan couples with Gs in HEK cells to produce an increase in [cAMP]i  

 We next characterized receptor-G protein couplings in a heterologous expression system. 

When bound by ligand, activated DARs function as guanine nucleotide exchange factors (GEFs), 

causing inactive heterotrimeric G proteins to exchange GDP for GTP. The trimeric G protein 

then dissociates into Gα and Gβγ subunits, each of which interacts with downstream effectors 

(Cabrera-Vera et al. 2003). Since vertebrate and insect D1 receptors preferentially couple with Gs 

to stimulate AC and increase cAMP levels (Feng et al. 1996; Han et al. 1996; Neve et al. 2004), 

we predicted that the D1αPan receptor should do likewise. To test this prediction, full-length 

D1αPan constructs were assembled using standard recombinant techniques. The constructs were 

then stably expressed in HEK cells, and the resulting cell line, HEK D1αPan, was assayed for 

changes in G protein activity and cAMP levels.  

 We first developed and performed a “G protein activation assay” based on minor 

modifications to a previously described protocol (Zhou and Murthy 2004). In this assay, the 

wells of a break-apart 96-well plate are pre-coated with commercially available antibodies 
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Figure 3-1: The DAR family is conserved across arthropods. The Panulirus (L) and 
Drosophila (F) DAR orthologs are aligned. Amino acids that are identical in fly and lobster 
orthologs are highlighted for each pair of DARs. Black bars approximate the seven 
transmembrane regions. The point of alternate splicing on lobster D1βPan is indicated by a black 
arrowhead. The accession numbers are as follows: LD1αPan, DQ295790; FD1αPan, U34383; 
LD1β.1Pan, DQ295791; FD1βPan, X77234.1.  
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 415  K K A A K T L G I V M G V F I I C W L P F F V V N L L S G F C I E - C I E H E E I V S A I V T W L G W I N S C M N P V I Y A C W S R D F R R  FD1α
 252  S K A A T T V G I I V G T F L T C W V P F F C V N I A H A F C Q G - C I P D V V F K - - T L T W F G Y T N S S F N P I I Y S I F N Q E F R E  LD1β
 389  H K A A V T V G V I M G V F L I C W V P F F C V N I T A A F C K T - C I G G Q T F K - - I L T W L G Y S N S A F N P I I Y S I F N K E F R D  FD1β
 
 611  A F T R I L C S - - - - - - - C C P R R C R K R Y Q T R W K G G I A Q V I V T P V V S T L N T S F M K T G G P R P Y P P G P Y S P V A P T L  LD1α
 484  A F V R L L C M - - - - - - - C C P R K I R R K Y Q P T M R S K S Q C H V A A A M V A A S T S F G Y H S V N Q I D R T L M                    FD1α
 319  A F K R I L T S K C R P C S S C C S Q A C F G D P A G F S P S P P P C Y C C G C C L L E K S R P R R P T A S V A R S N V S R C I E V P R H H  LD1β
 456  A F K R I L T M - - - R N P W C C A Q D V G N I H P R N S D R F I T D Y A A K N V V V M N S G R S S A E - - - - - - - - - - - - - - - - - -  FD1β
 
 674  A T A L V A A T V V P P T S S                                                                                                                LD1α
 538                                                                                                                                               FD1α
 389  Q N G T S S T A L T E Y T V L D A S A T P R F S H D R S R A S S G E R C L I L E Q I S A I                                                    LD1β
 505  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - L E Q V S A I                                                    FD1β
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Table 3-1: Alternate splicing of D1βPan 
Capital letters represent alternately spliced exons, lower case letters represent amino acids 
present in all isoforms examined. 
 
 

Location Isoform Exon Configuration Amino Acid Sequence 

D1β.1Pan D1β N-terminal exon 1 MGERPPGDDMSepsdi...  

N-terminus D1β.2Pan D1β N-terminal exon 2 MKTVIESSAMTNITDDQepsdi...
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 against the various human G proteins. Membrane fractions of a human cell line stably 

expressing a lobster receptor are prepared and incubated with or without DA in a solution 

containing GTPγ35S, a labeled, nonhydrolyzable form of GTP. Activated DARs cause coupled G 

proteins to exchange GDP for GTPγ35S. The reactions are terminated and dispensed into the pre-

coated wells.  After two hours the wells are washed to remove material that is not recognized by 

the anti-G protein antibody, and the bound radioactivity is quantified with a scintillation counter. 

The cpm associated with each antibody-coated well are a measure of the activation of the 

corresponding G protein. Figure 3-2 illustrates that D1αPan couples exclusively with Gαs. 

Exposure to 10-5M DA for 15 minutes induced a ~ 4-fold increase in Gαs activity (p < 0.03), but 

did not significantly increase the activity of any of the other G proteins examined (Gαq, Gαi1, 

Gαi2, Gαi3, Gαo, Gαz, Gα12). 

 DA induced activation of Gs should produce an increase in cAMP via the positive 

coupling of Gαs to AC. We therefore measured cAMP levels in HEKD1αPan and parental HEK 

cells in response to DA. Figure 3-3 illustrates that DA caused a dose dependent increase in HEK 

D1αPan cAMP levels, with an EC50 of 1.1 x 10-8M. However, DA had no effect on cAMP levels in 

the parental HEK cell line. Constitutive activity, or agonist independent activity, is a well 

documented characteristic of many GPCRs (Seifert and Wenzel-Seifert 2002). It can be 

identified as a significant increase in second messenger levels under baseline conditions (no 

ligand in media) in transfected cell lines expressing a GPCR relative to the parental cell lines that 

do not express the receptor. In the absence of DA, levels of cAMP are not significantly different 

between the HEK D1αPan and HEK cell lines (Figure 3-3), suggesting D1αPan is not constitutively
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Figure 3-2: The D1αPan receptor couples with Gs. G protein activities in HEK D1αPan 
membrane preparations were measured in the absence (open bar) vs. the presence (filled bar) of 
10-5M DA for eight G proteins: Gs, Gq, Gz, Gi1, Gi2, Gi3, Go, G12. Data represent the mean + 
S.E.M., n = 3. Statistically significant differences in the activity of a given G protein are 
indicated with an asterisk (p < 0.05). 
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Figure 3-3: DA activation of the D1αPan receptor increases [cAMP]. Changes in cAMP levels 
in response to increasing [DA] were measured in a stably transfected cell line expressing the 
D1αPan receptor (HEKD1αPan, squares) and in the nontransfected parental cell line (HEK, 
triangles). Data are represented as the mean + S.E.M, n = 3. 
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active when expressed in HEK cells. Similarly, the mammalian D1/1A receptor does not appear to 

be constitutively active in heterologous expression systems (Missale et al. 1998). 

 

D1βPan couples with Gs and Gz in HEK cells, resulting in increased [cAMP]i  

 Insect orthologs of the arthropod D1β receptor have previously been shown to positively 

couple with AC, suggesting that this receptor couples to Gs (Gotzes et al. 1994; Sugamori et al. 

1995; Blenau et al. 1998). We performed the G protein activation assay on the HEKD1βPan cell 

lines to determined D1βPan receptor-G protein coupling. Figure 3-4 indicates that the D1βPan 

receptor couples with multiple G proteins. A 15 minute exposure to 10µM DA produced a ~5-

fold increase in Gαs activity (p < 0.002). DA also produced a significant 1.6-fold increase in the 

activity of Gαz (p < 0.004), a PTX insensitive member of the Gi/o family that negatively couples 

with AC to reduce cAMP levels (Ho and Wong 2001). The stimulation of Gs was roughly 3 

times larger than that of Gz. The human D1B/D5 receptor has also been shown to couple with Gs 

and Gz in GH4C1 cells (Sidhu et al. 1998). 

 Figure 3-3 indicates that the D1βPan receptor couples with G proteins that regulate AC in 

opposing directions (i.e., Gs increases AC activity while Gz decreases AC activity). Since DA 

induced Gs activity was three times larger than DA induced Gz activity, we predicted that DA 

should elicit a net increase in cAMP in HEKD1βPan cell lines. Figure 3-5 illustrates that stable cell 

lines expressing different isoforms of the full-length lobster D1β receptor (HEK D1β.1Pan and HEK 

D1β.2Pan) show a dose dependent increase in cAMP in response to increasing concentrations of 

DA, with EC50s between 1-1.4 x 10-6. In addition, the D1βPan isoforms appear to be constitutively
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Figure 3-4:  The D1βPan receptor couples with Gs and Gz. G protein activities in HEK D1βPan 
membrane preparations were measured in the absence (open bar) vs. the presence (filled bar) of 
10-5M DA for eight G proteins: Gs, Gq, Gz, Gi1, Gi2, Gi3, Go, G12. Data represent the mean + 
S.E.M., n > 3. Statistically significant differences in the activity of a given G protein are 
indicated with an asterisk (p < 0.05). 
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Figure 3-5: DA activation of the D1βPan receptor produces a net increase in cAMP. The 
D1βPan receptor couples positively with cAMP. Changes in cAMP levels in response to increasing 
[DA] were measured in the nontransfected parental cell line (HEK, filled triangles) and in two 
stably transfected cell lines expressing the D1βPan receptor. We identified two isoforms for the 
D1βPan receptor, and established cell lines for each: HEK D1β.1Pan (circles) and HEK D1β.2Pan (open 
triangle). Data represent the mean + S.E.M., n = 5. 
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active. As shown in Figure 3-5, in the absence of DA cAMP levels were significantly higher in 

HEK D1βPan cells relative to parental cells (p < 10-5 for both isoforms). Thus, both isoforms of the 

D1βPan receptor display agonist independent activity like the mammalian D1B/D5 receptor 

(Demchyshyn et al. 2000). The data do not indicate whether coupling with Gz was also 

constitutive. 

 

Dopamine activates lobster type 1 DA-Rs 

 Monoamines act as circulating neurohormones and neurotransmitters in the STNS. Five 

endogenous biogenic amines can modulate STNS neurons: DA, 5-HT, tyramine (TYR), OCT 

and histamine (HIS). It has been reported that in some cases,  arthropod DARs can respond to 

multiple monoamines in heterologous expression systems (Hearn et al. 2002). Activation of 

lobster DARs by multiple monoamines could have important implications for monoaminergic 

signal transduction in the STNS. We therefore asked which of the endogenous monoamines 

could activate D1αPan and D1βPan receptors. 

 Levels of cAMP were measured in three cell lines (HEK, HEKD1αPan and HEKD1β.2Pan) 

before and after exposure to one of the five monoamines. Figure 3-6 illustrates that DA 

activation of D1αPan and D1βPan produced significant, approximately 5.3- and 3.6-fold increases in 

cAMP levels in the HEK D1αPan and HEKD1βPan cell lines, respectively, but had no significant 

effect on the parental HEK cell line. Thus, the heterologously expressed receptors are 

responsible for the DA-induced increase in cAMP in HEKD1αPan and HEKD1βPan cell lines. 

 At a concentration of 1mM, OCT and TYR had no significant effect on any of the three 

cell lines examined. On the other hand, Figure 3-6 demonstrates that 1mM 5-HT produced a 

significant, roughly 3-fold increase in cAMP in HEK cells, suggesting that the parental cell line
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Figure 3-6: DA is the only endogenous monoamine that activates the D1αPan and D1βPan 

receptors. Levels of cAMP were measured in HEK (hatched bars), HEKD1αPan (filled bars) and 
HEKD1βPan.2 (open bars) cell lines under control conditions (no monoamines present) or in the 
presence of 1mM of the indicated monoamine. The cAMP levels measured in the presence of the 
indicated monoamine were normalized by cAMP levels under control conditions. Average fold 
changes over basal cAMP levels are plotted, error bars indicate the S.E.M, n > 3.  * indicates 
significant increases in cAMP over basal levels (p < 0.05).  ** indicates significant differences (p 
< 0.05) between cell lines within the same condition (e.g., differences between cell lines exposed 
to DA). 
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contains endogenous 5-HT receptors that are positively coupled to AC, as has been previously 

reported (Johnson et al. 2003b). The same increase was observed in the HEKD1αPan and 

HEKD1βPan cell lines. The 5-HT induced cAMP increases in all three cell lines were not 

significantly different from one another, suggesting that the responses are due to the endogenous 

5-HT receptors and not the heterologously expressed DARs. 

 Similarly, the parental HEK cell line appears to express endogenous HIS receptors, as 

1mM HIS produced a significant, approximately 3-fold increase in cAMP in HEK cells. This 

increase was also observed in the HEKD1αPan and HEKD1βPan cell lines. The responses in the 

three cell lines were not significantly different from one another, suggesting that they were due 

to the endogenous histamine receptors and not the heterologously expressed DARs. In summary, 

DA activates D1αPan and D1βPan receptors, but 5-HT, HIS, OCT and TYR do not. 

 

Discussion 

 The work presented here represents the first step toward defining the molecular 

underpinnings of dopaminergic neuromodulation in the STNS. We have shown that the structure 

and function of the spiny lobster DARs, D1αPan and D1βPan, are conserved across class and phyla. 

D1αPan couples with Gs to increase cAMP while D1βPan couples with Gs and Gz to produce a net 

increase in cAMP. Moreover, of the 5 biogenic amines tested, only DA activated these receptors. 

 In all systems, dopaminergic effects are mediated through GPCRs that interact with G 

proteins. Both G proteins and GPCRs are well conserved across vertebrate/invertebrate lines, 

especially with regard to interaction domains. Indeed, Table 3-2 shows that the C-terminal 

domain of the G protein, which physically interacts with the GPCR, is identical for homologous 

G proteins in lobsters and humans!  There are 6 Gα proteins in arthropods: Gαs, Gαf (Gs-like at 
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Table 3-2: Comparisin of G protein C-termini across species 

H = human, L = lobster, F = fly 

H: RMHLRQYELL  

Gαs L: RMHLRQYELL 

H: QLNLKEYNLV  

Gαq L: QLNLKEYNLV 

H: KNNLKDCGLF  

Gαi1/2 L: KNNLKDCGLF 

H: AKNLRGCGLY  

Gαo F: ANNLRGCGLY 

H: QENLKDIMLQ  

Gα12 F: QRNLNALMLQ 

  

Gαf F: SENVSSMGLF 
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the DNA level), Gαq, Gαi, Gαo, Gα12 (http://flybase.net/). Three of the G proteins have been 

cloned from lobster (McClintock et al. 1992; McClintock et al. 1997; Xu et al. 1997). As shown 

in Table 3-2, the C-termini of lobster Gαs, Gαq and Gαi are completely conserved with their 

human homologs. Thus, it is reasonable to probe the coupling specificity of lobster GPCRs in 

human cell lines. 

 Traditionally, DARs were thought to couple only with Gs to increase [cAMP]i and Gi/o 

to decrease [cAMP]i; however, recent studies in heterologous expression systems, including the 

one presented here, suggest that DAR-G protein coupling can be much more diverse (Sidhu and 

Niznik 2000). For example, D1/D1A can couple with Gs and Go in reconstitution experiments or 

in overexpression experiments with rat pituitary GH4C1 cells (Kimura et al. 1995b; Kimura et al. 

1995a).  D1B/D5 can couple with Gs and Gz in GH4C1 cells (Sidhu et al. 1998), or with Gs and 

G12 in immortalized rat renal proximal tubule cells (Zheng et al. 2003). D2 receptors couple with 

multiple members of the Gi/o family (Ghahremani et al. 1999; Obadiah et al. 1999; Banihashemi 

and Albert 2002). When expressed in CHO cells, human D3 receptors may couple with the Gi/o 

and Gq families (Newman-Tancredi et al. 1999). Studies in native systems also suggest non-

classical coupling such that D1 receptors may couple with Gs and Gq in the mammalian and C. 

elegans CNS (Undie et al. 2000; Wersinger et al. 2003; Chase et al. 2004; O'Sullivan et al. 2004; 

Zhen et al. 2004). 

 It is interesting that the lobster D1βPan receptor, like the human D1B/D5 receptor can couple 

with both Gs and Gz. We do not know the proteins that interact with the lobster DARs to 

facilitate multiple couplings. Both post-translational modifications and receptor-interacting 

proteins can cause a receptor to switch G protein coupling. As mentioned in chapter 1, when 

phosphorylated by protein kinase A, the β2-adrenergic receptor switches its coupling from Gs to 
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Gi (Daaka et al. 1997; Baillie et al. 2003). Receptor coupling can also be extended by receptor-

interacting proteins, like calcyon, which regulates receptor cross-talk and allows D1 receptors to 

switch coupling between Gs and Gq (Lezcano et al. 2000). It is not obvious why this receptor 

would couple to multiple cascades that have opposing effects on cAMP. It is possible that the 

population of cells is heterogeneous so that there is only one type of coupling per cell. On the 

other hand, when simultaneously activated, opposing cascades in a single cell may be highly 

localized so that microdomains of cAMP gradients are created (Zaccolo and Pozzan 2002). 

Alternatively the cascades may function with different kinetics and interact to generate feedback 

loops and/or multiphasic responses. 
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CHAPTER FOUR 

 

ARTHROPOD D2 RECEPTORS POSITIVELY COUPLE WITH CAMP THROUGH 
THE Gi/o PROTEIN FAMILY 
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Introduction 

As previously mentioned, DARs are traditionally classified as type-1 or type 2: type-1 

DARs couple to Gs proteins, leading to a Gα-mediated increase in [cAMP]i and PKA activity, 

while type-2 DARs couple to Gi/o proteins to decrease [cAMP]i and PKA activity (Missale et 

al., 1998;Neve et al., 2004). It is now clear that this traditional view of DAR signaling is much 

too simple. First, DARs have been shown to couple with multiple G proteins in various 

heterologous and native systems (Kimura et al., 1995a;Sidhu et al., 1998;Zheng et al., 

2003;O'Sullivan et al., 2004;Zhen et al., 2004;Kimura et al., 1995b). Moreover, GPCRs, 

including DARs, can switch G protein coupling over time in response to constant agonist 

application (Daaka et al., 1997;Baillie et al., 2003;Lezcano et al., 2000). Second, both the Gα 

and Gβγ subunits are known to mediate individual responses (Cabrera-Vera et al., 2003). Third, 

activated G protein subunits can directly interact with target proteins such as ion channels 

without altering second messenger levels (Dascal, 2001;Ivanina et al., 2004). Fourth, GPCRs are 

known to interact directly with target proteins. For example, DARs can physically interact with, 

and activate ionotropic glutamate receptors (Zou et al., 2005;Lee and Liu, 2004;Pei et al., 

2004;Liu et al., 2000). Fifth, GPCRs can activate additional cascades, like the mitogen activated 

protein kinase (MAPK) cascade via crosstalk (Werry et al., 2005). Finally, GPCRs can directly 

activate G protein-independent cascades via recruitment of β-arrestin scaffolds (Lefkowitz and 

Shenoy, 2005). In this regard, it was recently shown that the D2 receptor modulates locomotor 

activity in mice via a β−arrestin 2-mediated signaling complex involving Akt and PP2A, as well 

as by traditional G protein cascades (Beaulieu et al., 2005). 
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We have previously cloned and characterized the two type-1 DARs from the spiny 

lobster (Clark and Baro, 2006). Here we describe the cloning and characterization of the lobster 

D2 receptor, D2αPan. 

 

Materials and Methods 

Cloning and expression in a heterologous system  

The lobster D2αPan cDNA was cloned from nervous tissue of Panulirus interruptus using a 

degenerate PCR strategy with conventional library screening and RACE technology as 

previously described (Clark et al., 2004). The D2α.1Pan sequence has been submitted to Genbank 

under accession number DQ900655 (Figure 4-1). Full length constructs were created and 

inserted into a pIRESneo3 vector (B.D. Biosciences Clontech, Palo Alto, CA) using standard 

recombinant techniques. D2αPan and AmDop3 constructs were stably expressed in HEK293 cells 

using methods previously described (Clark et al., 2004). AmDop3 was kindly provided by Dr. 

Allison Mercer, University of Otago. All tissue culture reagents were purchased from Invitrogen 

except the DMEM and the penicillin streptomycin solution (American Type Culture Collection), 

and the neomycin (Sigma). 

 In some experiments, the Gβγ scavengers, dexras1 (UMR cDNA resource center, 

University of Missouri-Rolla) or βARK495-689 (kindly provided by Dr. Robert Lefkowitz, Howard 

Hughes Medical Institute), were transiently expressed. In these cases, cells were maintained in 

DMEM supplemented with 10% dialyzed fetal bovine serum plus 600µg/mL neomycin 

(HEKD2αPan or HEKAmDop3) or 50 units/mL penicillin and 50μg/mL streptomycin (parental 

HEK cells) at 37°C, 5% CO2, and were grown to 90-95% confluency in 26x33mm wells of an 8-

well plate (Fisher Scientific). One day prior to transfection, the cells received media without 
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antibiotic. Cells were transfected with 2 μg DNA using 10μL lipofectamine in 100uL opti-MEM 

according to the manufacturer’s instructions. After 6 hours at 37°C, 5% CO2, cells received 1mL 

of DMEM containing 20% dialyzed serum. Cells received normal media (with antibiotic) 24 

hours following transfection, and were assayed 24-48 hours later. 

The experiments described in this manuscript were conducted over the course of 2 years, 

during which time the properties of the parental HEK cell line varied. During the first year the 

parental line was insensitive to DA, even at a concentration of 100mM. The assays shown in 

Figures 4-2, 4-4, 4-6 and 4-7 were conducted during this initial period.  There was then a long 

hiatus from experimentation during which time all cell lines were frozen in liquid nitrogen. 

Experiments were resumed during year 2. Parental HEK and HEKD2α.1Pan cells were thawed and 

the assays shown in Figures 4-3 and 4-5 were performed. In addition, the parental line was 

transfected to generate stable HEKAmDop3, HEKD2α.2Pan, and HEKD2α.3Pan lines, and the assays 

shown in Figures 4-8 and 4-9 were performed. At some point during the second year, the parental 

line began to express low and variable levels of an endogenous human D1 receptor that in some 

assays produced a significant increase in cAMP in response to 10-4M DA or the D1 selective 

agonist, 6-chloro-PB (n= 3, p< 0.05). The pharmacology of the human D1 receptor was distinct 

from the D2αPan receptor. The D2αPan receptor produced an increase in cAMP in response to 10-5M 

quinpirole (n=3, p < 0.05), a selective D2 agonist, while the parental D1 receptor did not (n=3, p> 

0.05). Furthermore, the signaling properties of the two receptors were distinct: The arthropod D2 

receptor relies on the Gβγ subunit to produce an increase in cAMP while the human D1 receptor 

does not (Figures 4-5 and 4-8). 
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Membrane preparations 

Stably transfected cells were harvested with trypsin (ATCC, Manassas, VA). Pellets were 

homogenized in 20mM HEPES (pH 7.4) containing 2mM MgCl2, 1 mM EDTA, 2mM 1,4-

dithiothreitol (DTT), 1µg/ml leupeptin, 1µg/ml aprotinin, and 2mM PMSF. The homogenate was 

centrifuged at 2500 rpm for 5 minutes. The supernatant was recovered and centrifuged at 15,000 

rpm for 30 minutes at 4°C. Pellets were resuspended in 20mM HEPES (pH 7.4) containing 0.5% 

3-[(3 cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), and 2mM EDTA. 

Protein concentrations in each sample were determined using a BCA Protein Assay Kit (Pierce). 

 

G protein activation assay 

Agonist-induced activation of specific G proteins was determined using our previously 

described G protein activation assay (Clark and Baro, 2006). Briefly, membrane preparations 

from cell lines (1.5µg/ul of protein) were incubated at 37°C for 15 minutes in 10mM HEPES (pH 

7.4) containing 10mM MgCl2, 100μM EDTA and 10nM GTPγ35S (Amersham) with or without 

DA. Reactions were terminated with ten volumes of termination buffer [10mM MgCl2, 100μM 

GDP, 200mM NaCl in 100mM Tris (pH 8.0)]. Fifty μl of each terminated sample were then 

aliquotted in triplicate to wells precoated with one antibody against a human Gα subunit 

[G12α, Gi1/2α, Gqα, Gi3/oα, Gsα, or Gzα (EMD/Calbiochem)] and to uncoated wells (blanks). 

Plates were incubated on ice for 2 hours. Wells were then rinsed three times with phosphate-

buffered saline containing 0.3% Tween-20. Individual wells were placed in scintillation vials 

containing ScintiSafe Econo 1 (Fisher) and the radioactivity in each well was quantified with a 

scintillation counter. Resulting cpm from the blank wells were averaged and used as a measure 
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of non-specific binding. Nonspecific binding was subtracted from the average cpm obtained 

from the coated wells. Data are expressed as cpm/µg of protein. 

 

cAMP assays 

cAMP levels were measured as previously described (Clark et al., 2004). Briefly, 1 ×105 

cells were plated in 35mm dishes and grown to confluence. Cells were washed with 1 ml of 

media and preincubated at 37°C for 10 minutes in the presence of the phosphodiesterase inhibitor 

3-isobutyl-1-methylxanthine (2.5mM) (Sigma). Cells were incubated an additional 30 minutes at 

37°C with or without forskolin (2.5μM), and varying concentrations of monoamine (DA, 5-HT, 

TYR, HIS, or OCT). In some experiments, cells were pretreated for 24 hours with pertussis toxin 

(PTX, Calbiochem) or 15 minutes with 1-O-Octadecyl-2-O-methyl-rac-glycero-3-

phosphorylcholine (Et-18-OCH3, Calbiochem). The media was removed and 0.5ml of 0.1M HCl 

with 0.8% Triton X-100 (Sigma) was added to the plates. After a 30 minute incubation at room 

temperature, the lysate was removed from the plates and centrifuged for 2 minutes. The 

supernatant was collected and assayed for cAMP levels using a direct cAMP enzyme 

immunoassay kit (Assay Designs, Inc.) according to the manufacturer’s instructions. Protein 

concentrations in each sample were determined using a BCA Protein Assay Kit (Pierce). 

 

Statistical analyses and curve fitting 

Student t-tests were performed with Excel software. Curve fitting, Kruskall-Wallis 

(ANOVA on ranks) tests, and Bonferroni posttests were performed with Prism (GraphPad 

Software, San Diego, CA, www.graphpad.com). In all cases, statistical significance was 

determined as p < 0.05. 
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Results 

DARs are conserved across species 

Using total lobster nervous system cDNA and a combination of conventional library 

screening and RACE technologies, we cloned a type 2 DAR from the spiny lobster, Panulirus 

interruptus. We found that this receptor, D2αPan,  is alternately spliced (see arrowheads in Figure 

4-1) to produce four distinct proteins: D2α.1Pan, D2α.2Pan, D2α.3Pan, and D2α.4Pan (Table 4-1). We did 

not conduct an exhaustive search for D2αPan isoforms, and it is likely that additional splice forms 

exist (Hearn et al., 2002). 

Τhe D2αPan receptor is orthologous to the Drosophila receptor DD2R (Hearn et al., 2002) 

and the Apis receptor AmDop3 (Beggs et al., 2005). A BLAST against the Homo sapien 

Reference Proteins database showed that the D2αPan receptor was most homologous to the long 

form of the human D2 receptor (NP_000786) with an E value of 3e-58. Figure 4-1 illustrates that 

all D2 receptors are well conserved across species. When compared to its fly, honeybee and 

human homologs, the D2αPan receptor shows 45%, 39% and 37% amino acid identity over the 

entire protein, respectively. As expected, the 7 TM regions are among the most conserved 

portions of the protein. In addition, the cytoplasmic domains known to interact with G proteins 

show a fairly high degree of identity, including intracellular loops 1 and 2, the amino and 

carboxy portions of intracellular loop 3, and the cytoplasmic C-terminal domain (Limbird, 

2004;Cabrera-Vera et al., 2003). Most amino acid substitutions in these regions are conservative 

(Figure 4-1). 

D2α.1Pan couples with multiple members of the Gi/o family in HEK cells 

As stated above, the G protein interaction domains are well conserved between 

arthropodal and mammalian D2 receptors. Similarly, the G protein domains that interact with
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Figure 4-1: The DAR family is conserved across arthropods. The Panulirus (lob), Drosophila 
(fly), Apis (bee), and human (hum) DAR proteins are aligned. Amino acids that are identical are 
highlighted. Black bars approximate the seven transmembrane regions. The points of alternate 
splicing on lobster DARs are indicated by black arrowheads. The accession numbers are as 
follows: lobster: DQ900655; fly: AAN15955; bee: NP_001014983; human: NP_000786. 
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Table 4-1: Alternate splicing of D2αPan 
Capital letters represent alternately spliced exons, lower case letters represent amino acids 
present in all isoforms examined. The * represents a stop codon. 
 
Location Isoform Exon Configuration Amino Acid Sequence 

D2αPan.1 + i3 alternately spliced exon ...qdeeEEEGEDVMGLGGeenc... 
D2αPan.2 + i3 alternately spliced exon ...qdeeEEEGEDVMGLGGeenc... 
D2αPan.3 - i3 alternately spliced exon ...qdeeeenc... 

 
 

Intra-
cellular 
loop 3 D2αPan.4 - i3 alternately spliced exon ...qdeeeenc... 

D2αPan.1 D2α C-terminal exon 1 ...ilisqS* 
D2αPan.4 D2α C-terminal exon 1 ...ilisqS* 
D2αPan.2 D2α C-terminal exon 2 ...ilisqMTISSNSFSLETVVLENHASC* 

 
 

C-
terminus 

D2αPan.3 D2α C-terminal exon 2 ...ilisqMTISSNSFSLETVVLENHASC* 
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 receptors are conserved across species (reviewed in Cabrera-Vera et al., 2003). The last five 

residues of the Gα C-terminus is an important mediator of receptor-G protein interactions. This 

domain shows 100% amino acid identity between human and arthropod Gs, Gi, Go and Gq 

homologs (reviewed in Clark and Baro, 2006). While receptor-G protein interactions are not 

mediated solely by this structural feature, the extreme conservation suggests that the mechanisms 

for receptor-G protein interactions will be similar in mammals and arthropods. This predicts that 

arthropodal GPCRs will activate the same G protein(s) as homologous mammalian receptors 

when expressed in mammalian cell lines. Mammalian type-2 DARs (Ghahremani et al. 1999; 

Obadiah et al. 1999; Banihashemi and Albert 2002) stimulate both PTX sensitive (Gαo, Gαi1, 

Gαi2, Gαi3)  and insensitive (Gαz) members of the Gαi/o family (Obadiah et al., 

1999;Banihashemi and Albert, 2002;Ghahremani et al., 1999). We stably expressed the D2α.1Pan 

construct in a HEK cell line (HEKD2α.1Pan)  and performed our previously described G protein 

activation assay (Clark and Baro, 2006) to determine receptor-G protein coupling. Figure 4-2 

illustrates that D2α.1Pan couples with both PTX-sensitive and PTX-insensitive members of the 

Gαi/o family, but not with Gαs, Gαq, or Gα12. The receptor appeared to couple most strongly 

with Gαi3/o, producing a significant 2.4-fold increase in activity in response to a 15-minute 

application of 10µM DA (p < 0.007). There was also significant coupling with Gαz (1.8-fold 

increase in activity, p < 0.02) and Gαi1/2 (1.4-fold increase in activity, p < 0.02). 

 

DA activates D2α.1Pan to produce an increase in cAMP 

D2αPan orthologs have been shown to respond to multiple monoamines. In addition to DA, 

TYR stimulates the DD2R and AmDop3 receptors, and DD2R responds to serotonin (5-HT) 

(Hearn et al., 2002;Beggs et al., 2005). Gαi/o proteins are known to decrease AC activity and
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Figure 4-2: The D2α.1Pan receptor couples with Gi/o family members. G protein activities in 
HEKD2α.1Pan membrane preparations were measured in the absence (open bar) vs. the presence 
(filled bar) of 10-5M DA for eight G proteins: Gs, Gq, Gz, Gi1, Gi2, Gi3, Go, G12. Data represent 
the mean + S.E.M., n = 3. Student t-tests were performed. Statistically significant differences in 
the activity of a given G protein in the presence vs. absence of DA are indicated (*; p < 0.05). 
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Figure 4-3: DA is the only monoamine that activates D2α.1Pan. Levels of cAMP (pmol 
cAMP/mg protein) were simultaneously measured in HEK and HEKD2α.1Pan cell lines under 
control conditions (no monoamine present) or in the presence of 1mM of the indicated 
monoamine. cAMP levels measured in the presence of the indicated monoamine were 
normalized to control [cAMP] for each cell line, and the HEKD2α.1Pan response was normalized 
by the HEK response. Average fold changes in the transfected cell line relative to the parental 
cell line are shown. Error bars indicate the S.E.M, n > 3.  The data were subjected to a one-way 
ANOVA.* indicates significant differences from cAMP levels measured in the control (p < 
0.05). ** indicates significant differences in HEK vs. HEKD2α.1Pan for the same condition. 
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reduce [cAMP]i. We therefore further characterized the D2α.1Pan receptor by measuring [cAMP]i 

in cells after a 30 minute exposure to one of five monoamines that are endogenous to lobster 

nervous tissue. Figure 4-3 illustrates that at a concentration of 1mM, 5-HT, OCT, TYR and HIS 

had no significant effect on [cAMP]i in HEKD2α.1Pan relative to parental cells. On the other hand, 

DA produced a significant 2.3-fold increase in [cAMP]i in HEKD2α.1Pan relative to parental cells 

(p < 3 x 10-4). Collectively, these data suggest that DA is the only endogenous monoamine that 

activates the D2α.1Pan receptor when expressed in HEK cells.  

 

The DA-induced increase in [cAMP]i is mediated by Gi/o proteins 

Interestingly, DA produced an increase in cAMP levels (Figure 4-3), despite the fact that 

the D2α.1Pan receptor couples with the Gi/o family (Figure 4-2). This is contrary to previous 

studies on the fly and bee orthologs of D2αPan, which show that when these receptors are 

expressed in HEK cell lines, exposure to DA produces a decrease in cAMP (Beggs et al., 

2005;Hearn et al., 2002). It is not clear whether the difference lies in the cell lines or the 

arthropod D2 receptors. In order to elucidate the mechanism responsible for this difference, we 

further characterized the lobster D2 signaling cascade(s) in HEK cells. 

DARs can signal through mechanisms independent of the traditional, G protein mediated 

pathways (Beaulieu et al., 2005;Zou et al., 2005;Lee and Liu, 2004;Pei et al., 2004;Liu et al., 

2000;Lefkowitz and Shenoy, 2005). To determine if the DA-induced increase in cAMP is due to 

Gi/o proteins (Figure 4-2) and/or G protein independent cascades, we examined the effect of DA 

in the presence of PTX, which specifically blocks the activation and dissociation of all members 

of the Gi/o family, except Gz. We hypothesized that if PTX can partially block the DA-induced 

increase in cAMP, it would suggest that Gi/o proteins help to mediate the response. 
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Figure 4-4 (solid line) shows that HEKD2α.1Pan cells produced a dose-dependent increase 

in cAMP levels in response to DA, with an EC50 of 9.2 x 10-7M, while the parental HEK cell line 

did not respond to DA. The dashed line illustrates that application of PTX significantly 

attenuated the DA response, and reduced the maximal fold change in cAMP from 4.4 to 3 (p < 

0.0008). On the other hand, PTX had no effect on cAMP levels in the parental HEK cell line. 

These data, along with Figure 4-2, suggest that the DA-evoked increase in cAMP depends, in 

part, on PTX sensitive trimeric Gi/o proteins. The DA response was not completely eliminated 

despite the fact that a saturating concentration of PTX was applied (500 ng/ml; see Figure 4-4 

inset for PTX dose response curve). This is at least partially due to coupling between the D2α.1Pan 

receptor and the PTX insensitive Gz protein (Figure 4-2); however, we cannot rule out the 

possibility that the D2αPan receptor activates additional G protein independent cascades to 

increase [cAMP]i. 

 

The Gβγ subunits of Gi/o proteins contribute to DA-induced alterations in [cAMP]i  

AC can be regulated by both Gα and Gβγ subunits (Federman et al., 1992). While 

Gαi/ο subunits decrease or have no effect on AC activity, Gβγ can increase or decrease AC 

activity depending on the AC and Gβγ isozymes involved (Cabrera-Vera et al., 2003). We tested 

the hypothesis that Gβγ subunits mediate the DA-induced increase in [cAMP]i in the 

HEKD2α.1Pan cell line by blocking the Gβγ pathway with known Gβγ scavengers. Dexras1 has 

been shown to specifically block agonist-stimulated GPCR activation of Gβγ signaling (Nguyen 

and Watts, 2005). Similarly, the carboxyl-terminal domain of βARK1 and βARK2 (βARK495-689) 

suppresses Gβγ-mediated responses by scavenging free βγ subunits (Koch et al., 1994). We 

transiently expressed βARK495-689 or dexras1 in HEK and HEKD2α.1Pan cell lines and measured 
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Figure 4-4: The D2α.1Pan receptor couples positively with cAMP through PTX-sensitive Gi/o 
proteins, as well as PTX insensitive cascades. [cAMP] (pmol/mg protein) was simultaneously 
measured in HEKD2α.1Pan (solid symbols) and HEK (open symbols) cells in the presence of 
increasing DA. All data points are normalized to [cAMP] measured in the absence of DA 
(control) in the same experiment, and the fold change over control is plotted on the y axis. 
Experiments were conducted in the presence (dashed line) vs. the absence (solid line) of the Gi/o 
inhibitor, PTX (500ng/ml). Inset represents a PTX dose-response curve for the HEK D2α.1Pan cell 
line. Data represent the mean + S.E.M, n=3. 
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Figure 5-5: The increase in cAMP in HEKD2α.1Pan is mediated by Gi/o βγ subunits. The 
Gβγ scavengers dexras1 or  βARK495-689 were transiently expressed in HEKD2α.1Pan (black bars) 
and HEK (white bars) cells, as indicated below each bar. Cells were exposed to 10-4M DA, and 
[cAMP] (pmol cAMP/mg protein) was measured. Data are normalized to the average [cAMP] in 
the presence of DA for each cell line.  Data represent the mean + S.E.M., n = 3. Student t-tests 
were performed, and asterisks indicate significant differences from cAMP levels measured in the 
absence of dexras1or βARK495-689 within a cell line (p < 0.04). 
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[cAMP]i in the presence of 10-4M DA. Figure 4-5 shows that expression of either βARK495-689  or 

dexras1 significantly inhibited the DA-induced increase in cAMP in HEKD2α.1Pan cells by 64 + 

9% (p < 0.04) and 51 + 3% (p < 0.008) respectively, but had no significant effect on the parental 

cell line (p > 0.7). These data suggest that Gβγ subunits contribute to the DA-induced changes in 

[cAMP] in HEKD2αPan cells. 

 

Blocking the Gβγ cascade reveals a DA-induced, Gαi/o mediated decrease in cAMP  

Gβγ can have many immediate effectors, including PLCβ, ACs, ion channels, kinases  

and  components of the synaptic vesicle release machinery (Blackmer et al., 2005;Cabrera-Vera 

et al., 2003;Stehno-Bittel et al., 1995;Sullivan, 2005;Gerachshenko et al., 2005). It has been 

previously demonstrated that D2 receptors can regulate ACII activity via Gβγ−mediated 

activation of PLCβ (Tsu and Wong, 1996). To determine whether Gβγ subunits act via PLCβ in 

HEKD2αPan cells, we applied the PLCβ inhibitor, ET-18-OCH3, and measured cAMP levels in 

the presence of increasing concentrations of DA. Figure 4-6 (dashed line) demonstrates that 

inhibiting PLCβ also inhibited the DA induced increase in cAMP, and revealed a dose-dependent 

decrease in cAMP. 

The dose-dependent decrease in cAMP was largely PTX sensitive. Figure 4-7 illustrates 

that in the presence of forskolin (an AC activator) and ET-18-OCH3, DA evokes a clear dose 

dependent decrease in cAMP in HEKD2α.1Pan cells with an EC50 of 1.4 x 10-7M.  The total 

inhibition by saturating levels of PTX was 77% of the maximal response. The response that 

remained in the presence of PTX was most likely mediated by Gz (Figure 4-2). Collectively, 

these data suggest that DA initiates parallel signaling cascades in HEKD2α.1Pan cells with
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Figure 4-6: Blocking PLCβ reveals a negative coupling between the D2α.1Pan receptor and 
cAMP. [cAMP] was simultaneously measured in pmol cAMP/mg protein for both HEKD2α.1Pan 
(solid symbols) and HEK (open symbols) cells in the presence of increasing DA. All data points 
are normalized to [cAMP] measured in the absence of DA (control) in the same experiment, and 
the fold change over control is plotted on the y-axis. Experiments were conducted in the presence 
(dashed line) vs. the absence (solid line) of the PLCβ inhibitor, ET-18-OCH3 (50µM). The inset 
represents an ET-18-OCH3 dose-response curve for the HEK D2α.1Pan cell line. All experiments 
were repeated 3 times. Data represent the mean + S.E.M. 
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Figure 4-7: The negative coupling to cAMP is mediated by PTX-sensitive and PTX-
insensitive G proteins.All cells were exposed to forskolin (2.5µM) and ET-18-OCH3 (50 µM). 
[cAMP] was simultaneously measured in pmol cAMP/mg protein for both HEKD2α.1Pan (solid 
symbols) and HEK (open symbols) cells in the presence of increasing DA. Experiments were 
conducted in the presence (dashed line) vs. the absence (solid line) of the Gi/o inhibitor, PTX 
(500ng/ml). All experiments were repeated 3 times. Data represent the mean + S.E.M. 
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opposing effects on cAMP levels: the Gαi/o subunits cause a decrease in cAMP while Gβγ 

subunits activate PLCβ to cause an increase in cAMP. 

Figure 4-7 also suggests that the D2α.1Pan receptor, like its mammalian and Drosophila 

homologs, may constitutively activate Gi/o proteins. The forskolin activated cAMP levels are 

significantly higher in HEKD2α.1Pan relative to the parental HEK cell line (Figure 4-7; 

150pmol/mg vs. 60pmol/mg; p < 10-4). This compensatory mechanism is known as heterologous 

sensitivity or supersensitivity (Watts, 2002;Vortherms et al., 2004;Watts and Neve, 2005). 

Several studies have demonstrated that chronic Gi/o activity ultimately leads to a paradoxical 

increase in AC activity (supersensitivity) through a number of different molecular mechanisms. 

 

The intracellular milieu determines whether arthropod D2 receptors positively or negatively 

couple with cAMP 

As previously stated, when expressed in HEK293 cells, the lobster versus fruit fly and  

honeybee orthologs of the D2 receptor produce opposite changes in cAMP levels in response to 

DA: the lobster D2 receptor positively couples with cAMP (Figure 4-3) while the fly and bee 

orthologs of the D2 receptor negatively couple with cAMP (Beggs et al., 2005;Hearn et al., 

2002). We predicted that if the cellular background determines whether D2 receptors positively 

or negatively couple with cAMP, then expressing the honeybee ortholog of the D2 receptor, 

AmDop3, in our parental HEK293 cell line should produce an increase, rather than the previously 

described decrease in cAMP. To test the hypothesis we obtained the AmDop3 clone from the 

Mercer lab, transformed our HEK293 cells to generate a stable cell line, HEKAmDop3, and 

measured changes in cAMP in response to DA. Figure 4-8 shows that the HEKAmDop3 cells 

responded to 10-4M DA with a significant increase in cAMP (p < 0.0001). The DA-induced 
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increase in HEKAmDop3 cells is roughly 7-fold greater than that observed in the parental HEK 

line (p < 0.009, HEKAmDop3 vs. HEK). The increase was attenuated by transiently expressing 

the Gβγ scavenger βARK495-689. Together these data suggest that the cellular milieu greatly 

influences D2 mediated changes in [cAMP] and that there are no obvious functional differences 

between the signaling properties of the honeybee and lobster D2 orthologs. 

 

Alternate splicing changes the potency and efficacy of D2αPan isoforms 

Figure 4-1 and Table 4-1 indicate that the D2αPan receptor can be alternately spliced to 

create multiple isoforms with differences in their carboxy termini and/or intracellular loop 3. The 

carboxy terminus and intracellular loop 3 are involved in G protein coupling (Wong, 2003). 

Changes in amino acid sequence in these regions can alter the strength or specificity of G protein 

signaling (Franke et al., 1990;Cotecchia et al., 1990). The C-terminus of GPCRs also determines 

the rate of receptor recycling and receptor coupling to β-arrestin mediated cascades (Oakley et 

al., 1999). To determine whether alternate splicing produces functional differences in G protein 

signaling, we established stable HEK cell lines expressing D2α.2Pan or D2α.3Pan and obtained DA 

dose-response curves for the resulting cell lines: HEKD2α.2Pan and HEKD2α.3Pan. Figure 4-9A 

shows that in all cases the receptor produces a dose-dependent increase in [cAMP]i that is 

significantly higher than in the parental HEK cell line (2.5-fold and 2-fold greater, respectively, 

at 10-4M DA; p < 0.05). Altering the carboxy terminal domain (D2α.1Pan vs. D2α.2Pan) reduced the 

EC50 by more than an order of magnitude (from 9.2 x 10-7M to 2.4 x 10-6M, respectively). In 

addition, removing the alternately spliced intracellular loop 3 exon (D2α.2Pan vs. D2α.3Pan) once 

again changed the EC50 by more than an order of magnitude (from 2.4 x 10-6 to 4 x 10-7, 

respectively) and significantly altered receptor efficacy. Thus, these data suggest that 
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Figure 4-8: AmDop3 positively couples to cAMP through the Gβγ cascade. Levels of cAMP 
(pmol cAMP/mg protein) were simultaneously measured in HEK cells expressing the AmDop3 
receptor (HEKAmDop3, black bars) and in the parental HEK cell line (white bars) in the 
presence or absence of 10-4M DA and in the presence or absence of the Gβγ scavenger βARK495-

689, as indicated below each bar. All data were normalized to average [cAMP] in the absence of 
DA (control) for the same experiment, and fold change over control is plotted on the y axis. All 
experiments were repeated 3 times. Data represent the mean + S.E.M. Data were analyzed using 
Student t-tests. * indicates significant differences from cAMP levels measured in the control for 
the same cell line (p < 0.0001). 
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Figure 4-9: Alternate splicing changes the potency and efficacy of D2αPan isoforms. A. 
Changes in cAMP levels (pmol cAMP/mg protein) in response to increasing [DA] were 
measured in HEKD2α.1Pan (squares, dashed line) HEKD2α.2Pan (triangles, dotted line) and 
HEKD2α.3Pan (circles, solid line) cell lines. All data are normalized to [cAMP] in the absence of 
DA (control) and fold changes over control are plotted on the y axis. Data represent the mean + 
S.E.M, n=3. B. Levels of cAMP (pmol cAMP/ mg protein) were simultaneously measured in 
HEK, HEKD2α.2Pan (grey bars) and HEKD2α.3Pan (hatched bars) cells under control conditions (no 
monoamines present) or in the presence of 1mM of the indicated monoamine. Data were first 
normalized to control, and then the responses of the transfected cell lines were normalized to that 
of the parental HEK cell line. Average fold changes in the transfected relative to parental line are 
plotted, error bars indicate the S.E.M, n > 3.  * indicates significant differences from cAMP 
levels measured in the control (p < 0.05). 
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alternate splicing may change the potency of the D2αPan receptor. We also tested the effect of 

5HT, OCT, TYR, and HIS on [cAMP]i in HEKD2α.2Pan and HEKD2α.3Pan cell lines. Figure 4-9B 

shows that, like the D2α.1Pan receptor (Figure 4-3), D2α.2Pan and D2α.3Pan respond only to DA when 

expressed in HEK cells. Thus, alternate splicing does not affect the monoamine specificity of 

these receptors. 

 

Discussion 

CPGs are highly modulated neural circuits that rely on GPCRs to produce a rhythmic 

output (Ramirez et al., 2004;Marder and Bucher, 2001). The effects of DA on a model CPG, the 

pyloric network, have been extremely well characterized (Harris-Warrick et al., 1998;Gruhn et 

al., 2005;Johnson et al., 2003;Kloppenburg et al., 2000;Kloppenburg et al., 1999;Peck et al., 

2001); however, the molecular mechanisms by which DA exerts its effects are completely 

unknown. To begin to investigate the molecular underpinnings of the dopaminergic response in 

pyloric neurons, we cloned and characterized the only known arthropod type-2 DAR from 

Panulirus interruptus: D2αPan. Heterologous expression in HEK cells indicates that this receptor 

is specifically activated by DA, as opposed to other monoamines known to be endogenous to the 

lobster nervous system. Alternate splicing in intracellular loop 3 and at the carboxy terminus 

alters the potency and efficacy of the receptor. 

Surprisingly, we found that when expressed in HEK cells the D2αPan receptor positively 

couples with cAMP. The increase in cAMP is mediated, in part, by multiple Gi/o proteins. D2αPan 

stimulation of Gi/o activity results in the activation of two discrete pathways: 1) a Gα mediated 

inhibition of AC, leading to a decrease in cAMP and 2) a Gβγ mediated activation of PLCβ, 

leading to an increase in cAMP. We also found that contradictory to previous reports (Beggs et 
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al., 2005), the honeybee D2 receptor can positively couple with cAMP via the Gβγ subunits of 

Gi/o proteins, suggesting that the intracellular environment can alter receptor coupling to cAMP. 

We conclude that arthropod and mammalian D2 receptor signaling is very similar, and that D2 

mediated signaling is determined by both the functional properties of the receptor and the 

intracellular milieu. 

 

The D2αPan receptor simultaneously activates multiple cascades 

It is not clear whether the D2αPan receptor response is mediated entirely by G proteins in 

HEK cells. Figure 4-7 suggests that a PTX insensitive protein, probably Gαz, mediates roughly 

23% of the DA induced decrease in cAMP while the PTX sensitive Gαi/o subunits are 

responsible for 77% of the response. However, saturating levels of PTX only reduced the DA 

induced increase in cAMP from 4.4- to 3-fold, rather than the predicted 1.8-fold (Figure 4-4). 

Furthermore, the EC50 for the increase in cAMP (9.2 x 10-7; Figure 4-4) is 6.6-fold lower than the 

EC50 for the decrease in cAMP (1.4 x 10-7; Figure 4-7). There are at least two possible 

explanations for these findings, and they are not mutually exclusive. First, D2αPan receptors may 

simultaneously activate multiple cascades, including G protein independent cascades (Beaulieu 

et al., 2005;Lefkowitz and Shenoy, 2005). Second, Gαz may donate the majority of Gβγ subunits 

that interact with PLCβ to increase cAMP. Specific Gα donors for Gβγ subunits have previously 

been observed in certain cell types. For example, GIRK channels are activated by Gβγ subunits 

that are exclusively donated by Gαi2 and Gαi3 in native tissues, though any Gα subunit can 

donate the Gβγ subunits in studies utilizing heterologous expression systems (Dascal, 2001). 

Specificity in native tissues appears to be conferred by binding of the α-subunit to the GIRK 

effector (Ivanina et al., 2004) and the fact that upon activation, Gi and Gz proteins undergo a 
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conformational change, but do not dissociate into physically independent Gα and Gβγ 

subunits (Frank et al., 2005). Although Gα donor specificity has never to our knowledge been 

observed for Gβγ regulation of PLCβ, we cannot dismiss this concept a priori. 

Unexpectedly, the D2αPan receptor-initiated cascades regulate cAMP in opposing 

directions in the same cells. These cascades may be highly localized to create microdomains of 

cAMP gradients (Zaccolo and Pozzan, 2002;Rich et al., 2001). On the other hand, the cascades 

may function with different kinetics and interact to generate feedback loops. In addition, there 

are examples of G protein mediated cascades dominating the early portion of a response to 

constant agonist application, while β-arrestin cascades predominate in later portion (Ahn et al., 

2004). Thus, distinct D2αPan mediated cascades may operate in different timeframes to generate 

multiphasic responses. 

 

Receptor signaling varies with the intracellular milieu 

Interestingly, a D2 receptor can produce opposite responses even when expressed in the 

"same" cell type. When AmDop3, the honeybee ortholog of the arthropod D2 receptor, is 

expressed in HEK293 cells in the Mercer lab, it produces a decrease in cAMP; however, when it 

is expressed in HEK293 cells in the Baro lab, it produces an increase in cAMP. Such a finding is 

not unique to the arthropod D2 receptor. For example, isoproterenol induced β2-adrenergic 

receptor signaling in HEK293 cells varies across labs (Daaka et al., 1997;Friedman et al., 

2002;Lefkowitz et al., 2002). Tissue culture cell lines can often rearrange their genetic material 

and/or alter their genetic programs, most likely because culture conditions provide little selective 

pressure for maintaining a constant genome/transcriptome/proteome. Thus, receptor signaling in 

a given cell type may vary with the lab because cell lines diverge within and across labs over 



 134

time. Indeed, in our hands the parental HEK cell line could alter its response to DA, despite the 

fact that it was cultured under constant conditions. Differences in the expression, localization 

and/or interactions of downstream effectors of the D2 receptor could account for the differences 

in the AmDop3 response in each HEK cell line. All of these findings reinforce the idea that 

GPCR signaling is context dependent. Based on these studies, we cannot predict how the D2αPan 

receptor will affect cAMP levels in pyloric neurons; though the data suggest that the D2αPan 

receptor will most likely couple with Gi and Go proteins to alter cAMP levels in pyloric neurons. 

 

Monoaminergic GPCR signaling is conserved across species 

Relatively little is known about invertebrate monoaminergic GPCRs compared to their 

vertebrate homologs. Data mining studies suggest that there are roughly 19 monoamine receptors 

in arthropods (Clark et al., 2004;Roeder, 2003). By the year 2004, 10 of these receptors had been 

cloned and characterized  (Tierney, 2001;Blenau and Baumann, 2001;Clark et al., 2004). Several 

recent efforts have reduced the number of uncharacterized monoaminergic receptors to roughly 3 

out of 19 (Balfanz et al., 2005;Srivastava et al., 2005;Maqueira et al., 2005;Cazzamali et al., 

2005;Evans and Maqueira, 2005). 

Both receptors and G proteins show strong amino acid sequence conservation in 

functional domains across species. Here we have demonstrated that the arthropod D2 receptor 

can regulate second messenger levels by coupling to both AC, via Gα subunits, and PLCβ, via 

Gβγ subunits of Gi/o proteins. Similar findings were previously published for mammalian D2 

receptors expressed in HEK293 cells (Tsu and Wong, 1996) and in native neurons (Hernandez-

Lopez et al., 2000). In addition, we have previously shown that comparable to mammalian type-1 

DARs, the D1αPan receptor couples with Gs and the D1βPan receptor couples with both Gs and Gz 
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when expressed in HEK cells (Clark and Baro, 2006). Likewise, we have shown that the 5-

HT2βPan receptor couples with Gq (Clark et al., 2004) and the 5-HT1αPan receptor couples with 

Gi/o (Spitzer and Baro, submitted), as is the case for their respective mammalian homologs. 

Collectively, these data strongly suggest that signaling mechanisms for homologous receptors are 

well conserved across species. 

In conclusion, receptor expression studies in heterologous systems are important as they 

help to define key structure/function relationships for homologous receptors across species. Such 

studies are also useful and necessary in that they reveal organizing principles for signal 

transduction and more specifically, the repertoire of cascades available to a given receptor. 

However, heterologous expression studies are limited by the fact that receptor signaling is 

context dependent. In order to understand the function of a receptor in a specific cell type, the 

receptor must ultimately be studied in that cell type. We have found that when the D2αPan 

receptor is heterologously expressed, it couples with Gi/o proteins and can modulate cAMP 

levels through both Gα and Gβγ subunits, like all of its homologs. The data also suggest that 

D2αPan receptor signaling may involve additional Gi/o-independent mechanisms. These results set 

the stage for future studies aimed at understanding the role of D2 receptors in native neurons 

involved in rhythmic motor pattern generation. 
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Introduction 

 The neurotransmitter 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 the 

well-established model system: the crustacean STNS (Figure 1-2) (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 CPG circuits 

that drive different sets of muscles around the gut to produce a rhythmic, patterned motor activity 

associated with a specific function, such as chewing or swallowing. 

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

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

2003a). DA is found in descending modulatory input fibers that travel through the stn to 

terminate in the neuropil of the STG (Figure 1-2). The somata of these fibers originate in both 

the commissural ganglia (COG) 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 Figure 1-2 (Sullivan et al. 1977a; Fort et al. 2004). Importantly, the STG resides 

in an artery, and STG neurons are constantly bathed by hemolymph and therefore receive 

neurohormonal dopaminergic input. 

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

pyloric neurons are located exclusively within the STG. 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 1984b; Flamm and Harris-Warrick 1986a, b; Harris-Warrick and Flamm 1987; Johnson 
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and Harris-Warrick 1990; Johnson et al. 1995; Ayali and Harris-Warrick 1998, 1999; Bucher et 

al. 2003a; Johnson et al. 2005; 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; Harris-Warrick et al. 1995b; 

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

et al. 2005; Peck et al. 2006). DA also modulates ionotropic receptors including a glutamate 

gated chloride channel (Cleland and Selverston 1995, 1997, 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 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). 

 DARs 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 
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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 form between DARs within a subfamily  

 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, 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. Here we define DAR-G protein couplings and 

localization in the STNS. 

 

Materials and Methods 

Production of receptor specific antagonists (RSAs) 

 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 RSA. The peptides 

and antibodies were generated by the designated commercial establishments.  

D1α RSA antigen: CLDRYWAITDPFSYPSRM (Bethyl Laboratories Inc., Montgomery, TX) 
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D1β RSA antigen: CDRYIHIKDPLRYGRWMTKRI (Bethyl Laboratories Inc.) 

D2α RSA antigen: CDRYIAVTQPIKYAQSKNNKR (Alpha Diagnostic International, San 

Antonio, TX) 

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) 

 

Membrane preparations 

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

described (Clark and Baro 2006, 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 (120mM NaCl, 

5mM KCl, 1.6mM KH2PO4, 1.2mM MgSO4, 25mM NaHCO3, 7.5mM dextrose, 2mM EGTA, 

5µg/ml leupeptin, 10µg/ml aprotinin, 5µg/ml pepstatin, 0.5mg/ml Pefablock, 50µl/ml Pefablock 

protector, 5mM iodoacetamide, and 1mM EDTA, pH 7.4). The homogenate was spun for 2 

minutes at 2000 rpm. The supernatant was recovered and centrifuged at 15,000 rpm for 30 

minutes at 4°C. Pellets were resuspended in 20mM HEPES (pH 7.4) containing 0.5% 3-[(3-

cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS), and 2mM EDTA, and 

shaken on ice for 1 hour. Samples were then centrifuged for 1 minute at 2000 rpm, and 
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supernatant was transferred to a fresh tube for storage at -70°C. Protein concentrations were 

determined using a BCA Protein Assay Kit (Pierce).  

G protein activation assay 

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

(Clark and Baro 2006, 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 (Figure 5-1.). In addition, a scan of the NCBI protein sequence database shows that 

Gαs and Gαq have also been sequenced from a penaeid shrimp (Dendrobranchiata, Figure 5-3), 

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 (ICC) 

 Antibodies were used in immunoblot and immunocytochemistry protocols as previously 

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

preabsorbed 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 preabsorption (not shown). In the case of ICC experiments  
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Figure 5-1: 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 kD, Gαq ~ 36 kD, Gαs ~ 37 kD). 
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using anti-D1α-AB.b or anti-D1β RSA, most immunoreactivity was lost upon preabsorption, 

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: 3 

using the antibody and 3 using preabsorbed antibody. For a given animal, five confocal stacks 

(10μm) were obtained from the fine neuropil where receptors appeared to reside (see Results). 

Receptor staining was quantified by counting all puncta in every 1μm optical section in each 

confocal stack. Significant differences between experimental and preabsorbed 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 preabsorbed 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 (M.W. 10,000; 

Molecular Probes). This was accomplished by pressure injecting a 1% solution of the 

fluorophore in 0.2M KCl using 20msec pulses at 0.05 Hz and 28 psi for 10 minutes. The 

fluorophore was allowed to diffuse at room temperature for > 2hrs. 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 (Figure 5-2). The optical density (OD) for each signal was obtained, and the G protein signal 
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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 50μg of each of the three antigenic G 

protein peptides were generated (www.abcam.com/technical) and subjected to the standard 

immunoblot protocol. For a given experiment (i.e., 3 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).  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). Animals were kept in filtered, 

aerated freshwater and sacrificed within 24 hours of arrival. Pink shrimp (Penaeus duorarum) 
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were obtained from Gulf Specimen Marine Laboratories, Inc (Panacea, FL). Animals were kept 

in filtered, aerated seawater and sacrificed within 48 hours of arrival. Live American lobsters 

(Homarus americanus) and blue crabs (Callinectes sapidus) were obtained from the Dekalb 

Farmer's Market (Decatur, GA) and kept on ice for up to four hours from the time of purchase 

before sacrificing. 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 (Figure 5-

2). Recent studies on the phylogenetic relationships between Decapod crustaceans are 

summarized in the cladogram shown in Figure 5-2A (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. 1992b; Katz and Tazaki 1992). We examined five species spanning these three
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Figure 5-2: 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) vs. 
the presence (filled bar) of 10-5M 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 + S.E.M. 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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taxa. The data indicate that dopaminergic responses in the STNS are mediated by Gs, Gi, and Gq 

in all species examined (Figure 5-2B), 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, Figure 5-2B 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 & 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. 

 

STG DARs are localized to the synaptic neuropil 

 DA-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 Figure 5-2B, 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 Figure 5-3 demonstrate that each of  
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Figure 5-3: 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 kD, D1βPan ~ 48 kD, D2αPan ~ 66KD. 
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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, 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 Figure 5-4, A-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 1976a). As shown in Figure 5-4A, 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., 
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compare region of obvious immunostaining in Figure 5-4C with horizontal section in Figure 5-

4B). Projections of high magnification confocal stacks from the fine neuropil showed that each 

of the three DARs displayed a punctate distribution throughout this region (Figure 5-4D-F). STG 

neurons are entirely ensheathed by glial cells except at their synaptic terminals (King 1976a). 

 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 Figure 5-4G-I. The data illustrated that DARs were located in the 

terminals of < 1μm diameter processes, as well as in 3-10μm bulbous structures emanating from 

fine neurites (arrowheads in Figure 5-4H-I). Light and electron microscopic studies have 

previously shown that presynaptic compartments of spiny lobster STG neurons appear as 3-

10μm bulbous structures emanating from finer neurites, whereas post-synaptic compartments 

appear as ~1μm finger-like projections extending from the presynaptic compartments (King 

1976a). Thus, the most parsimonious interpretation of our data is that DARs are in neuronal 

synaptic compartments located exclusively in the fine neuropil. Additionally, the DARs that 

were not located in the filled neurons (i.e., green immunoreactivity in Figure 5-4G-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 1μm 

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). 
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Figure 5-4: 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) 21µm confocal projection from a 
wholemount STG preparation showing DAR staining in the STG. 3μm 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 1um 
confocal optical sections through the synaptic neuropil. The stacks were used to make the 10μm 
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 30μm 
(G), 26μm (H), or 48μm (I). Arrowheads point to putative synaptic terminals containing DARs. 
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Generating receptor specific antibody antagonists 

 The DA induced increases in G protein activity observed in Figure 5-2B 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 receptor specific antagonist (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, 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, 2007). Figures 5-5 

through 5-7 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 5-5A shows the effect of 

each RSA on D1αPan-Gs coupling at the highest [RSA] tested (300ng/ml). DA (10-5M) produced a 
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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. 

Preabsorption with its peptide antigen prevented D1α RSA antagonism and the D1α RSA had no 

significant effect on its own. Figure 5-5B 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 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 (Figure 5-6A-B) and Gz (Figure 5-6C-

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-

5 M DA plus 300ng/ml D1β RSA were not significantly different than under baseline conditions. 

The D1β RSA could be inhibited by preabsorption with its peptide antigen and had no effect on 

its own (Figure 5-6A and 5-6C). 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 5-7 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 preabsorption of the D2α RSA with its peptide antigen prevented receptor antagonism 
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Figure 5-5: 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 10-5M DA and 
300ng/ml of an RSA as indicated under each bar. Data were normalized by G protein activity in 
the presence of 10-5M DA without RSA, and are plotted as the percent of the response in 10-5M 
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 + S.E.M, 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 10-5M DA and 
increasing concentrations of an RSA (D1α, open triangles; D1β, open squares, D2α open circles). 
Data represent the mean + S.E.M, n > 3. 
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Figure 5-6: Only the D1β RSA can significantly uncouple 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 10-5M DA and 300ng/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 + S.E.M, 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 10-5M DA and 
increasing concentrations of an RSA (D1α, open triangles; D1β, open squares, D2α open circles). 
Data represent the mean + S.E.M, n > 3. 
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Figure 5-7: 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 10-5M DA and 300ng/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 + S.E.M, 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 10-5M DA and increasing concentrations of an 
RSA (D1α, open triangles; D1β, open squares, D2α open circles). Data represent the mean + 
S.E.M, n > 3. 
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(Figures 5-7A, 5-7C, 5-7E). 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 Figure 5-2B, it would suggest that the corresponding receptor signals through 

the G protein whose activity had been reduced. These experiments are shown in Figure 5-8. For a 

given experiment, the membrane preparations were tested with no DA and no RSA (baseline 

conditions, right panels in Figures 5-8A-C) and with 10-5M DA and increasing concentrations of 

the indicated RSA (left panels in Figures 5-8A-C). For each experiment all of the data were 

normalized by G protein activity in the presence of 10-5M DA without RSA. Multiple 

experiments were averaged and the data are plotted as the percent of the response in 10-5M DA 

without RSA  

 Figure 5-.8A 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 
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activities. The DA induced increase in Gs activity was significantly reduced by 300ng/ml D1α 

RSA (p < 0.005 for 0 vs. 300ng/ml RSA) such that it was not significantly different from 

baseline (p > 0.17 for 300ng/ml RSA vs. baseline). Similarly, the DA-induced increase in Gq 

activity was significantly reduced by 300ng/ml D1α RSA (p < 0.002) such that it was not 

significantly different from baseline (p > 0.35). On the other hand, 300ng/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 5-8B 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. 300ng/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 5-8C illustrates that the lobster D2αPan receptor couples with Gi alone. At 

200ng/ml the D2α RSA significantly reduced the DA induced increase in Gi activity (p < 0.02, n 

= 3). Furthermore, at concentrations of 10ng/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. 
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Figure 5-8: 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  
in Panulirus STNS membrane preparations were measured either in the presence of 10-5M 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. (B) The D1βPan receptor couples with Gs, 
but not Gq or Gi, in Panulirus STNS membranes. G protein activities in Panulirus STNS 
membrane preparations were measured either in the presence of 10-5M 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. (C) The D2αPan receptor couples with Gi, but not Gs or Gq, 
in Panulirus STNS membrane preparations. G protein activities in Panulirus STNS membrane 
preparations were measured either in the presence of 10-5M 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, and the experiment was repeated three times. Thus each data point in panel C 
represents six lobsters. In all, 20 lobsters were used in these experiments (8, panel A + 6, panel B 
+ 6, panel C). Data are represented as the mean + S.E.M. 
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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. Here 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 channels (Dascal 2001). In addition, 

Gβγ subunits are known to directly regulate the synaptic release machinery (Blackmer et al. 



 161

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 (Figure 5-4). 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 (1) 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. 1996a), (2) STNS DA-Rs activate G protein 

cascades that modulate [cAMP]i (Clark and Baro 2006, 2007), and (3) 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 

PLCβ 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 
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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 PKA is 

distinct in the soma (PKA I) and terminals (PKA II), and PKA I is responsible for activating 

nuclear CREB 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 (Clark and Baro 2006, 2007). Interestingly, DA seemed to activate 

Gs to a lesser extent in M. rosenbergii than in other species (Figure 2B). 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 that in HEK cell lines. The D1αPan receptor only 

couples with Gs in HEK cells (Clark and Baro 2006), but Gs and Gq in the 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. 



 

 163

CHAPTER SIX 

 

DA RECEPTOR EXPRESSION IN IDENTIFIED PYLORIC NEURONS 
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Introduction 

 DA reconfigures 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; Ayali and 

Harris-Warrick 1998, 1999; Bucher et al. 2003; Johnson et al. 2005; Szucs et al. 2005). As previously 

stated, many types of voltage dependent ionic conductances are differentially modified by bath 

applied DA (Table 1-1) (Harris-Warrick et al. 1995a; Harris-Warrick et al. 1995b; Kloppenburg et al. 

1999; Kloppenburg et al. 2000; Peck et al. 2001; Johnson et al. 2003; Gruhn et al. 2005; Peck et al. 

2006). The differential modulation of ionic conductances in pyloric neurons plays a key role in 

sculpting cell-type specific responses to DA. 

 The LP and PD neurons represent two pyloric neurons that are differentially modulated by 

DA. DA enhances spiking activity in the LP neuron and causes it to fire earlier in the cycle then 

under control conditions (Eisen and Marder 1984; Flamm and Harris-Warrick 1986a). DA’s 

excitatory effects in the LP are partially due to a decrease in IA, and an increase in Ih and ICa (Harris-

Warrick et al. 1995b; Johnson et al. 2003). In contrast, DA has purely inhibitory effects on the PD 

neuron, which is partially due to an increase in IA, and a decrease in ICa (Kloppenburg et al. 1999; 

Johnson et al. 2003). DA has no effect on Ih in the PD neuron (Peck et al. 2006). The fact that DA 

modulates two currents in opposing directions in these two neurons may suggest a common pathway. 

Interestingly, DA modulation of Ih is not exactly opposite in these two cell types, suggesting that 

perhaps Ih is modulated by a distinct pathway. 

 We have previously shown that dopaminergic responses in the lobster STNS are mediated by 

multiple, highly conserved DARs that signal via G protein transduction cascades. We demonstrated 

that the three known DARs (D1αPan, D1βPan, and D2αPan) are all expressed in the spiny lobster STG and 

are exclusively localized to the synaptic neuropil. Depending on the cellular environment, both type-
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1 and type-2 lobster DARs can produce an increase or a decrease in cAMP. To explain the fact that 

DA has opposite effects on IA and ICa in LP and PD, we hypothesized that the LP and PD neurons 

express DARs that have opposing effects on cAMP (e.g., cAMP is increased via type-1 DARs in the 

LP and decreased via type-2 DARs in the PD). As a first step toward testing this hypothesis, we set 

out to define DAR distribution patterns in LP and PD neurons. 

 We used our previously published single cell RT-PCR protocol (Baro et al. 1996) to 

determine which DAR transcripts are expressed in the PD and LP neurons. We found that the PD 

neuron expresses only D2αPan transcripts (n=5, Baro, unpublished), while the LP neuron expresses 

only D1αPan, and D1βPan transcripts (n=1, Baro, unpublished). Here, we investigate DAR protein 

expression and localization in the LP and PD neurons. We demonstrate that receptor expression 

profiles are cell-type specific, and are consistent with previously described cell-specific, DA-

induced electrophysiological changes. Further, DAR distributions within pyloric neurons are 

regulated such that expression is restricted to putative synaptic terminals. 

 

Materials and Methods 

Immunocytochemistry (ICC) and cell fills 

 The STNS was dissected from the lobster, desheathed, and pinned in a Sylgard-lined 

dish. The STG was desheathed, and the preparation was constantly bathed in Panulirus saline 

(479 mM NaCl, 12.8 mM KCl, 13.7 mM CaCl2, 39 mM Na2SO4, 10 mM MgSO4, 2 mM glucose, 

4.99 mM HEPES, 5 mM TES; pH 7.4). Using standard intracellular and extracellular recordings, 

neurons were identified by correlating action potentials from somatic intracellular recordings 

with extracellularly recorded action potentials on identified motor nerves, and by their 

characteristic shape and timing of oscillations (Figure 1-4). Identified neurons were filled with a 

lysine fixable, dextran coupled Texas Red fluorophore that cannot pass through gap junctions 
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(M.W. 10,000; Molecular Probes). This was accomplished by pressure injecting a 1% solution of 

the fluorophore in 0.2 M KCl using 20 msec pulses at 0.05 Hz and 28 psi for 10 min. The 

fluorophore was allowed to diffuse at room temperature for 2-24 hours at room temperature. The 

STG was then fixed in 3.2% paraformaldehyde (in 1X PBST; PBS plus 0.3% Triton X-100) for 

30 minutes at room temperature.  

 Antibodies were used in ICC protocols as previously described (Baro et al. 2000; Clark et 

al. 2004). Following fixation, samples were washed with 8 changes (15 minutes each) of PBST 

at 4°C with continuous shaking. The preparation then received primary antibody (anti- D1αPan, 

D1βPan or D2αPan) plus 5% normal goat serum in PBST. Samples were incubated at 4°C overnight. 

Primary antibody was washed out over 2-8 hours with 8 changes of PBST at 4°C with constant 

shaking. The secondary antibody (goat anti-rabbit IgG conjugated to FITC) was then added, and 

samples were incubated overnight 4°C. Secondary antibody was washed out over 2-8 hours with 

8 changes of PBS at 4°C with constant shaking. Samples were then mounted on poly-L-lysine 

coated coverslips and dehydrated using an ethanol series (2 X 30%, 10 min; 2 X 50%, 10 min; 2 

X 75%, 10 min; 3X 100%, 10 min). Samples were cleared 2 times in xylene (10 min. each), and 

mounted on slides using DPX mounting media. Slides were dried 2-3 days and visualized using 

confocal microscopy. 

 In some experiments, fixed ganglia were imbedded in 40°C warm, 4% low melting point 

agarose (Sigma, St. Louis, MO) in Panulirus saline prior to antibody treatment. Slices (50-70 

µm) were made with a Lancer Series 1000 vibratome (Vibratome, St. Louis, MO) and transferred 

to PBST filled wells. Antibody treatment was performed on the floating agarose sections, as 

described above. 
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Confocal imaging 

 All images were obtained with a Zeiss LSM510 confocal imaging system (Oberkochen, 

Germany). Confocal projections were constructed using the LSM510 Image Examiner or Image 

Browser software (version 4.2.0.121, Zeiss). Color enhancements were performed with Adobe 

Photoshop 7.0 software (Adobe Systems, Mountain View, CA). 

 

3D Reconstruction and analysis of PD neurons 

 To render 3D models of PD neurons, we obtained overlapping confocal stacks (13-17 

stacks per animal) spanning the entire neuron, up to the point where the axon exits the STG via 

the dvn (n=3). Each stack was comprised of 1 µm dorsal to ventral confocal slices. After imaging 

the entire neuron, the stacks were imported into the Neurolucida imaging software package 

(MicroBrightField, Inc.). Neurolucida was used to manually trace the PD neuron, keeping the 

length and diameter of the soma and all traced neurites matched to the actual filled structures. 

Neurolucida compiled volume measurements for each traced structure, and recorded the 3D 

position of each branch origin and ending. These values were then imported into the 

NeuroExplorer software program (MicroBrightField, Inc.), which constructed a morphological 

model of the cell as a composition of cylinders. As neuronal branches were traced, markers were 

placed to indicate the presence or the absence of the D2αPan receptor. We additionally placed 

markers where we observed varicosities at the end of or along neurites, representing putative 

synaptic terminals. The position of any markers that were placed was stored by the Neurolucida 

program, and those 3D values were also imported into the NeuroExplorer program to perform an 

analysis of D2αPan distribution in completed PD tracings. 
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 For comparison of the spatial distribution of neuronal branches for three PD neurons, we 

used 3D Grapher software (version 1.21; RomanLab, Vancouver, BC, Canada). Data for each 

terminal point (obtained from the Neurolucida program, described above) were imported into the 

3D grapher program to generate a 3D plot for all terminals for each of the three PDs. To 

construct figure 6-8, the position where the dvn begins (i.e., the most posterior point of the 

ganglion) was set to zero for three dimensions (X=0, Y=0, Z=0) for each PD. Thus, all X, Y, Z 

values for a given PD terminal are relative to the dvn for the same PD. In this way, we could 

compare PD terminal distributions across three preparations. 

 

Animals 

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

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

and filtered seawater.  All animals were anesthetized by cooling on ice prior to experiments. 

 

Results 

The D2α receptor is transported to putative synaptic sites in the PD neuron 

 There are 3 known DARs that could potentially mediate DA-induced changes in pyloric 

neurons: D1α, D1β, and D2α. We previously found that all of these receptors are expressed in the 

STG, and they each couple with distinct signaling cascades (Clark et al. 2008). We further found 

that the PD neuron expresses only D2αPan transcripts, while the LP neuron expresses only D1αPan, 

and D1βPan transcripts (not shown). To determine whether protein distributions in the PD and LP 

neurons were consistent with our previous RT-PCR studies, we performed 



 

 169

immunocytochemistry (ICC) experiments on STG wholemount preparations containing dye-

filled PD neurons, as described in Materials and Methods. 

 Figure 6-1A shows a monopolar STG neuron. As described in Chapter 5, the single 

process extending from the soma is termed the primary neurite. The primary neurite (1) branches 

in the STG (shown in Figure 6-1) and (2) extends beyond the STG and into the dvn, at which 

point it is termed an axon (not shown in Figure 6-1). A neuron’s processes can be broadly 

classified as large diameter and small diameter. The large and small diameter neuronal processes 

are found in the central core and periphery of the STG, respectively (Figure 5-4A-B). We 

determined D2αPan subcellular distributions within the PD by performing ICC experiments on 

dye-filled PD neurons (n=5). We observed D2αPan immunoreactivity in organelles within the 

soma, likely the ER and Golgi apparatus, and in cytoplasmic transport vesicles in the primary 

neurite (Figure 6-1B). There was no staining in the plasma membrane of the soma or primary 

neurite.  

 The receptor appeared to be transported to some, but not all higher order neurites. The 

arrows in Figure 6-1C indicate neurites without D2αPan. For this figure, we constructed a 

maximum intensity confocal projection of the same PD neuron shown in Figure 6-1B in order to 

detect receptors present in low abundance. At lower intensity, vesicles in the primary neurite 

showed a punctuate distribution as in Figure 6-1B. The staining intensity among higher order 

neurites did not vary according to distance from the soma, and our data suggest that D2αPan 

receptors are differentially transported through PD neurites (see below, and Discussion). 

Whereas D2αPan receptors were clearly in the cytoplasm of higher order processes, careful 

examination of 1 µm optical sections throughout a neuron suggested that they were not in the 

plasma membrane of these processes (n=3 neurons). 
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 The D2αPan receptor was localized to the plasma membrane of varicosities and/or neurites 

less than 2µm in diameter. These regions could represent synaptic structures. Synaptic contacts 

within the STG are found at specialized swellings along neural processes and at the terminals of 

fine neurites (King 1976b, a; Kilman and Marder 1996). Synaptic structures are bulbous with 

diameters of 3-10 μm. As diagrammed in Figure 6-1D, a single synaptic structure contains both 

pre- and post-synaptic elements. Electron microscopy studies showed that a single varicosity 

contains multiple presynaptic release sites, while postsynaptic elements are housed within 

fingerlike projections extending from the presynaptic varicosity (King 1976a). These projections 

can be less than 1 μm in diameter. At low magnification, we observed patches of D2αPan 

immunoreactivity in several putative synaptic varicosities (e.g. arrowheads in Figure 6-1C). 

Higher magnification images taken from deep within the synaptic neuropil also revealed dense 

D2αPan staining in the varicosities of PD neurons (arrowheads in Figure 6-1E, n=5 ganglia), as 

well as in unidentified neurons (green staining in Figure 6-1E). It is not clear if the receptor is 

located in the pre- and/or post-synaptic compartments, or if it is in the membrane or the cytosol 

of these varicosities. To further examine D2αPan distribution in putative synaptic terminals, we 

obtained high magnification images of clusters of PD varicosities (n=3 neurons). Figure 6-1F 

shows a 4 μm confocal projection of one such cluster. D2αPan receptors appear to be localized to 

the plasma membrane in some varicosities. In this image, the cytoplasmic ridge seen in Figures 

6-1C and 6-1E is absent, and receptor staining is not concentrated toward the center of the 

varicosities. Rather, immunoreactivity is seen in dense patches along the periphery, and in some 

cases, toward one side of a given varicosity. At this magnification, we also observed tufts of 

green on some varicosities (arrows in Figure 6-1F). As the antibody used in our ICC experiments  
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Figure 6-1: D2α expression in the PD neuron (n=5). (A) Drawing of a monopolar STG neuron. 
A single primary process gives rise to large diameter neurites in the central, coarse neuropil (CN) 
of the ganglion. Fine neurites (FN) and synapses are in the outer, fine neuropil. The primary 
neurite leaves the STG posteriorly, via the dvn. (B) Merged confocal slice (1μm) of a PD neuron 
filled with texas red. Yellow staining indicates D2α expression in the soma and primary neurite. 
(C) 34μm merged confocal projection of the same PD as in A. D2α receptors are in cytoplasmic 
transport vesicles in the primary neurite, and some higher order neurites. Arrows indicate 
neurites lacking the receptor. Arrowheads show D2α in putative synaptic terminals. (D) STG 
synaptic terminal drawn to scale. The bulbous structure contains multiple presynaptic release 
sites. A fingerlike projection extending from the bulb houses 2 postsynaptic contacts. (E) 29μm 
merged confocal projection from deep within the synaptic neuropil shows a single tertiary and 
higher order neurites. Arrowheads as in C. Green staining shows D2α in unidentified neurons. (F) 
High magnification 4 μm projection from synaptic neuropil showing a cluster of putative PD 
terminals, some of which contain D2α. Fingerlike processes extend from the bulbous structure 
(arrowheads). 
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Figure 6-2: D1αPan is not expressed in the PD neuron. PD neurons were filled with texas red, 
then processed for ICC using anti-D1αPan (n=3). Green staining shows D1αPan in unidentified 
neurons (arrows in all panels). (A) Merged confocal projection (22µm) showing the PD soma 
and neurites. (B) 10µm merged confocal projection of another filled PD neuron. Primary neurite 
is indicated. (C) Merged confocal projection (35µm) from deep within the neuropil. (D) High 
magnification 5µm projection from synaptic neuropil showing a cluster of putative PD terminals. 
Fingerlike processes extend from the bulbous structure (arrowheads). 
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Figure 6-3: D1βPan is not expressed in the PD neuron. PD neurons were filled with texas red, 
then processed for ICC using anti-D1βPan (n=3). In all panels, green staining shows D1βPan in 
unidentified neurons (arrows in all panels). (A) Merged confocal projection (16µm) shows the 
PD soma and primary neurite. (B) 30µm merged confocal projection of the same PD as in A. (C) 
Merged confocal projection (30µm) from deep within the neuropil. (D) High magnification 6µm 
projection from synaptic neuropil showing a cluster of putative PD terminals. Fingerlike 
processes extend from the bulbous structure (arrowheads). 
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recognizes extracellular epitopes, this staining may underscore the extracellular localization of 

the protein and further imply that D2αPan receptors are inserted into the synaptic membrane.  

Arrowheads in this figure indicate the finger-like putative postsynaptic structures described by 

King (1976a) (Figure 6-1D). Unfortunately, we cannot confirm if D2αPan is localized to pre- 

and/or postsynaptic sites without performing electron microscopy. 

 We tested for D1αPan immunoreactivity in the PD neuron (n=3). Figure 6-2 shows 

confocal images of a filled PD neuron that was processed for ICC using the D1αPan antibody. We 

observed no D1αPan staining in the soma or primary neurite (Figure 6-2A-B) or in fine neurites 

(Figure 6-2B-C), though green staining in these images shows D1αPan immunoreactivity in 

unidentified neurons (arrows in Figure 6-2). High magnification images taken from deep within 

the neuropil show that D1αPan receptor staining is absent in putative PD terminals (Figure 6-2D). 

Thus, consistent with the results of the single cell RT-PCR experiments, it appears that the PD 

neuron does not express the D1αPan protein. 

 We also tested for expression of the D1βPan receptor in PD neurons. Figure 6-3 shows 

filled PD neurons that were imaged after performing ICC experiments using the D1βPan antibody 

(n=3). The receptor is not present in the soma or primary neurite (Figure 6-3:A-B), neuronal 

branches (Figure 6-3:B-C), or putative synaptic terminals (Figure 6-3:D). Thus, the PD neuron 

expresses the D2αPan, but not the D1αPan or D1βPan receptors. 

 

The LP neuron expresses D1α and D1β receptors at putative synaptic terminals 

 We next examined receptor expression patterns in the LP neuron using the same methods 

as described above for the PD. Figure 6-4 shows a filled LP neuron that was processed for ICC 

using an antibody against the D1αPan receptor (n=3). We did not identify receptor staining in the 



 

 175

soma or larger order branches of the LP neuron. However, we did observe D1αPan 

immunoreactivity in several putative synaptic terminals (Figure 6-4A-C, arrows indicate D1αPan 

staining in putative terminals). A high magnification image shows D1αPan immunoreactivity in 

dense patches near the edge of varicosities, and green tufts are visible on some of these patches 

(Figure 6-4D). Thus, the LP neuron expresses the D1αPan receptor at putative synaptic terminals.  

 D1βPan immunoreactivity in the LP neuron is shown in Figure 6-5 (n=3). The staining 

pattern is similar to that of the D1αPan antibody (Figure 6-4). D1βPan immunoreactivity is absent 

from the soma or larger order branches of the LP neuron (Figure 6-5A-B), but dense staining is 

evident in several putative synaptic terminals at low (Figure 6-5C) and high (Figure 6-5D) 

magnification. The high magnification image (Figure 6-5D) shows that D1βPan staining occurs in 

patches toward the edges of LP varicosities. We did not observe green tufts on the edge of the 

varicosities, which is consistent with the fact that this antibody recognizes an intracellular 

epitope. Together, the data suggest that the LP neuron expresses D1βPan in putative synaptic 

terminals. 

 Interestingly, the D1 antibodies did not recognize receptors in organelles and transport 

vesicles as did the D2 antibody. Differences are not unexpected because all three antibodies were 

generated against different regions of the receptors, and one vs. two peptide antigens was used to 

produce the D1 vs. D2 antibodies. Perhaps the epitopes used to generate the D1 antibodies were 

inaccessible during receptor transport. Alternatively, the receptors may be in a highly diffuse 

state during transport and only detectable when concentrated in the terminals. 

 Figure 6-6 shows images of LP neurons that were tested for D2αPan expression. We 

observed no D2αPan immunoreactivity in the LP neuron (Figure 6-6A-C, n=3). High 

magnification images of a cluster of LP varicosities confirm that the D2αPan receptor is absent 
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from putative synaptic terminals in the LP (Figure 6-6D), though receptor immunoreactivity was 

observed in terminals of unidentified neurons (arrows in all panels). Collectively, these data 

show that in Panulirus interruptus, the LP neuron expresses D1αPan and D1βPan, but not D2αPan 

receptors. 

 

3D renderings of the PD neuron 

 Our ICC results revealed that D2αPan expression is not homogenous within the PD neuron, 

and functional receptors are most likely localized to synaptic terminals (Figure 6-1). These 

findings led us to further explore D2αPan distribution in the PD. To this end, we rendered 3D 

models of dye-filled PD neurons that were stained with anti-D2αPan.We imported confocal images 

(for examples, see Figure 6-1) into a software program (Neurolucida, MicroBrightField, Inc.) 

that enabled us to manually trace a filled neuron. The program calculated the three dimensional 

position of each point traced along the neuron based on an original reference location, so that an 

accurate 3D representation was created. We designated a hierarchical branch order based on 

point of origin: secondary branches arose from a single primary neurite, which emerged from the 

soma and left the STG posteriorly. Secondary branches gave rise solely to tertiary branches, 

which then gave rise to quaternary, and so on. Similar to Bucher et al. (2007), we observed cases 

where two secondary branches emerged from the primary neurite at an enlarged region 

containing multiple nodes. These were less extensive than the “hand-like” branching structure, 

described in Homarus americanus (Bucher et al. 2007), however, and we were able to clearly 

identify the branch origin point for all secondaries. The origin and ending of the finest neurites 

(< 1 μm diameter) was not always obvious. In all cases, branches were only traced if the origin
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Figure 6-4: D1αPan expression in the LP neuron. LP neurons were filled with texas red, then 
processed for ICC using anti-D1αPan (n=3). Yellow staining shows D1αPan expression within the 
neuron. In A-C, green staining shows D1αPan in unidentified neurons.Clusters of putative 
terminals expressing the receptor are indicated by arrows in all panels. (A) Merged confocal 
projection (50µm) showing the LP soma and neurites. (B) 8µm merged confocal projection of 
another filled LP neuron. Primary neurite is indicated. (C) Merged confocal projection (36µm) of 
the same LP shown in A. Image is from deep within the neuropil. (D) High magnification 6µm 
projection from synaptic neuropil showing a cluster of putative LP terminals. 
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Figure 6-5: D1βPan expression in the LP neuron. LP neurons were filled with texas red, then 
processed for ICC using anti-D1βPan (n=3). Yellow staining shows D1βPan expression within the 
neuron. Clusters of putative terminals expressing the receptor are indicated by arrows in all 
panels. (A) Merged confocal projection (60µm) showing the LP soma and primary neurite. (B) 
26µm merged confocal projection of another filled LP neuron. (C) Merged confocal projection 
(30µm) of the same LP shown in A. Image is from deep within the neuropil. (D) High 
magnification 5µm projection from synaptic neuropil showing a cluster of putative LP terminals. 
In A-C, green staining shows D1βPan in unidentified neurons. 
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Figure 6-6: D2αPan is not expressed in the LP neuron. LP neurons were filled with texas red, 
then processed for ICC using anti-D2αPan (n=3). In A-C, green staining shows D2αPan in 
unidentified neurons (arrows). (A) Merged confocal projection (40µm) showing the LP soma and 
neurites. (B) 10µm merged confocal projection of another filled LP neuron. Primary neurite is 
indicated. (C) Merged confocal projection (48µm) of the same LP shown in A. Image is from 
deep within the neuropil. (D) High magnification 4µm projection from synaptic neuropil 
showing a cluster of putative LP terminals. Fingerlike processes extend from the bulbous 
structure (arrowheads). 
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and ending were clear. Questionable neurites were either left untraced or were traced as far as 

they could be seen. A comparison of volumes obtained with confocal imaging (calculated using 

Zeiss LSM510 software) versus those obtained with the tracing software (Neurolucida) suggests 

that we traced 87-94% of a given neuron (Table 6-1). 

 Figure 6-7 shows completed traces of PD neurons from 3 animals. The primary neurite 

was traced to the point where it exited the STG at the posterior end of the ganglion, via the dvn. 

The length and trajectory of the primary neurite varied among three PDs, possibly due to the 

position of the soma (Table 6-1). For example, the PD soma in the top panel of Figure 6-7 is 

situated centrally, and the primary neurite makes a short loop toward the anterior end of the 

ganglion before crossing toward the posterior end. The PD soma in the middle panel is near the 

posterior end of the ganglion, thus the primary neurite projects toward the anterior end of the 

ganglion before looping around and exiting at the posterior end. In the bottom panel, the soma is 

located anteriorly, and the neurite twists twice, then projects directly across to exit the STG 

posteriorly. 

 Each PD neuron had 9-10 secondary branches arising from the primary neurite. We 

designated a secondary branch plus all branches stemming from that secondary as a secondary 

branch cluster. Each secondary branch cluster is shown in a different color, where the color 

indicates the order in which the secondary branched from the primary neurite. For example, in all 

3 PDs, the red cluster is the first secondary to emerge from the primary neurite; thus, it is closest 

to the soma (Figure 6-7). We used a 3-D graphing software to analyze the terminal fields for 

each secondary cluster. Since all 3 tracings end at the point where the primary neurite leaves the 

STG via the dvn, this location was set to zero in all 3 dimensions (x, y, z) for each of the 3 PD  
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Table 6-1: PD neuron volumes 

 Volume of 3D 
tracing (μm3) 

Confocal volume 
(μm3) 

% 
traced 

Length of primary 
neurite (μm) 

PD-1 3.7 x 105 4.1 x 105 89% 766.2 

PD-2 4.7 x 105 5.5 x 105 87% 1167.4 

PD-3 4.1 x 105 4.4 x 105 94% 1015.1 
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Figure 6-7: 3D renderings of a PD neuron from three different animals. In all panels: left = 
anterior, right = posterior. Secondary branch clusters are color coded according to the order they 
emerged from the primary neurite: red=1st, orange=2nd, yellow=3rd, bright green=4th, pink=5th, 
dark green=6th, purple=7th, teal=8th, light blue=9th. The top PD has a 10th secondary branch 
(grey). Secondary branches were detached from the primary neurite to construct this figure, but 
were not moved. 
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neurons. Using this method, the position of any branch terminal relative to the dvn could be 

calculated. Figure 6-8 shows scatter plots generated for each of the three PD tracings. Each 

branch terminal is represented in the 3D space as a circle of the color corresponding to the 

appropriate cluster. For example, the yellow cluster from PD-1 has a total of 46 branch terminals, 

which are represented by 46 yellow circles on the graph in panel A. These figures show that the 

terminal fields for all clusters are largely non-overlapping, and further, that the terminals of a 

given cluster are restricted to a portion of the STG. 

 To facilitate interpretation of the 3D tracings, we detached secondary branch clusters and 

ordered them in Figure 6-9. A given cluster showed extensive arborization, with branches 

extending to the 13th-16th branch order (Figure 6-9, Table 6-2). As branches were traced, markers 

were placed to indicate synaptic varicosities. These markers appear as pale blue circles in figure 

6-9. Putative synaptic varicosities were found on all branch orders, with the exception of the 

primary neurite. In some cases, a single neurite contained multiple varicosities, which were most 

often clustered in one region of the branch. In accordance with previous reports, varicosities 

appeared along neurites that continued to arborize (King 1976a; Marder and Bucher 2007), but in 

most cases, varicosities were seen at or near the end of the neurite. As shown in Table 6-2, the 

number of varicosities per branch increased with increasing branch order. 

 

Mapping D2α in the PD neuron 

 Having identified general anatomical similarities and differences among the PD neurons, 

we next sought to define D2αPan subcellular distributions. We placed markers to indicate the 

presence (orange triangles, Figure 6-9) or absence (red crosses, Figure 6-9) of D2αPan 

immunoreactivity within a branch or varicosity as the neurons were traced. In all cases, D2αPan  
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Figure 6-8: PD terminals are largely non-overlapping and restricted within the STG. PD 
terminals are shown in three dimensional space relative to the dvn. Each circle corresponds to a 
single terminal. The color of a terminal corresponds to the color of the secondary branch cluster 
from which it emerged. The corresponding PD tracing for each plot is shown as an inset. (A) PD-
1; (B) PD-2 (C) PD-3. 



 

 185

 

 
 
 
 
 
 
 
 
 
 
Table 6-2: Average values for 3 PDs 
* values are exclusively from PD-1, as PD-2 and PD-3 did not have branches above the 13th 
order. 
 

Branch 
order 

mean # of 
branches 

(n=3) 

mean % of 
branches with 
D2αPan  (n=3) 

mean # of 
varicosities per 
branch (n=3) 

% of varicosities 
with D2αPan 

(n=3) 
2 9 + 0.3 97 + 3 0.04 + 0.04 33 + 33 
3 24 + 3.9 79 + 5 0.25 + 0.10 75 + 13 
4 56 + 7.2 65 + 5 0.48 + 0.18 54 + 12 
5    110 + 7.4 55 + 5 0.52 + 0.15 44 + 4 
6 175 + 17.7 45 + 5 0.64 + 0.06 42 + 2 
7 211 + 21.0 42 + 5 0.65 + 0.06 38 + 5 
8 195 + 33.0 37 + 5 0.67 + 0.03 40 + 3 
9 162 + 35.4 40 + 4 0.67 + 0.06 35 + 3 
10 113 + 19.5 32 + 4 0.71 + 0.10 34 + 4 
11 61 + 6.2 32 + 8 0.80 + 0.01 43 + 12 
12 32 + 4.9   25 + 11 0.79 + 0.07 24 + 7 
13 16 + 0.3   58 + 17 0.96 + 0.05 43 + 11 
14 10* 40*  38* 
15 4* 50*  67* 
16 3* 100*  100* 
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Figure 6-9: D2αPan distribution in PD neurites. Ordered clusters for 3 PDs are shown. Upper 
right corners of each panel list (1) the percentage of varicosities with D2αPan and (2) the distance 
between the soma and the point on the primary process from which the secondary emerges. 
Markers: ● = varicosity; ▲ = branch or varicosity with D2αPan; X = branch or varicosity without 
D2αPan. Note that some ▲ or X may not be visible, as they are behind the ●. 
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staining in a branch occurred only when it was also observed in the branches from which it 

originated. For example, a marker indicating the absence of D2αPan in a branch or varicosity is 

never followed by a marker indicating the presence of the receptor in the next branch order 

(Figure 6-9; see PD3, cluster 4 for clearest example). Our markers did not discriminate between 

D2αPan staining in the cytoplasm versus the membrane; however, as mentioned above, confocal 

stacks were inspected to determine receptor distributions, and there was no obvious staining in 

the membrane of large diameter neuronal branches, nor was there evidence for receptor 

expression the somatic membrane. Instead, the D2αPan receptors were located exclusively in the 

terminal/varicosity plasma membrane.  

 D2αPan receptors were non-uniformly distributed. This is emphasized in Figure 6-9 where, 

for each secondary branch cluster, the percentage of varicosities containing D2αPan receptors is 

indicated in the upper right-hand corner of each panel. The fraction of D2αPan containing 

varicosities did not vary according to branch order (Table 6-2), and ranged from 0-96% for a 

given secondary branch cluster (compare values in individual panels, Figure 6-9). Interestingly, 

in two of the PDs, one secondary branch cluster completely lacked D2αPan in the varicosities 

(Figure 6-9: PD1, teal cluster 8; PD2, yellow cluster 3). In the 3rd PD, the secondary branch 

giving rise to cluster 5 (Figure 6-9: PD3, pink cluster) immediately split into two tertiary 

processes, and D2αPan receptors were associated with only one of the two branches. As seen in 

Figure 6-8, the terminal fields of these secondary branch clusters were not located in same region 

of the STG (compare location of teal, yellow and pink circles in A, B and C, respectively). The 

function of this feature (i.e., lack of receptors on one entire branch) is not clear. 

 On average, D2αPan expression was limited to 40+3% of the total number of PD 

varicosities (n=3). These data are consistent with previous imaging and electrophysiological 
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studies, which showed that DA had an effect on depolarization induced changes in [Ca2+] at 

roughly half of the PD varicosities (Kloppenburg et al. 2000). Nevertheless, we performed 

control experiments to show that this was not an artifact of poor antibody penetration. For these 

controls, we identified and filled a PD neuron, embedded the STG in agarose, obtained 70 μm 

sections and performed the ICC experiments on the sectioned ganglion. The logic was that 

penetration should not be an issue in these thinner slices. Figure 6-10 shows D2αPan 

immunoreactivity in a PD neuron that was filled with texas red, then sliced prior to performing 

ICC. We did not observe D2αPan staining in the membrane of the soma or large diameter 

processes using this technique, and D2αPan staining intensity was consistent throughout the 

synaptic neuropil. Moreover, we counted the number of terminals in this slice, and determined 

that roughly 35% were immunopositive for D2αPan (n=1). We are currently repeating these 

experiments to increase the sample number. 

 

DISCUSSION 

 The electrophysiological effects of DA in the LP and PD neurons have been well 

characterized, but until my dissertation work, nothing was known about the signal transduction 

cascades operating in pyloric neurons. Here, I show that LP and PD differentially express DARs 

that couple with G proteins that regulate [cAMP] in opposing directions. The LP neuron 

expresses D1αPan and D1βPan, which couple with Gs and Gq, or Gs, respectively. The PD neuron 

expresses D2αPan receptors, which couple with Gi/o. This suggests that some of the opposing 

effects of DA on these two cell types could be mediated by cAMP. DAR expression in these 

neurons is restricted to the cell membrane encompassing varicosities and/or terminals in the 

synaptic neuropil. Further, receptors are differentially expressed at terminals. This work 
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6-10: D2αPan is expressed at a percentage of PD terminals. Figure shows a 50µm merged 
confocal projection of a PD neuron that was sectioned prior to performing ICC with anti-D2αPan. 
Confocal slices used for this projection were obtained from the fine neuropil.  
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represents the first description of receptor expression profiles in any crustacean system. When 

considered in light of existing data, our results imply that remote receptors can differentially 

regulate local activity in PD terminals as well as generate a global signal to modulate ion 

channels located in the soma. 

 

Implications of DAR distribution patterns: local versus global signals 

 Our data show that DARs are targeted exclusively to terminals and varicosities. This 

subcellular distribution pattern has important implications for receptor signaling when 

considered together with previously described dopaminergic effects and modes of transmission. 

Specifically, it suggests that DARs can produce both local and global signals. This is in keeping 

with a rapidly growing cell biology literature indicating that GPCRs can simultaneously generate 

a large, rapid local signal that is chiefly restricted to the membrane, as well as a small, sustained 

global signal that diffuses to distal compartments in the cell (Figure 1-8). First we consider the 

local signal. 

 DA transmission via modulatory inputs to the STG may be synaptic or paracrine. If the 

inputs are synaptic, and assuming reuptake mechanisms are rapid, then DA would generate a 

large, rapid, transient change in second messengers in the terminals where D2αPan receptors are 

expressed (e.g., Figure 1-8, trace 1). This, in turn, would cause momentary changes in local 

signal transduction cascades to alter target protein function in only a fraction of the terminals. 

We can only speculate as to what transduction cascades mediate the local signals. D2αPan 

receptors in the PD activate Gαi/o to decrease cAMP (Chapter 5). Thus, the activity of PKA and 

exchange proteins activated by cAMP (Epacs) may be restricted, and the fraction of open cyclic 

nucleotide sensitive channels could be reduced in PD. The opposite would be true for the LP 
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because it contains D1 receptors, which activate Gs to increase cAMP. In addition, D1αPan 

receptors may also couple with Gq to alter local [Ca++] and thus the activity of local Ca++-

binding proteins. GPCRs signal via subunits other than Gα. For example, we and others have 

shown that Gβγ may also target PLCβ to alter Ca++ and/or cAMP  (Hernandez-Lopez et al. 

2000). In addition, βγ subunits may act directly to alter ion channel function (Logothetis et al. 

1987) or the vesicle release machinery, and thereby synaptic transmission (Blackmer et al. 2005). 

Finally, DARs themselves can physically interact with effectors such as ion channels (Liu et al. 

2000; Lee and Liu 2004; Pei et al. 2004; Zou et al. 2005). Again, we emphasize that terminals 

lacking the receptor would not experience these types of changes. Thus, synaptic DA can have 

local effects. The situation is even further complicated in the LP where a terminal can have one 

of four types of receptor arrangements (D1α, D1β, both, or neither). 

 On the other hand, DA may also reach the PD neuron as a circulating hormone, or 

through paracrine release from modulatory inputs. Hormonal concentrations of DA are several 

orders of magnitude lower than those at modulatory release sites (Fort et al. 2004; Fort et al. 

2007). Further, the effects of hormonal DA should be continuous given that DA reuptake 

mechanisms are usually localized to synaptic regions (Iversen 2006). The distributed nature of 

D2αPan receptors in the PD neuron suggests that hormonal DA could synchronously modulate 

multiple distant compartments. This type of slow transmission most likely generates global 

signals throughout the cell (Figure 1-8, trace 2). 

 The idea that hormonal DA produces global changes is substantiated by the fact that 

constant bath application of DA alters somatic ion channels in all pyloric neurons. It is easy to 

understand how DA might generate a global signal in the LP neuron, because we postulate that 

D1 receptors appear to increase cAMP, and a neuromodulatory-induced increase in cAMP 



 

 195

diffuses from the fine neurites to the soma (Hempel et al. 1996). It is less clear how a D2αPan 

receptor mediated decrease in cAMP could produce a diffusible signal in the PD neuron. One 

possibility is that cAMP constantly diffuses toward the soma due to compartmentalized somatic 

PDEs that act as a “sink” to drain the second messenger from discrete locations (Terrin et al. 

2006). A D2αPan mediated decrease in cAMP at the terminals would then automatically cause a 

decrease in cAMP diffusing to the soma and thereby lower somatic [cAMP]. Another possibility 

is that Ca++ is the diffusible second messenger. D2 receptors activate PLCβ via Gβγ subunits, 

which in some cases triggers the mobilization of intracellular Ca++ stores (Hernandez-Lopez et al. 

2000). 

 DARs exist in multiprotein complexes (Hall and Lefkowitz 2002), and the complexes 

producing local vs. global signals may be distinct. Perhaps neuromodulatory (local) vs. hormonal 

(global) receptor complexes maintain the receptor in a low vs. high affinity conformational state, 

respectively. Complexes could also differ with regard to the number and/or type of signaling 

terminating molecules (Nikolaev et al. 2006; Rochais et al. 2006). Neuromodulatory complexes 

may contain signal terminating molecules (i.e., PDEs) and produce transient, non-diffusible 

signals. Neurohormonal complexes, on the other hand, may lack signal terminating molecules, 

and generate sustained, diffusible signals. The second messenger that is modified in each type of 

cascade could also vary depending on the colocalization of PLCβ (changes in Ca++) and AC 

(changes in cAMP), as could the final targets (e.g., ion channels, pumps, etc.). 

 

Mechanisms by which DAR signals could modulate ion channel activity in pyloric neurons 

 IA is expressed in the somatodendritic membrane of pyloric neurons (i.e., in the soma as 

well as in the neuropil) (Baro et al. 2000). A-channels localized to terminals may receive local 
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DA signals, but channels located in the soma must receive a global signal generated by remote 

DARs in the terminals. Since DA alters somatic channels within seconds, and since protein 

diffusion should be relatively restricted due to size considerations, it is most likely that second 

messengers and not proteins carry the global signal. This appears to be the case for Aplysia 

where distinct types of PKA are found in the soma and terminals. Application of neuromodulator 

at the terminals produces somatic changes that are mediated exclusively by the somatic form of 

PKA (Liu et al. 2004). 

 DA decreases and increases the amplitudes of the somatic IA in LP (Harris-Warrick et al. 

1995b) and PD (Kloppenburg et al. 1999) neurons, respectively. The most parsimonious 

explanation of this differential modulation is that opposing global signals are generated in LP 

(via D1Rs) versus PD (via D2αPan). If the traditional DAR signaling cascades are maintained in 

LP and PD, cAMP levels will be altered in opposing directions in the two cells upon DAR 

activation. In the LP, a Gs-mediated increase in cAMP may lead to PKA activation, while in the 

PD, a Gi/o-mediated decrease in cAMP should decrease PKA activity. Alternately, as mentioned 

above, the diffusible signal in the PD neuron may be Ca++. An increase in Ca++ may stimulate 

protein phosphatase 2B (PP2B, calcineurin), as is the case for D2 receptors in mammalian striatal 

neurons (Hernandez-Lopez et al. 2000). Since PP2B is a serine-threonine phosphatase, and PKA 

is a serine-threonine kinase, activation of PP2B would have the same effect as decreased PKA 

activity. 

 DA increases ICa in the LP neuron and decreases ICa in the PD (Kloppenburg et al. 1999; 

Johnson et al. 2003). Unlike IA, ICa is expressed in the neuropil, but not in the soma (Graubard and 

Hartline 1991). Voltage sensitive Ca++ channels are localized to putative synaptic varicosities in the 

PD neuron (Kloppenburg et al. 2000). We predict that DARs produce opposing changes in ICa by 

differentially regulating cAMP in the terminals. Regulation of Ca++ channels is most likely local, as 
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Kloppenburg et al. have shown that DA application alters Ca++ concentration in only ~50% of 

varicosities in PD, (Kloppenburg et al. 2000) and LP neurons (Kloppenburg et al. 2007). 

 The effect of DA on Ih is less easy to understand in terms of the underlying transduction 

cascades in LP and PD. DA increases Ih in the LP neuron (Harris-Warrick et al. 1995b) and has no 

effect on Ih in the PD cell (Peck et al. 2006). Ih is a small current, most likely expressed in the 

neuropil, but not the somata of pyloric neurons (Peck et al. 2006). Since Ih is larger in LP than PD 

(Harris-Warrick et al. 1995b; Peck et al. 2006), it is possible that DA-induced changes in Ih are not 

readily detected in TEVC recordings measured in the PD soma. Alternatively, Ih localization may be 

different in LP versus PD. Ih may be localized to terminals containing D1 receptors in LP so that it 

can be regulated by local transduction cascades. On the other hand, the PD neuron may not co-

express Ih and D2αPan in the same terminal, and local transduction cascades may have no effect on Ih. 

Another possibility is that Ih is modulated by a Gq-mediated cascade in LP, and there is no parallel 

cascade in the PD cell. 

 Lobster DARs display a high degree of structural and functional conservation with their 

mammalian homologs, but we do not know to what extent DAR cascades are conserved with 

regard to downstream components and effectors. ICa and IA are modulated similarly in the PD 

neuron and D2-expressing medium spiny neurons (Hernandez-Lopez et al. 2000; Perez et al. 

2006). D1 receptors are known to decrease IA and increase ICa in LP and multiple mammalian 

neurons (Hernandez-Lopez et al. 1997; Dong and White 2003; Hopf et al. 2003). In general, D1 

and D2 receptors are thought to increase and decrease cell excitability, respectively. Thus, it is 

possible that some signaling modules have been conserved throughout evolution, from the 

receptor to the target. However, there will always be exceptions to the rule, and a more complete 

characterization of the signaling cascades is required before drawing firm conclusions. 
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Relationship between terminal distribution and DA induced changes in synaptic efficacy 

 The D2αPan receptor was found at 40%+3% of the PD terminals, and D1 receptors in LP 

were also found at a subset of terminals. However, it is difficult to interpret these findings with 

regard to DA induced changes in synaptic transmission without additional experiments. For 

example, DA reduces graded transmission at all PD output synapses (Johnson and Harris-

Warrick 1990), but this does not necessarily mean that D2αPan receptors are located at all PD-LP, 

LP-PD, PD-PY and PD-IC synapses (see Figure 1-6). DA-induced synaptic changes were 

measured from the soma, and could reflect global changes in input resistance rather than 

localization of receptors to PD synapses. Moreover, Bucher at al. (2007) recently found that not 

all terminals of STG neurons contain chemical synapses. Thus, in one scenario D2αPan receptors 

could be localized to all synapses. Alternatively, at the opposite extreme, all D2αPan receptor 

complexes may be designed for hormone or paracrine input and reside exclusively on terminals 

without synapses. Similar scenarios could describe the situation for D1 receptors in the LP. 

Additional experiments involving electron microscopy and two filled neurons are needed to 

further resolve receptor localization and function. 

 

PD branching within the STG 

 Our 3D renderings of the PD neuron produced notable results. Consistent with previous 

studies (Wilensky et al. 2003) we observed a clear segregation of PD neurites within the STG 

neuropil (Figures 6-7 and 6-8). No secondary cluster covered the entire ganglion, and there was 

little overlap among secondary clusters. Thus, while PD terminals are broadly distributed 

throughout the STG, inputs are regionally segregated to specific secondary branch clusters. 
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Unlike previous reports (Wilensky et al. 2003), we did not find that a given branch 

consistently arborized within a specific region of the STG. We found that in any given animal, 

regions of the neuropil were innervated by particular subsets of PD terminals, but the secondary 

branch cluster innervating a given region was not consistent from animal to animal. Since 

Wilensky et al. (2003) examined the branching pattern of the VD neuron, which has a distinct 

morphology from that of the PD neuron in that it gives rise to two axons, the discrepancy may 

reflect cell type differences in the spatial segregation of neuronal branches. It could also be the 

case that branching patterns for a given neuron are species-specific, as the former study was 

performed in the crab, Cancer borealis. 
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CHAPTER SEVEN 

GENERAL DISCUSSION 

 

 

Evolutionary conservation of monoaminergic transduction cascades 

Comparison of functional domains 

The transmembrane domains of monoaminergic receptors cloned from Panulirus 

interruptus display high homology to their arthropod and mammalian homologs at the level of 

the DNA sequence. Further, key functional domains involved in G protein coupling and receptor 

activation are highly conserved across species. Consistent with the distinct pharmacological 

profiles reported for vertebrate versus invertebrate receptors (Tierney 2001; Mustard et al. 2005), 

amino acids involved in binding natural ligands (e.g. monoamines) are also highly conserved, 

while those involved in binding synthetic ligands are not. 

In contrast to most other functional domains, the DRY motif, which is involved in 

receptor activation and is highly conserved among all monoamine receptors, is altered to DRF in 

the 5HT2βPan receptor. Our work shows that this evolutionary alteration leads to constitutive 

activity in HEK cells, but whether this receptor displays agonist-independent activity in vivo is 

unknown. One might speculate that the mutation is somehow associated with the fact that all 5-

HT transmission in the Panulirus STG is hormonal. Interestingly, the crayfish homolog of this 

receptor also contains a DRF motif. Crayfish sensory neurons contain 5-HT (Tierney et al. 

1999), but these neurons may release the transmitter in a paracrine fashion (Katz and Harris-

Warrick 1990)  In any event, the 5HT2βPan receptor is most likely expressed in other regions of 
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the nervous system where 5-HT transmission is synaptic, making it less likely that this change is 

related to mode of transmission. Thus, the function of the Y/F transition is unclear at this time.  

 

Signaling properties 

Given the high degree of structural conservation among receptor homologs, it is not 

surprising that the classical G protein couplings for a given receptor are completely conserved 

across species. Indeed, when expressed in a mammalian cell line, the lobster receptors behave 

exactly like their mammalian counterparts. Furthermore, a single receptor can initiate multiple 

cascades, and the predominant signaling cascade can vary with the cellular milieu. Thus, our 

results on lobster receptors support the well-established concept that GPCR transduction 

cascades are largely influenced by the cellular environment. My characterization of crustacean 

monoamine receptors will provide a strong framework for future investigations on the molecular 

and cellular underpinnings of neuromodulation of CPGs. The recent identification of 

pharmacological profiles for crustacean 5-HT receptors (Spitzer et al. 2008) and the use of 

pharmacological agents to delineate the components of the 5-HT response system controlling 

network cycle frequency (Spitzer, in revision) were built upon my studies. These tools can be 

used in the future to study other 5-HT-mediated effects including aggression (Kravitz 2000) and 

social status (Edwards et al. 1999), in addition to motor pattern generation. 

Surprisingly, our results indicate that a given receptor can produce opposite intracellular 

responses. For example, D1βPan couples with Gs and Gz proteins and may therefore produce an 

increase or a decrease in cAMP. Similarly, the D2αPan receptor can signal via Gαi and Gβγ to 

produce an increase or decrease in cAMP, respectively. What is the functional significance of 

producing opposing responses? In the case of the mammalian D5 receptor, which like D1βPan 
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couples to Gs and Gz, Gz activation may be secondary to Gs activation (Sidhu 1998). Since the 

rate of nucleotide exchange is much faster for Gs than for Gz (Fields and Casey 1997), the Gz 

response could serve to dampen an initial Gs response, thus preventing large changes in cAMP. 

Alternately, D5 may be preferentially localized in brain regions where it has only an inhibitory 

effect due to co-localization with Gz and/or specific AC subtypes (Sidhu 1998). Similarly, the 

cascades may be spatially segregated within the cell so that their effects are highly localized and 

non-interacting. Of course there is no Gz protein in crustaceans. Nevertheless, future studies on 

receptor couplings in identified neurons may yield important insights into the functional 

significance of multiple and seemingly paradoxical G protein couplings.  

 

Monoamine receptor localization in the STG 

Cells show unique receptor expression profiles. 

 Zhang and Harris-Warrick (1994) predicted that pyloric cells should show unique 5-HT 

receptor expression patterns in the somatodendritic compartment. In contrast, we found that 5-

HT2βPan was expressed in all pyloric neurons. Nevertheless, when combined with recent 

pharmacological studies (Spitzer et al., in revision), the data indicate that 5-HT2βPan is uniquely 

expressed in pyloric neurons. The receptor is only expressed in the somatodendritic compartment 

of the AB neuron, while in all other pyloric cells it is found in peripheral compartments, such as 

the axon. Similarly, DARs appear to be differentially expressed in LP and PD. These findings 

correspond neatly with the previously reported electrophysiological effects of DA on the LP 

versus PD neuron (Harris-Warrick et al. 1995; Johnson et al. 2003; Peck et al. 2006) and support 

the idea of receptor expression as an underlying mechanism for cell-type specific effects of a 

given monoamine.  
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Receptors are targeted to specific locations 

 We found that receptors are distributed to a subset of varicosities in neurons, which 

suggests regulated distribution. It is understandable that receptors are not expressed in the soma 

or large diameter processes of the PD or LP neurons, since these large structures are surrounded 

by thick glial sheaths in P. interruptus (King 1976b, a). It will be interesting to discern 

distribution patterns in species where pyloric neurons have less extensive glial coverings. 

Receptor distribution patterns in the PD cell suggest that individual terminals may differentially 

process synaptic input and/or differentially release neurotransmitter when DA is present. It may 

be the case that local differences segregate according to cell type. For example, perhaps all 

receptors are located at PD-LP synapses and are excluded from all PD-PY synapses. Future ICC 

studies involving two filled neurons will further address the significance of DAR distribution 

patterns with regard to specific input/ouput sites. 

 

Variable receptor expression as a mechanism for state-dependent responses 

 One interesting idea that is emerging in the field is that modulatory and/or sensory inputs 

can have state dependent effects (Yeh et al. 1997; Katz and Edwards 1999; Edwards et al. 2002; 

Mesce 2002; Birmingham et al. 2003; Mitchell and Johnson 2003). Receptor expression and 

function can be state dependent (Wohlpart and Molinoff 1998; Ango et al. 2001; Anji et al. 2001; 

Riad et al. 2001; Bockaert et al. 2003; Cirelli and Tononi 2004; Dwivedi et al. 2005). 

Interestingly, variable 5-HT1α receptor expression levels occur in the crayfish nervous system 

(Spitzer et al. 2005). Further, we found that 5-HT2βPan receptor targeting to the NMJ may be 

variable in the PY neuron, although more work is needed to substantiate this idea. On the other 

hand, D2αPan expression does not appear to vary in the PD neuron from five preparations obtained 
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throughout the course of one year. Thus, only some receptors might be associated with state 

dependent effects. The techniques that I developed can be extended to study this question in the 

future. 

 If receptor expression is not variable, then changes in the expression of other proteins in a 

transduction cascade may underlie state-dependent effects. For example, targets of the cascade, 

such as ion channels, vary considerably across individuals (Schulz et al. 2006). Removing 

modulatory input can cause changes in ionic current, channel expression, and co-regulation of 

ionic conductances (Thoby-Brisson and Simmers 1998; Mizrahi et al. 2001; Khorkova and 

Golowasch 2007). This suggests that neuromodulators may control ion channel transcription and 

translation in neurons. Some changes in expression could be local, but there is no evidence for 

ion channel transcripts in pyloric terminals. The most parsimonious interpretation of these 

collective findings is that a global signal regulates the genetic program through hormonal 

receptors. 

 

Summary 

A description of the spatial and temporal characteristics of transduction cascades 

operating in cells is a prerequisite for understanding how modulatory inputs alter or maintain 

cellular phenotypes. The work presented in the preceding chapters offers insight into the 

molecular underpinnings of neural circuit modulation. By characterizing receptor signaling 

cascades and defining receptor expression patterns in identified neurons, I have provided an 

understanding of how the differential effects of neuromodulators are mediated. My findings also 

suggest that different types of signals can be generated by a single receptor. Questions remain as 

to what transduction cascades mediate the monoaminergic effects in vivo, and to what extent 
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transduction cascades vary among neurons. My work has provided a sound framework for 

addressing these issues. 
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