
Cloning and immunoreactivity of the 5-HT1Mac and 5-HT2Mac

receptors in the central nervous system of the freshwater prawn
Macrobrachium rosenbergii

Nietzell Vázquez-Acevedo1,2,*, Dalynés Reyes-Colón1,2,*, Eduardo A. Ruíz-Rodríguez2,3,
Nilsa M. Rivera1,2, Joshua Rosenthal2, Andrea B. Kohn4, Leonid L. Moroz4, and María A.
Sosa1,2

1Department of Anatomy and Neurobiology, School of Medicine, Medical Sciences Campus,
University of Puerto Rico, San Juan, Puerto Rico 00936 USA
2Institute of Neurobiology, Medical Sciences Campus, University of Puerto Rico, San Juan,
Puerto Rico 00936 USA
3Department of Social Sciences, Cayey Campus, University of Puerto Rico, Cayey, Puerto Rico
00736 USA
4The Whitney Laboratory for Marine Bioscience and Department of Neuroscience, University of
Florida, St. Augustine, Florida 32080 USA

Abstract
Biogenic amines are implicated in several mental disorders, many of which involve social
interactions. Simple model systems, such as crustaceans, are often more amenable than vertebrates
for studying mechanisms underlying behaviors. Although various cellular responses of biogenic
amines have been characterized in crustaceans, the mechanisms linking these molecules to
behavior remain largely unknown. Observed effects of serotonin receptor agonists and antagonists
in abdomen posture, escape responses, and fighting have led to the suggestion that biogenic amine
receptors may play a role in modulating interactive behaviors. As a first step in understanding this
potential role of such receptors, we have cloned and fully sequenced two serotonin receptors, 5-
HT1Mac and 5-HT2Mac, from the CNS of the freshwater prawn Macrobrachium rosenbergii, and
have mapped their CNS immunohistochemical distribution. 5-HT1Mac was found primarily on the
membranes of subsets of cells in all CNS ganglia, in fibers that traverse all CNS regions, and in
the cytoplasm of a small number of cells in the brain, circum- and subesophageal ganglia (SEG),
most of which also appear to contain dopamine. The pattern of 5-HT2Mac immunoreactivity was
found to differ significantly, being found mostly in the central neuropil area of all ganglia, in
glomeruli of the brain’s olfactory lobes, and in the cytoplasm of a small number of neurons in the
SEG, thoracic and some abdominal ganglia. The observed differences in terms of localization,
distribution within cells, and intensity of immunoreactive staining throughout the prawn’s CNS
suggest that these receptors are likely to play different roles.
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Introduction
Serotonin, a biogenic amine that functions as a neurotransmitter and neurohormone, has
been linked to several human disorders, such as alcoholism, anxiety, major depression,
suicidal behavior, and aggression (Mann, 1999; Brummer et al., 2000). It has also been
associated with various forms of social behaviors in a wide and diverse range of vertebrate
and invertebrate species (Linnoila and Virkkunen, 1992; Edwards and Kravitz, 1997; Huber
et al., 1997a, b; Stadler et al., 2007).

The neural mechanisms underlying social or interactive behaviors has been the focus of
interest of studies conducted in several vertebrate model systems such as fishes (Adams et
al., 1996; Lynn et al., 2007), chickens (Dennis et al., 2008), mice (Caramaschi, 2007;
Faccidomo et al., 2008), rats (Nikulina, 1991; Albert et al., 2008), silver fox (Popova et al.,
1991), prairie voles (Villalba et al., 1997; Insel et al., 1998; Young et al., 1998), dogs (van
den Berg et al., 2008), and monkeys (Jarrell et al., 2008). One difficulty with vertebrate
model systems, however, has been the complexity of their behaviors and their underlying
neural circuitries. Thus, comparable simpler model systems, like invertebrates, have been
used to better understand the circuitries involved in the regulation and modulation of social
behaviors.

In crustaceans, serotonin has been shown to play important roles in feeding circuits (Ayali
and Harris-Warrick, 1999), regulation of heart rate (Florey and Rathmayer, 1978),
locomotion (Tierney and Mangiamele, 2001; Tierney et al., 2004), swimmeret beating
(Barthe et al., 1993), abdominal posture (Livingstone et al., 1980; Harris-Warrick and
Kravitz, 1984; Huber et al., 1997a,b; Tierney and Mangiamele, 2001; Tierney et al., 2004),
claw opening (Qian and Delaney, 1997), escape circuits (Glanzman and Krasne, 1983; Yeh
et al., 1996, 1997), and fighting behavior (Kravitz, 1993; Edwards and Kravitz, 1997; Sosa
and Baro, 2002).

Although there is ample evidence linking serotonin to interactive behaviors in both
vertebrates and invertebrates, the mechanisms by which this monoamine acts to modulate
such behaviors remain largely unknown. One possible mode of action is through changes in
receptor expression, distribution and/or function. A vertebrate serotonin type 1 receptor
agonist has been shown to inhibit the LG neurons in dominant and subordinate crayfish,
whereas a vertebrate serotonin type 2 receptor agonist enhances the LG neurons’ responses
in both types of crayfish (Yeh et al., 1996, 1997). Based on these data, Yeh et al. (1996,
1997) have suggested that changes in social status may involve differences in the level of
activity of specific aminergic receptor subtypes. It has also been shown that injection of
vertebrate agonists for specific serotonin receptors can induce serotonin-like or dominant
postures in the crayfish (Tierney and Mangiamele, 2001; Tierney et al., 2004). Preliminary
experiments carried out in our laboratory have shown the increased aggression normally
observed following injection of serotonin in submissive freshwater prawns (Sosa and Baro,
2002) can be blocked when serotonin is injected together with a 5-HT2, but not a 5-HT4,
vertebrate antagonist.

There are multiple receptor subtypes that differ in affinity for serotonin, their location and
action in the nervous system, and their pharmacology. Mammalian serotonin receptors are
classified into seven classes: six are G-protein-coupled receptors (5-HT1, 5-HT2, 5-HT4, 5-
HT5, 5-HT6, 5-HT7), and one is a ligand-gated ion channel (5-HT3) (Kroeze et al., 2002).
Several serotonin receptors from various invertebrate species were cloned before those of
crustaceans. Among these are the serotonin receptor of the fly (P28285, Saudou et al. 1992),
pond snail (Q25414, Sugamori et al., 1993), silkworm and tobacco budworm
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(NP_001037502, Q25190, Von Nickisch-Rosennegk et al., 1996), nematode (AAB66360,
Olde and McCombie, 1997), yellow fever mosquito (AF296125, Pietrantonio et al., 2001),
sea hare (AAM46088, Barbas et al., 2002), swallowtail butterfly (AB182632, Ono &
Yoshikawa, 2004), and tick (AAQ89933, Chen et al., 2004). The first partial sequences for
two crustacean type 1 and type 2 serotonin receptors were cloned from the freshwater prawn
by our laboratory (Sosa and Baro, 2002; AAS18606, Sosa et al., 2004), shortly thereafter
followed by the cloning of one crayfish (AAS18608, partial sequence: Sosa et al., 2004) and
two lobster (AAS18607, AAS57919, full sequence: Sosa et al., 2004; Clark et al., 2004)
receptors. Since then, other serotonin receptors from various invertebrates have also been
partially or fully cloned, including greasyback shrimp (AY462417, AY462418; Tiu et al.,
2005), sea hare (AF372526; Barbas et al. 2005), tobacco hawkmoth (DQ840515,
DQ840516; Dacks et al., 2006), black tiger shrimp (AY661549; Ongvarrasopone et al.,
2007), pond snail (AY395746.1, AY395747.1; Mapara et al., 2008), and crayfish
(ABX10972, ABX10973, Spitzer et al., 2008).

As an initial step in determining whether differences in distribution, expression, or function
of serotonin receptors may play a role in modulating interactive behaviors in the prawn, we
have cloned and fully sequenced two prawn serotonin receptors (5-HT1Mac and 5-HT2Mac)
and have mapped their distribution throughout the animal’s CNS. This information is
essential for laying down the groundwork to further develop the freshwater prawn as a
model system in which to study the neural basis of aggression at the circuit / cellular /
molecular level. A preliminary immunocytochemical localization of 5-HT1Mac in prawn
thoracic ganglia has appeared previously (Sosa et al., 2004), comparing its pattern of
expression with that of the crayfish. Here we greatly expand the immunohistochemical study
to show a detailed map of 5-HT1Mac and 5-HT2Mac immunoreactivity throughout the entire
ventral nerve cord of the prawn, and discuss how these compare with each other and with
maps of similar receptors in other species.

Materials and Methods
Experimental animals and dissection

The freshwater prawn Macrobrachium rosenbergii is a crustacean model system,
characterized by adults with three claw morphotypes that differ in color, relative size and
spination, each of which correlates with a fixed dominance status and other defining features
of their modes of interaction with others, including territoriality and courtship behavior
(Ra’anan & Cohen, 1985; Ra’anan & Sagi, 1985; Kuris et al., 1987; Barki et al., 1991a;
Barki et al., 1991b; Barki et al., 1992). The fixed nature of the dominance hierarchies
established by the prawn increase the likelihood of detecting cellular or molecular changes
that may underlie the observed differences in behavior among male morphotypes with
differing dominance status.

Specimens of the three male morphotypes of M. rosenbergii were obtained from the Lajas
Aquaculture Experimental Station of the University of Puerto Rico (UPR), Mayagüez
Campus. They were housed in tanks with continuous filtration and aeration at the UPR
Medical Sciences Campus Institute of Neurobiology Animal Care Facility. Temperature in
the tanks was maintained at 29°C and the pH was adjusted to 7.4. Animals were fed a high
protein (>40%) pelleted purina chow once every other day.

For dissection, prawns were immobilized by cooling on ice prior to dissection. After being
weighed and measured, they were transected between the thorax and abdomen. Their claws,
walking legs, and carapace were removed and one segment of the animal was placed in cold
(4°C) prawn saline solution (PSS), while the other segment was dissected. The PSS had the
following composition (in mM); NaCl 220; KCl 5.5, CaCl2 13.5; MgCl2 2.5; Tris 5; pH=7.4
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(Miller et al., 1985). The dissection was carried out on ice. The thoracic and abdominal
ventral nerve cord and the brain were isolated quickly with forceps by removing all
surrounding organs and muscles and cutting all nerves.

All procedures involving the use of animals were approved by the University of Puerto Rico
Medical Sciences Campus Institutional Animal Care and Use Committee (IACUC) prior to
the start of the experiments.

RACE to obtain the 5-HT1Mac and 5-HT2Mac termini
On the basis of the partial sequences of the crustacean 5-HT type 1 and type 2 receptors that
had previously been cloned in our laboratory (Sosa and Baro, 2002, Sosa et al., 2004), rapid
amplification of cDNA ends (RACE) was performed to obtain the full sequence of each of
these receptors in the prawn. For the 5-HT type 1 receptor, 5-HT1Mac, prawn’s mRNA was
purified from CNS total RNA with Oligotex (Qiagen, Chatsworth, CA). 5’ and 3’ RACE
reactions were performed with the SMART RACE amplification kit (BD Biosciences, San
José, CA) according to the manufacturer’s instructions. RACE products were cloned with
TOPO TA or TURBO cloning kits (Invitrogen, San Diego, CA) and sequenced at the
Cornell University Life Sciences Core Laboratories Center. Data analysis and alignments
were performed with VectorNTI Advance 10 software (Invitrogen). For the 5-HT2Mac
receptor, prawn mRNA was purified from CNS total RNA using a RNAqueous Kit
(Ambion, Austin, TX). 5’ and 3’ RACE reactions were performed with LAtaq enzyme
(Takara, Madison, WI) in 50 µl volumes according to the manufacturer’s instructions. The
primers used in the RACE reactions are listed in Table 1. Resulting RACE products were
cloned with TOPO TA cloning kit (Invitrogen) and sequenced at the Cornell University Life
Sciences Core Laboratories Center.

BLAST analysis followed by paired alignments with invertebrate and vertebrate serotonin
type 1 and type 2 receptors, as well as with other biogenic amine receptors, was conducted
to confirm identity of the prawn’s two serotonin receptors. A phylogenetic tree was
generated using default parameters and 10,000 iterations of the maximum likelihood
algorithm implemented in the program TREE-PUZZLE (Schmidt et al., 2002;
http://www.tree-puzzle.de). The initial multiple alignment was done using ClustalX
(Thompson et al., 1997; Jeanmougin et al., 1998) with default parameters. All sequences
were timed to include only the core part of the proteins along with additional gaps removed
manually in GeneDoc (Nicholas et al., 1997) prior to tree construction. Numbers at branches
represent bootstrap values for 10,000 iterations. Branch-length scale bar represents 0.1
amino acid substitutions per site. The graphical output was generated using Treeview (Page,
1996). Transmembrane domains for both receptor sequences were determined using SOSUI
engine ver. 1.11 (http://www.expasy.org/cgi-bin&scanprosite
(http://bp.nuap.nagoya-u.ac.jp/sosoui).

Antibody Characterization
For Serotonin (5-HT), a commercially produced polyclonal rabbit antibody raised against
serotonin coupled to bovine serum albumin (BSA) with paraformaldehyde was used (Table
2). The resulting pattern of staining was consistent with that observed previously in other
crustacean species such as crayfish and lobster (Beltz and Kravitz, 1983;Real and
Czternasty, 1990;Beltz, 1999;Harzsch and Waloszek, 2000;Harzsch, 2003). 5-HT staining in
the prawn’s ventral nerve cord was eliminated by preincubation of the diluted antibody
(1:10,000) with 25 ug/ml of serotonin/BSA.

For the 5-HT receptors, two affinity-purified rabbit polyclonal antibodies were synthesized
to order by a private company against portions of the 5-HT type 1 and type 2 receptor
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sequences that are conserved across the prawn and lobster (and also crayfish in the case of
the type 1 receptor) (Sosa et al., 2004; Clark et al., 2004). Since these antibodies recognize
these receptors in more than one crustacean species, they have been called anti-5-HT1crust
and anti-5-HT2crust (Table 2). The immunogen for the 5-HT1crust receptor was the synthetic
peptide KDPDFLVRVNEHKKCLVSQD (amino acids 366–385 from the N-terminus; see
Fig. 1). This antiserum recognized the expected band at roughly 52–55 kD molecular weight
on Western blots of prawn nervous tissue, with elimination of this band when the antiserum
was preabsorbed with the immunogen peptide in a 1:1 proportion (w:w), as shown
previously (Sosa et al., 2004). Immunostaining was also eliminated by preincubation of the
diluted antibody (5ug/ml) with the immunogen peptide in a 1:20 mixture (w/w). The
immunogen for the 5-HT2crust receptor was the synthetic peptide
DRFLSLRYPMKFGRHKTRRR (amino acids 190–209 from the N-terminus; see Fig. 2).
The published sizes of 5-HT2 orthologs vary with the species from 47–95 kD, most likely
because of differences in the third intracellular or cytoplasmic loop (i3), as well as variations
in lengths of the amino termini. The antiserum for the 5-HT2crust receptor recognized the
expected band at roughly 79–83 kD molecular weight on Western blots of prawn nervous
tissue, with elimination of this band when the antiserum was preabsorbed with the
immunogen peptide in a 1:1 proportion (w:w), as shown in Figure 4A. Immunostaining was
also eliminated by preincubation of the diluted antibody (5ug/ml) with the immunogen
peptide in a 1:20 mixture (w/w). These data demonstrate that the antibodies for 5-HT1Crust
and 5-HT2Crust are specific for the 5-HT1Mac and 5-HT2Mac receptor proteins, respectively.

For Tyrosine Hydroxylase (TH), a commercially produced mouse monoclonal antibody
raised against full-length TH purified to homogeneity from rat PC12 cells was used (Table
2). The resulting pattern of staining in the prawn was consistent with that observed
previously for tyrosine hydroxylase and/or dopamine in other crustacean species such as
crayfish (Tierney et al., 2003;Alvarez-Alvarado et al., 2005), lobster (Cournil et al.,
1994,1995;Schmidt and Ache, 1997) and blue crab (Fort et al, 2004). Although no
information is available on the specific protein sequence of crustacean TH, the published
sizes of TH in both vertebrate and invertebrate (mostly insect) species vary from 45–75 kD.
The TH antiserum used here recognized an expected band at roughly 50–55 kD molecular
weight on Western blots of rat striatum, a rich source of TH (positive control; Wolf and
Kapatos, 1989), and at roughly 48–50 kD molecular weight on Western blots of prawn
nervous tissue, as shown in Figure 4B.

Immunocytochemical procedures
Ventral nerve cords were removed in PSS, immediately fixed by immersion in freshly
prepared 4% paraformaldehyde in 0.1M PBS at room temperature for 1 hour with constant
shaking, and rinsed overnight in phosphate buffered saline (PBS) containing 2% Triton
X-100 and 0.1% sodium azide (PTA). Preparations were then incubated in normal goat
serum (1:20) at 4°C for 3–5 hours, followed by the primary antibody for 5-HT, Tyrosine
hydroxylase (TH), 5-HT1crust, and/or 5-HT2crust,, at a concentration or dilution of 1:10,000
for 5-HT, 1:200 for TH, and 5 µg/ml for 5-HT1crust, or 5-HT2crust, for 2–3 days. TH is the
precursor synthesizing enzyme for dopamine and anti-TH antibodies have been shown to
label primarily dopaminergic neurons in insects and crustaceans (Cournil et al., 1994;
Neckameyer et al., 2000; Pulver and Marder, 2002; Pulver et al., 2003; Tierney et al., 2003;
Alvarez-Alvarado et al., 2005). For double-labelling experiments, preparations were
incubated simultaneously with two primary antibodies, TH and one of the antibodies for
crustacean serotonin receptors. After washing 6 times, 30 minutes each, with PTA, tissues
were incubated in the secondary antibody (goat anti-rabbit Alexa 488 and/or goat anti-
mouse Alexa 594; Molecular Probes, Carlsbad, CA) in a 1:200 dilution at 4°C overnight.
Preparations were washed in 0.1M PTA 6 times, 1 hour each, washed in PBS for 1 hour, and
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left overnight in 90% glycerol/PBS buffer. The next day they were mounted in
Polyaquamount, coverslipped, and viewed with a Zeiss Axioskop using epifluorescent
excitation and/or a Zeiss LSM Pascal confocal microscope. The brightness and contrast of
the digital images obtained by the Zeiss LSM Pascal software were adjusted so that they’d
be uniform in the figures presented here. Confocal stacks were reconstructed and analyzed
in Adobe Photoshop 7.0 on a Dell PC computer. Colors were digitally adjusted to represent
5-HT1Mac ir or 5-HT2Mac ir as green in all dual-color images for consistency and clarity.
Controls included preadsorption of the primary antibody with the peptide used to generate
the antibody for 2 hr at room temperature before incubation with the preparation (peptide to
antibody: 1:20, w/w).

Results
Sequence Analysis of 5-HT1Mac and 5-HT2Mac clones

The full length sequence for the 5-HT1Mac receptor encodes for a putative 381 amino acids
protein and is shown in Figure 1, aligned with the most highly homologous proteins found in
each class and order, namely 5-HT type 1 receptors of lobster, tobacco budworm, fruit fly,
mouse and human. The predicted 5-HT2Mac receptor encodes for a 752 amino acids protein,
almost twice as long as the 5-HT1Mac receptor, and is shown in Figure 2 aligned with other
invertebrate (arthropod) and vertebrate (mammalian) 5-HT type 2 receptors.

Our phylogenetic analysis (Fig. 3) shows that the putative prawn, 5-HT1Mac receptor shares
highest identity with the 5-HT1 receptor gene family with high bootstrap support.
Furthermore, all the crustacean 5-HT1 receptors cluster together, including our prawn 5-
HT1Mac, receptor. Daphnia pulex, the common waterflea and the most basal crustacean in
this analysis, contains two putative 5-HT receptors, Dp5-HT1A and Dp5-HT1B. This Dp5-
HT1A receptor appears more basal compared to the more derived crustacean 5-HT1
receptors. The other putative Daphnia receptor Dp5-HT1B was used as an outgroup and
shares highest identity to a 5-HT7-like receptor. Our analysis also supports two clades of 5-
HT1 receptors for insects, as reported by Dacks et.al., 2006. Molecular studies by Dacks
et.al. (2006) showed that the putative Manduca sexta Ms5-HT1A and Ms5-HT1B were split
into two clades for insects 5-HT1 receptors. Interestingly, the prawn’s 5-HT1Mac receptor, as
well as all crustacean 5-HT1 receptors, appears to be a 5-HT1A-like receptor and share
highest identity with the 5-HT1A-like insect receptors. Our phylogenetic analysis shows that
the putative prawn 5-HT2Mac receptor shares highest identity with the 5-HT2 receptor gene
family, also with high bootstrap support. As shown above, all crustacean 5-HT2 receptors
cluster together. It appears that the insect clade of 5-HT2 receptors may be more basal to the
clade with the crustacean 5-HT2 receptors. It can thus be concluded from our phylogenetic
analysis that the prawn’s two putative 5-HT receptors, 5-HT1Mac and 5-HT2Mac belong to
different subtypes of 5-HT receptors.

Table of Conservation analysis (Table 3) indicates that the putative 5-HT1Mac receptor is
most closely related to the lobster 5-HT1Pan receptor, followed by the fruit fly 5-HT1A
receptor and the tobacco budworm 5-HT receptor. It is also homologous to the mouse 5-HT1
receptor and the human 5-HT1A receptor. The putative 5-HT2Mac receptor is most closely
related to the lobster 5-HT2Pan receptor and the fruit fly IsoB receptor (isoform B of the
annotated Drosophila receptor CG8007), followed by the mouse 5-HT2 receptor, and the
human 5-HT2A receptor (Table 3). It also shows a low identity between the prawn’s 5-
HT1Mac and 5-HT2Mac receptors (Table 3).

Both the putative 5-HT1Mac and 5-HT2Mac receptors have the typical G-coupled protein
receptor (GPCR) transmembrane (TM) signature motifs in the second (S(X)3D(X)6VMP),
third (D(X)6SI(X)5DRY/F), fifth (FXXP), sixth (F(X)3WXPFF), and seventh
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(WXGY(X)2S(X)2NP(X)2Y) hydrophobic domains (reviewed in Kroeze et al., 2002). The
transmembrane regions participate in both ligand binding and receptor activation, and many
of these conserved residues contribute to those functions. The most highly conserved regions
are found at the third, fourth, and fifth transmembrane domains. While the 5-HT1Mac
receptor retains the typical DRY motif on its third TM region, Y has been substituted by F in
the 5-HT2Mac receptor, as is also the case in the lobster (Clark et al., 2004) and nematode
(Huang et al., 2002). As expected, the third intracellular loop in both receptors displays the
greatest divergence. Although unconserved, the carboxy terminus (–COOH) is
characteristically short, highly charged, and contains a PDZ domain-binding motif like most
vertebrate and invertebrate 5-HT receptors (Songyang et al., 1997). The sequence and length
of the amino termini (-NH2) of both receptors are also poorly conserved.

5-HT immunoreactivity in the prawn’s CNS
Serotonin immunoreactivity (5-HT ir) in the prawn’s CNS was found to be widely
distributed, as has been reported to be the case in similar crustaceans, such as the lobster and
crayfish (Beltz & Kravitz, 1983; Real & Czternasty, 1990). It was detected in more than 70
cell bodies, numerous fibers and neuropil regions within the ventral nerve cord (Fig. 5). No
qualitative differences were observed in the staining pattern of the prawn’s male
morphotypes.

The brain contained paired clusters of medium (m: 50–80 µm) and small (s: 20–50 µm) 5-
HT ir cells located near the midline (Fig. 5A). The small-sized cells were mostly located
near the base of the optic stalks, and some sent their axons towards the optic nerve (on).

Each circumesophageal ganglion (CEG) contained a pair of 5-HT ir cells (Fig. 5B), one
medium-sized cell and another smaller cell, both of which sent their axons anteriorly
towards the brain (gray arrow). There was also an extensive network of 5-HT ir terminal
arborizations, presumably arising from fibers traveling through the connectives of each
ganglion.

Small bilaterally paired 5-HT ir cells were found along the paths of immunoreactive midline
and lateral fiber bundles (MFB and LFB, respectively) located within the subesophageal
ganglion (SEG) (Fig. 5C). One pair of cells was consistently found along the MFB (white
arrow), while at least three or four cells could be seen along each LFB (gray arrows). Thin
5-HT ir fibers could also be seen bridging the fibers of the LFB and MFB (white
arrowhead). An area of dense 5-HT ir terminal arborizations (*) was also consistently
labeled in the midline towards the center of the ganglion.

Each of the first four thoracic ganglia appeared to have at least one bilateral pair (in some
cases two) of small 5-HT ir neurons with cell bodies placed laterally and axons projecting
towards the midline (*; Fig. 5D). In addition to these small lateral neurons, the fourth and
fifth thoracic ganglia (T4-T5) also had pairs of large (>80 µm) neurons, one in the midline
(T5; gray arrowhea), the other halfway between the midline and the lateral edge of the
ganglion (T4; white arrowhead). The axons of the latter pair of neurons projected
horizontally for a short span and then anteriorly between the MFB and LFB. Cell bodies of
axons comprising the MFB included two pairs of large 5-HT ir neurons: the T5 large
midline neurons (gray arrowhead) and the two larger neurons of the first abdominal ganglion
(gray arrowhead in Fig. 5E:A1). At least one pair of thick 5-HT ir fibers that form part of the
MFB (white arrows) exited the ventral nerve cord through one (or more) of the SEG nerve
roots. No 5-HT ir fibers could be seen exiting thoracic nerve roots. Also, two pairs of small
5-HT ir neurons were consistently found along the MFB of the thoracic ganglia (gray
arrows).

Vázquez-Acevedo et al. Page 7

J Comp Neurol. Author manuscript; available in PMC 2010 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The six abdominal ganglia all appeared to have a similar pattern of distribution of 5-HT ir
neurons, with the exception of the first ganglion (A1) (Fig. 5E). The general pattern
consisted of at least two pairs of small cells (white arrowheads), with fibers that turn
anteriorly (white arrow) and branches that crossed the midline (gray arrows), with a neuropil
region located laterally in each hemiganglion (*). The A1 appeared different only in that one
pair of these 5-HT ir neurons was large in size (gray arrowhead). No 5-HT ir fibers could be
seen exiting abdominal nerve roots.

5-HT1Mac immunoreactivity
5-HT1Mac immunoreactivity (ir) (Fig. 6) was observed around somata of specific subsets of
neurons in all thoracic and abdominal ganglia and as punctate staining in the neuropil of the
brain and all other ganglia. It was also found in a small number of neurons in the brain and
the CEG, as well as in fibers that traversed all the ganglia, and terminal arborizations in the
brain, CEG and A6. No qualitative differences were observed in the staining pattern of the
different male morphotypes.

In the brain, 5-HT1Mac ir was observed as diffuse punctate staining, in the neuropil of the
protocerebrum (*). It was also found within a group of four to eight 20–30 µm cells in the
protocerebrum (gray arrows; Fig. 6A and Fig. 8A), a group of four to eight 30–50 µm cells
in the tritocerebrum (white arrows; Fig. 6A and Fig. 8A) and in fibers in the optic nerves
(on), within the deutocerebrum (gray arrowheads) and coming in through the connectives
from the circumesophageal ganglia (white arrowheads). In the CEG, 5-HT1Mac ir was found
within two cells (gray arrows), the largest of which sends its axon towards the brain (gray
arrowhead), and in a fiber that traverses the connective (white arrow).

In the SEG, 5-HT1Mac ir was observed on what appears to be the membranes of cells on the
ventral side of the ganglion (Fig. 6C). These cells are arranged in groups located on the
lateralmost (white arrowheads) edges of the ganglion and along its midline (gray
arrowheads). The lateralmost groups are formed by clusters of eight to twelve 30–50 µm
cells, two on each side. The midline groups are formed by three consecutive clusters of four
80–100 µm cells, each surrounded by a few 30–50 µm cells. On the dorsal aspect of the
ganglion (Fig. 8C), 5-HT1Mac ir was observed in bilateral clusters of six to twelve 30–50 µm
cells located laterally at midlevel (*), in a pair of small cells, also located laterally and
inferior to the clusters mentioned above (white arrows), and in fibers communicating the
SEG with the thoracic ganglia (yellow arrows), as well as in a group of commissural fibers
(yellow arrowheads) that appears to link the 5-HT1Mac ir bilateral clusters of cells, and in
some (but not all) of a series of other commissural fibers that also cross the midline of the
ganglion (blue arrowheads).

In the thoracic ganglia, 5-HT1Mac ir was observed on what appears to be the membranes of
cells on the ventral side of the ganglion (Fig. 6C). These cells are arranged in clusters,
following a pattern that repeats itself in each ganglion. The pattern consists of rows of 2 to
16 80–100 µm cells located at the center of each ganglion (gray arrows), along with 4
clusters of 20–80 µm cells, arranged as the wings of a butterfly, located towards the
lateralmost edges of each ganglion (white arrows). T1 and T5 had the larger of the centrally
located clusters. In a previous report (Sosa et al., 2004) it had been shown that at a more
dorsal level, 5-HT1Mac ir could be observed in four centrally located fibers that traversed the
thoracic ganglia along its connectives. These fibers showed 5-HT1Mac ir only in the prawn
and not in the crayfish (Sosa et al., 2004).

In the first five abdominal ganglia (A1-A5), 5-HT1Mac ir was observed on what appears to
be the membranes of cells on the ventral (Fig. 6D–E) and dorsal (Fig. 8F) sides of the
ganglia. These cells are arranged in clusters, following a pattern that repeats itself in each
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ganglion (A2 and A4 are not shown but present the same staining pattern as the other
ganglia). The pattern consists of clusters of 80–180 µm cells located ventrally at both sides
of the midline (*; Fig. 6D–E), along with 4 clusters of 50–100 µm cells, located more
dorsolaterally and arranged as the wings of a butterfly (white arrows; Fig. 6E–F and Fig.
8E). More dorsally, 5-HT1Mac ir was also found in four centrally located fibers that traversed
the ganglia along its connectives (white arrowheads; Fig. 6F). (Two of these fibers are
located right next to each other at the center of the ganglion). Punctate staining could also be
observed in the area surrounding these filled fibers (Fig. 6F).

In the sixth abdominal ganglion (A6), 5-HT1Mac ir was observed on what also appears to be
the membranes of cells on the ventral and dorsal sides of the ganglion (Fig. 6G). These cells
are arranged in clusters, following a pattern similar to that described for A1–A5. At the
dorsal level (Fig. 10F), 5-HT1Mac ir was also found in four centrally located fibers that enter
the ganglion through its connective and terminate in an arborization of 5-HT1Mac ir boutons.

5-HT2Mac immunoreactivity
5-HT2Mac ir is also widely distributed in the ventral nerve cord of the prawn, but the pattern
of staining differs from that of 5-HT1Mac. 5-HT2Mac ir was mostly observed as punctate
staining in the neuropil of the brain and all other ganglia (Fig. 7). The distribution and
intensity of this punctate staining throughout the neuropil of the various ganglia differed
markedly for the two receptors. 5-HT2Mac ir was also found in a small number of brain (Fig.
7A and Fig. 9A), SEG (white arrows; Fig. 7C), thoracic (Fig. 7D) and some abdominal
ganglia (Figs. 7E–G) cells with small somata, as well as in fibers in the brain (Fig. 7A),
thoracic (Fig. 7D) and abdominal ganglia (Figs. 7E–G). No staining was observed around
somata of specific subsets of neurons, as was the case with 5-HT1Mac. No qualitative
differences were observed in the staining pattern of the different male morphotypes.

In the brain, 5-HT2Mac ir was observed as very fine punctate staining throughout the
neuropil of the centralmost regions of the proto- (p), deuto- (d) and tritocerebrum (t) (Fig.
7A). It was also observed surrounding the glomeruli of the olfactory lobes (white boxes in
Fig. 7A, and Fig. 9A). Fibers ending in an oval-shaped terminal arborization (*) as they
enter the tritocerebrum through the connectives between the brain and CEG also show 5-
HT2Mac ir (Fig. 7A and Fig. 9A). In the thoracic ganglia, 5-HT2Mac ir was observed in
groups of two to eight 20–30 µm cells located superolaterally in each side of the T1-T4
ganglia (white arrows). Groups of three to four 20–30 µm cells also presented 5-HT2Mac ir
at either side of the midline on the inferior aspect of the T5 ganglion (white arrowheads). 5-
HT2Mac ir could also be observed in the axons of some neurons (see gray arrowheads in T4
in Fig. 7D). The neuropil of all five thoracic ganglia were 5-HT2Mac ir, with a higher
intensity of staining observed in the T4 and T5 ganglia. In the abdominal ganglia, 5-HT2Mac
ir was observed in a 10–20 µm cell (white arrow) located bilaterally in the superolateral
aspect of A1 (Fig. 7E), in a single 30–50 µm cell (white arrow) in the midline between the
two upper quadrants of the A3 (Fig. 7F) and A6 (Fig. 7G) ganglia. 5-HT2Mac ir was also
observed in fibers (white arrowheads) traversing the abdominal ganglia and traveling along
its connectives (Fig. 7E–G and Fig. 9D).

Double labeling showing colocalization of 5-HT1Mac and Tyrosine Hydroxylase (Dopamine)
immunoreactivity

We found that some (but not all) of the cells and fibers that showed 5-HT1Mac ir also
appeared to contain tyrosine hydroxylase/dopamine (TH/DA) in several regions of the CNS
of the prawn (Fig. 8). In the brain, a group of four 20–30 µm cells in the protocerebrum
(white arrows), a pair of 60 µm cells in the deutocerebrum (yellow arrows), and a cluster of
four to eight 40–50 µm cells in the tritocerebrum (white arrowheads) showed both 5-HT1Mac

Vázquez-Acevedo et al. Page 9

J Comp Neurol. Author manuscript; available in PMC 2010 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and TH/DA immunoreactivity (Fig. 8A). In the CEG, there was colocalization for both 5-
HT1Mac and TH/DA in a large cell (70 µm) (white arrow) which sends its axon towards the
brain, as well as in areas of the fibers that form terminal arborizations (white arrowheads)
within the ganglion (Fig. 8B). In the SEG, both 5-HT1Mac and TH/DA were colocalized in
some (*), but not all, of the 30–50 µm cells within the bilateral clusters of the ganglion, and
in the fascicles of axons going to the contralateral side of the ganglion (yellow arrowheads),
but not in those going towards the CEG (white arrowheads) (Fig. 8C). Colocalization was
also observed within longitudinal fibers communicating the SEG with the lower ganglia
(yellow arrows), in some, but not all, of the horizontally-oriented fibers forming a ladder-
like pattern (blue arrowheads), and in the 20–30 µm cells on the edges of the ganglion,
inferior to the bilateral clustered cells (white arrows), as well as in the centrally located cells
between the SEG and T1 (blue arrow). In the thoracic and abdominal ganglia, there is
colocalization of 5-HT1Mac and TH/DA only in the longitudinal fibers that traverse the
ganglia (white arrowheads), and rather sparsely on the terminal arborizations within the
neuropil areas of A1-A5 (Fig. 8D–E). Colocalization was also found in A6 on the expansive
terminal arborization that stains much more intensely than those of the other ganglia (Fig.
8F). Fibers that cross to the contralateral side (white arrow) of A6 also show dual staining.

Double labeling showing colocalization of 5-HT2Mac and Tyrosine Hydroxylase (Dopamine)
immunoreactivity

We found that a few of the cells that showed 5-HT2Mac ir also appeared to contain TH/DA
in the brain and abdomen of the prawn (Fig. 9). Colocalization was observed in a pair of 60
µm cells in the deutocerebrum (white arrows) (Fig. 9A). These cells were also
immunoreactive to 5-HT1Mac, although in that case staining was also observed throughout
the fibers of these cells (Fig. 8A). No colocalization was observed in the CEG, SEG or any
of the thoracic ganglia. In the abdominal ganglia, colocalization of 5-HT2Mac receptor and
TH/DA was seen only at some of the centrally located cells of A1-A4 (white arrows) (Fig.
9B–C). The DA/TH immunoreactive fibers that form an expansive terminal arborization in
A6 and show 5-HT1Mac ir (Fig. 9F) do not stain for 5-HT2Mac (Fig. 9D).

Discussion
Serotonin has been implicated in a wide variety of mental disorders (Mann, 1999). Various
vertebrate model systems have been used to study the role of this amine in social behaviors.
However, difficulties often arise when attempting to translate observations into specific
mechanisms at the circuit or cellular levels, due to the inherent complexity of the vertebrate
central nervous system. Simpler invertebrate model systems, such as crustaceans, are often
better suited to understand the neural basis of interactive behaviors at the cellular and
molecular levels because of the relative simplicity of their nervous systems.

The function of the serotonergic system depends on three major factors: (i) synthesis and
degradation of the neurotransmitter, (ii) reuptake from the synaptic cleft by serotonin
transporters (SERT); and (iii) the density and sensitivity of its receptors (Popova, 2006). It
has been suggested that serotonin reuptake mechanisms in crustaceans may play an
important role in behavioral changes since effects of serotonin infusion can be blocked by
fluoxetine (Huber et al., 1997a; Huber, 2005), a serotonin transporter blocker. In addition, it
is well known that injections of serotonin and some of its agonists activate specific serotonin
receptors producing behaviors characteristics of dominant animals (Yeh et al., 1997; Tierney
et al., 2004), suggesting that the effects of serotonin in modulation of interactive behavior
may be mediated by specific responses of its receptors. In addition, it has been proposed that
these serotonin effects may be mediated by several receptor subtypes (Tierney and
Mangiamele, 2001; Tierney et al., 2004), and that there may be species-specific differences
in responses to exogenous serotonin in different crustacean systems (Tierney et al., 2004).
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As a first step to study the role of serotonin receptors in the mechanisms underlying social
behaviors of the freshwater prawn, we have cloned two of the prawn’s 5-HT receptors and
mapped out their distribution in the CNS.

In Sosa et al. (2004) we described the cloning of a fragment of a type 1 serotonin receptor in
the prawn. Here we present results on the cloning and sequencing of the full cDNA
encoding this type 1 and a type 2 serotonin receptor in the prawn. We have named the prawn
forms of these receptors as 5-HT1Mac and 5-HT2Mac.

The 5-HT1Mac receptor cDNA encodes a polypeptide of 380 amino acids in length, which is
more closely related to lobster, budworm, fruit fly, mouse, and human 5-HT1-like receptors.
The 5-HT2Mac receptor gene encodes a polypeptide of 752 amino acids, which is more
closely related to lobster, fruit fly, mouse, and human 5-HT2-like receptors. It is interesting
to note that the type 1 serotonin receptor of the prawn appears to be more closely related to
the 5-HT1A receptor of the human than the equivalent receptors from the lobster and tobacco
budworm. It will be of interest to determine whether the function, pharmacological profile
and cascade of second messenger systems activated by the 5-HT1Mac receptor are also closer
to the human receptor than the receptors from these other model systems. The degree of
relationship between the prawn and the human 5-HT2 receptor was similar to that of the type
1 receptor, and it was comparable with that of the lobster.

In terms of the distribution of 5-HT neurons in the CNS of the prawn, the overall map is
similar, although not identical, to that previously described for other crustaceans such as the
lobster (Beltz and Kravitz, 1983) and crayfish (Real and Czternasty, 1990). There are at least
three major differences: 1) the CEG has an additional smaller serotonergic neuron; 2) there
is an additional pair of large-sized serotonergic neurons, with somas located near the midline
between T4 and T5 ganglia, whose axons project anteriorly along the LLF; and 3) no
serotonergic axons appear to exit the CNS through abdominal or thoracic nerves (this type
of axon is observed only in nerves that arise from the SEG, CEG and brain). At first it might
be thought that the latter observation may be due to experimental artifact if such axons were
to be very thin or were very labile and thus damaged upon cutting of the nerve roots during
dissection. This is unlikely though because very thin 5-HT axons are indeed observed in
other regions throughout the whole nerve cord of the prawn, at least of the diameter
observed in thoracic and abdominal nerves of the lobster and crayfish, serotonergic axons
survive the cutting of nerve roots in other regions, and axons containing other transmitters
(e.g., GABA, unpublished observations) or receptor molecules (e.g. 5HT1Mac; Sosa et al.,
2004) show immunoreactivity in the cut roots of thoracic and/or abdominal nerves. It would
seem reasonable to speculate that the serotonergic system of the prawn is circumscribed to
internal (within the CNS) regulatory or modulatory functions caudal to the SEG and that its
external influences are to be carried out through peripheral nerves at more rostral levels of
the CNS. Alternatively, external functions at the thoracic and abdominal levels might also be
carried out through a neurohormonal route.

The staining of 5-HT1Mac receptor showed a consistent pattern in the prawn’s CNS, from the
SEG to the last abdominal ganglion. In these regions of the ventral nerve cord, associated
with regulation and coordination of motor activities, such as mouth parts, leg, claw and
swimmerette movements, and the initiation of the tail-flip escape response (Rossi-Durand,
1993; Edwards et al., 1999), the 5-HT1Mac receptor appears to be located on the membranes
of clusters of medium- to large-sized cells and inside fibers that traverse all ganglia. In the
brain and CEG, the 5-HT1Mac receptor was found primarily in the cytoplasm of small- to
medium-sized cells and their axons. This type of cytoplasmic staining may be indicative of
receptor units or subunits being synthesized for later insertion in the membrane of the cell
body or dendritic extensions, and/or packed for transport to locations away from the soma,
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or vesicles containing recycled receptors being brought towards the soma from other
regions. A similar type of type 1 5-HT receptor somatic staining has also been observed in
some regions of the crayfish ventral nerve cord (Spitzer et al., 2005). If the receptor is being
transported from the cell body towards neuronal terminals along axons, it is possible that it
is being inserted in terminals to act as autoreceptors. It could also be speculated that the
synthesized receptor might be transferred across the synaptic cleft or via glial or other type
of supporting cells to other neurons, through some yet undescribed process, although no
evidence exists in the literature to this date of such a novel transfer mechanism. It is
interesting to note that the somas and fibers that showed 5-HT1Mac receptor staining were
shown to be most likely dopaminergic in nature, suggesting a functional link between the
dopaminergic and serotonergic neural systems in the CNS of the prawn.

The staining of 5-HT2Mac receptor showed a markedly different pattern to that observed for
the 5-HT1Mac receptor. The 5-HT2Mac receptor was found mostly in the central neuropil
regions of each ganglion throughout the CNS and not concentrated on the membranes of the
somas of cells that form the outer ventrolateral shell of each ganglion, as was the case with
the 5-HT1Mac receptor. It was also observed in the cytoplasm and fibers of a small number
of small-sized cells in the brain, SEG and thoracic ganglia, and some abdominal ganglia.
The somas of the few cells in the brain and abdominal ganglia that contain the 5-HT2Mac
receptor also contain dopamine, and have been shown to also contain 5-HT (preliminary
data not shown here). It is interesting to note that the 5-HT2Mac receptor is not observed in
the axons of these particular cells. The 5-HT2Mac receptor was also found in glomeruli of the
olfactory lobes of the brain, whereas in the case of the crayfish, these glomeruli show
staining for a type 1 5-HT receptor (Spitzer et al., 2005). The 5-HT1Mac receptor was not
found in these glomeruli in the prawn.

Our data demonstrate that both type 1 and type 2 serotonin receptors in the prawn differ in
terms of localization, distribution within cells, and intensity of immunoreactive staining
throughout the CNS. It is thus likely that both receptors play different roles within the CNS.
Although no qualitative differences were found in the patterns of staining of these receptors
amongst the three male morphotypes of the prawn, it is possible that differences in levels of
expression, function or in the interplay or balance between the activities of both types of
receptors may play a role in modulating the differing interactive behaviors that characterize
these morphotypes. The data we present here on the sequence and immunohistochemical
localization of the prawn’s 5-HT1Mac and 5-HT2Mac receptors will serve as the basis for
developing experimental tools to next focus on these types of questions.
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Figure 1. Alignment of 5-HT1Mac receptor
The amino acid sequence of 5-HT1Mac receptor is aligned with the most highly homologous
proteins found in each order. Heavy lines and roman numerals above the sequence indicate
transmembrane regions 1 through 7. Black boxes with white letters represent areas of
identical regions, dark gray boxes with black letters represent conserved regions, and light
gray boxes with black letters represent blocks of similar regions. Accession numbers are:
prawn, EU363466; lobster (Decapoda), AAS18607; tobacco budworm (Lepidoptera),
CAA64863; fruit fly (Diptera), NP_476802; mouse (Rodentia), NP_032334; human
(Primate), NP_000515.
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Figure 2. Alignment of 5-HT2Mac receptor
The amino acid sequence of 5-HT2Mac receptor is aligned with the most highly homologous
proteins found in each. Heavy lines and roman numerals above the sequence indicate
transmembrane regions 1 through 7. Black boxes with white letters represent areas of
identical regions, dark gray boxes with black letters represent conserved regions, and light
gray boxes with black letters represent blocks of similar regions. Accession numbers are:
prawn, EF033662; lobster, AAS57919; fruit fly, NP_649806; mouse, NP_766400; human,
NP_000612.
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Figure 3. Phylogenetic tree
Evolutionary relationship of the prawn’s 5-HT1Mac and 5-HT2Mac receptors with 5-HT
receptors of other species showing highest homology. The phylogenetic tree was generated
using default parameters and 10,000 iterations of the maximum likelihood algorithm
implemented in the program TREE-PUZZLE (Schmidt et al., 2002;
http://www.tree-puzzle.de). The initial multiple alignment was done using ClustalX
(Jeanmougin et al., 1998; Thompson et al., 1997) with default parameters. All sequences
were timed to include only the core part of the proteins along with additional gaps removed
manually in GeneDoc (Nicholas et al., 1997) prior to tree construction. Numbers at branches
represent bootstrap values for 10,000 iterations. Branch-length scale bar represents 0.1
amino acid substitutions per site. The graphical output was generated using Treeview (Page,
1996). The name, abbreviation and accession number for all species used in this analysis
are: Macrobrachium rosenbergii, 5-HT1Mac, EU363466; Daphnia pulex, Dp5HTR1B, jgi|
Dappu1|23299|gw1.13.237.1; Daphnia pulex, Dp5HTR1A, jgi|Dappu1|42951|
e_gw1.5.342.1; Penaeus monodon, Pm5HTR1, AAV48573.1; Heliothis virescens,
Hv5HTR1, CAA64863.1; Panulirus interruptus, Pi5HTR1,AAS18607.1; Procambarus
clarkii, Pc5HTR1, ABX10973.1; Apis mellifera, Am5HTR1, XP_393915.3; Anopheles
gambiae, Ag5HTR1, XP_308623.4; Manduca sexta, Ms5HTR1A, ABI33826.1; Manduca
sexta, Ms5HTR1B, ABI33827.1; Drosophila melanogaster, Dm5HTR1, NP_476802; Mus
musculus, Mm5HTR1, NP_032334; Homo sapiens, Hs5HTR1A, NP_000515;
Macrobrachium rosenbergii, 5-HT2Mac, EF033662; Panulirus interruptus, Pi5HTR2,
AAS57919; Drosophila melanogaster, Dm5HTR2, NP_649806; Apis mellifera, Am5HTR2,
XP_394798; Anopheles gambiae, Ag5HTR2, XP_307953; Procambarus clarkii, Pc5HTR2,
ABX10972.1; Mus musculus, Mm5HTR2, NP_766400; Homo sapiens, Hs5HTR1A,
NP_000612.
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Figure 4. Anti-5-HT2crust and Anti-TH antibody specificity
A: A representative Western blot experiment showing that the anti-5-HT2crust antibody
recognizes the 5-HT2Mac receptor in the prawn nervous system. The blots containing a
protein extract from the nervous system of the prawn were probed with anti-5-HT2crust or
the same antibody preabsorbed with the peptide antigen used to generate the antibody.
Molecular weight markers (numbers to the left) are in kD. The antibody produces a signal of
the predicted size of the protein. This signal is lost when the antibody is first preabsorbed. B:
A representative Western blot experiment showing that the anti-TH antibody recognizes the
TH in the prawn nervous system. Blots containing a protein extract from the nervous system
of the prawn and a protein extract from rat striatum (positive control) were probed with anti-
TH. Molecular weight markers (numbers to the left) are in kD. The antibody produces a
signal of the predicted size of the protein in both lanes.
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Figure 5. Serotonin immunoreactivity in the CNS of the prawn
A: View of the brain, containing paired clusters of medium (m: 50–80 µm) and small (s: 20–
50 µm) 5-HT immunoreactive (ir) cells located near the midline. The small-sized 5-HT ir
cells tended to cluster near the base of the optic stalks, sending axons through the optic
nerve (on). B: View of the circumesophageal ganglion (CEG), containing a pair of 5-HT ir
cells, both of which sent their axons anteriorly towards the brain (gray arrow), and an
extensive network of 5-HT ir terminal arborizations. C: View of the subesophageal ganglion
(SEG), containing small bilaterally paired 5-HT ir cells found along the paths of
immunoreactive midline and lateral fiber bundles (MFB and LFB, respectively). One pair of
cells was consistently found along the MFB (white arrow), while at least three or four cells
could be seen along each LFB (gray arrows). Thin 5-HT ir fibers could also be seen bridging
the fibers of the LFB and MFB (white arrowhead). An area of dense 5-HT ir terminal
arborizations (*) was also consistently labeled in the midline towards the center of the
ganglion. D: View of the thoracic (T) ganglia, the first four containing at least one bilateral
pair (in some cases two) of small 5-HT ir neurons with cell bodies placed laterally and axons
projecting towards the midline (*). The fourth and fifth thoracic ganglia (T4–T5) also had
pairs of large neurons, one in the midline (T5; gray arrowhead), the other halfway between
the midline and the lateral edge of the ganglion (T4; white arrowhead). The axons of the
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latter pair of neurons projected horizontally for a short span and then anteriorly between the
MFB and LFB. Cell bodies of axons comprising the MFB included two pairs of large 5-HT
ir neurons: the T5 large midline neurons (gray arrowhead) and the two larger neurons of the
first abdominal ganglion (gray arrowhead in Fig. 5E:A1). At least one pair of thick 5-HT ir
fibers that form part of the MFB (white arrows) exited the ventral nerve cord through one of
the SEG nerve roots. Two pairs of small 5-HT ir neurons were also consistently found along
the MFB of the thoracic ganglia (gray arrows). E: Views of the six abdominal ganglia, each
containing at least two pairs of small cells (white arrowheads), with fibers that turn
anteriorly (white arrows) and branches that crossed the midline (gray arrows), with a
neuropil region located laterally in each hemiganglion (*). The A1 ganglion appeared
different only in that one pair of these 5-HT ir neurons was larger in size (gray
arrowhead).All images shown were obtained from the ventral nerve cord of a male blue
clawed prawn, except C, which was obtained from a male small clawed prawn. Images were
obtained with a Zeiss Axioskop fluorescence microscope. (Scale bar = 250 µm for all
images, except C, where it represents 100 µm).
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Figure 6. 5-HT1Mac immunoreactivity in the CNS of the prawn
A: View of the brain, in which 5-HT1Mac immunoreactivity (ir) was observed as diffuse
punctate staining, in the neuropil of the protocerebrum (*), within a group of 4–8 small-
sized cells in the protocerebrum (gray arrows), a group of 4–8 medium-sized cells in the
tritocerebrum (white arrows), in fibers in the optic nerves (on), within the deutocerebrum
(gray arrowheads) and coming in through the connectives from the circumesophageal
ganglia (CEG) (white arrowheads). B: View of the CEG, showing 5-HT1Mac ir within two
cells (gray arrows), the largest of which sends its axon towards the brain (gray arrowhead),
and in a fiber traversing the connective (white arrow). C: Ventral view of the subesophageal
ganglion (SEG) and thoracic (T) ganglia, showing 5-HT1Mac ir on the membranes of SEG
cells arranged in groups located on the lateralmost edges of the ganglion (white arrowheads)
and along its midline (gray arrowheads), and on the membranes of cells located at the center
of each thoracic ganglion (gray arrows), along with 4 clusters of medium- to large-sized
cells, arranged as the wings of a butterfly, located towards the lateralmost edges of each
ganglion (white arrows). The first (T1) and fifth (T5) thoracic ganglia had the larger of the
centrally located clusters. D: Ventral view of the first abdominal ganglion (A1) showing 5-
HT1Mac ir on the membranes of large-sized cells (*) arranged in clusters located at both
sides of the midline. E: Ventral view of the third abdominal ganglion (A3) showing a pattern
of 5-HT1Mac ir similar to that observed for A1. 5-HT1Mac ir could also be observed in
centrally located fibers that traversed the ganglia along its connectives (white arrowheads).
F: Dorsal view of the fifth abdominal ganglion (A5) showing 5-HT1Mac ir along 4 clusters of
medium- to large-sized cells, located laterally and arranged as the wings of a butterfly (white
arrows), and in 4 centrally located fibers that traversed the ganglia along its connectives
(white arrowheads). G: Ventral view of the sixth abdominal ganglion (A6) showing 5-
HT1Mac ir on the membranes of cells arranged in clusters (white arrows), following a pattern
similar to that described for A1 and A3. All images shown were obtained from the ventral
nerve cord of a male blue clawed prawn. Images A, B and F are each an individual frame or
optical slice of sets of confocal stacks. Images C, D, E and G are each a composite of optical
slices of sets of confocal stacks spanning the ventral aspect of the full dorsal-ventral axis of
the ganglia. The fluorescence has been digitally brightened, and several pieces of surface
debris have been digitally removed. (Scale bars = 250 µm).
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Figure 7. 5-HT2Mac immunoreactivity in the CNS of the prawn
A: View of the brain, showing 5-HT2Mac immunoreactivity (ir) as very fine punctate
staining throughout the neuropil of the centralmost regions of the proto- (p), deuto- (d) and
tritocerebrum (t), surrounding the glomeruli of the olfactory lobes (white boxes), in a few
small-sized cells medial and inferior to the olfactory lobes (white arrows), and in fibers and
terminal arborizations (*) entering through the connectives near the tritocerebrum. B: View
of the circumesophageal ganglion (CEG), showing 5-HT2Mac ir as punctate staining in the
neuropil. C: Ventral view of the subesophageal ganglion (SEG), showing 5-HT2Mac ir as
very fine punctate staining throughout the neuropil, and in a few small-sized cells and fibers
placed laterally (white arrows). D: Ventral view of the thoracic (T) ganglia, showing 5-
HT2Mac ir in groups of 2–8 small-sized cells located superolaterally on each side of the T1–
T4 ganglia (white arrows) and inferomedially at T5 (white arrowheads), in the axons (gray
arrowheads) of some neurons forming these clusters (e.g., see T4), and in the neuropil of all
five thoracic ganglia, with a higher intensity of staining observed in T4 and T5. E: Dorsal
view of the first abdominal ganglion (A1), showing 5-HT2Mac ir in a pair of small-sized
cells located bilaterally in the superolateral aspect of the ganglion (white arrows), in the
neuropil, and in fibers traversing the ganglion along its connectives (white arrowheads). F.
Dorsal view of the third abdominal ganglion (A3), showing 5-HT2Mac ir in a single medium-
sized cell (white arrow) in the midline between the two upper quadrants of the ganglion and
in fibers traversing the ganglion along its connectives (white arrowhead). G: Dorsal view of
the sixth abdominal ganglion (A6), showing 5-HT2Mac ir in a single medium-sized cell
(white arrow) in the midline between the two upper quadrants of the ganglion, and in fibers
traversing the ganglion along its connectives and nerve roots (white arrowheads). All images
shown were obtained from the ventral nerve cord of a male blue clawed prawn. Images A, E,
F and G are each an individual frame or optical slice of sets of confocal stacks. Images B, C
and D are each a composite of optical slices of sets of confocal stacks spanning the full
dorsal-ventral axis of the ganglia. The fluorescence has been digitally brightened, and
several pieces of surface debris have been digitally removed. (Scale bars = 100 µm).
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Figure 8. Colocalization of 5-HT1Mac and TH immunoreactivity in the CNS of the prawn
5-HT1Mac immunoreactivity (ir) shown in green and Tyrosine Hydroxylase (TH) ir shown in
magenta. TH ir is taken to represent dopamine (DA)-containing cells (see Materials &
Methods). Cells and fibers showing immunoreactivity to both 5-HT1Mac and TH appear
white. A: View of the brain, showing colocalization of both 5-HT1Mac and TH/DA in a
group of four small-sized cells in the protocerebrum (white arrows), a pair of large- to
medium-sized cells in the deutocerebrum (yellow arrows), and a cluster of 4–8 medium-
sized cells in the tritocerebrum (white arrowheads). B: View of the circumesophageal
ganglion (CEG), showing colocalization for both 5-HT1Mac and TH/DA in a large-sized cell
(white arrow) that sends its axon towards the brain, as well as in terminal arborizations
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(white arrowheads) within the neuropil of the ganglion. C: View of the subesophageal
ganglion (SEG), showing 5-HT1Mac and TH/DA colocalization in some (*), but not all, of
the medium-sized cells within the bilateral clusters of the ganglion, in the fascicles of axons
going to the contralateral (yellow arrowheads) side of the ganglion (but not in those going
towards the CEG; white arrowheads), within longitudinal fibers communicating the SEG
with the lower ganglia (yellow arrows), in some, but not all, of the horizontally-oriented
fibers forming a ladder-like pattern (blue arrowheads), and in the small-sized cells on the
edges of the ganglion (white arrows), inferior to the bilateral clustered cells, as well as in the
centrally located cells (blue arrow) between the SEG and the first thoracic ganglion (T1). D:
View of T3-T4, showing 5-HT1Mac and TH/DA colocalization only in the longitudinal fibers
that traverse the ganglia (white arrowheads). E: View of the first abdominal ganglion (A1),
showing 5-HT1Mac and TH/DA colocalization in the longitudinal fibers that traverse the
ganglia (white arrowheads) and rather sparsely on the terminal arborizations within the
neuropil. F: View of the sixth abdominal ganglion (A6), showing 5-HT1Mac and TH/DA
colocalization in the expansive terminal arborization that forms at the end of the longitudinal
fibers entering through the connective. All images shown were obtained from the ventral
nerve cord of a male blue clawed prawn. All images are composites of optical slices of sets
of confocal stacks spanning the full dorsal-ventral axis of the ganglia. The fluorescence has
been digitally brightened, and several pieces of surface debris have been digitally removed.
(Scale bars = 100 µm).
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Figure 9. Colocalization of 5-HT2Mac and TH immunoreactivity in the CNS of the prawn
5-HT2Mac immunoreactivity (ir) shown in green and Tyrosine Hydroxylase (TH) ir shown in
magenta. TH ir is taken to represent dopamine (DA)-containing cells (see Materials &
Methods). Cells and fibers showing immunoreactivity to both 5-HT2Mac and TH appear
white. A: View of the brain, showing colocalization of both 5-HT2Mac and TH/DA only in
the somas of a pair of medium-sized cells in the deutocerebrum (white arrows). B: View of
the first abdominal ganglion (A1) showing colocalization of both 5-HT2Mac and TH/DA
only at the soma of a single cell located at the midline (white arrow). C: View of the third
abdominal ganglion (A3) showing colocalization of both 5-HT2Mac and TH/DA only at the
soma of a single cell located at the midline (white arrows. D: View of the sixth abdominal
ganglion (A6) showing there is no colocalization of 5-HT2Mac and DA (no white or
overlapping staining). All images shown were obtained from the ventral nerve cord of a
male blue clawed prawn. All images are composites of optical slices of sets of confocal
stacks spanning the full dorsal-ventral axis of the ganglia. The fluorescence has been
digitally brightened, and several pieces of surface debris have been digitally removed. (Scale
bars = 100 µm).
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Table 1

Primers used for amplification and cloning of 5-HT1Mac and 5-HT2Mac

Oligo Name Sequence

Lu4TRsa 5’-CGACGTGGACTATCATGAACGCACGCAGTCGGTAC(T)13-3’

NSLu4 5’-TCGAGCGGCCGCCCGGGCAGGTCGACGTGGACTATCCATGACGCA-3’

For 5HT1Mac-6 5’-CCCAACGGCATCACGGAACACCAAACCA-3’

NFor 5HT1Mac-8 5’-CCCACGTCAGCGAGGTCTCCAGAATGGA-3’

For 5HT1Mac-10 5’-CTTCGTCACCGCCCTCCTCATGCCCATC-3’

Rev 5HT1Mac-9) 5’-GCCTTCTTCTCCCGCTTGGCTTCGAGGG-3’

NRev 5HT1Mac-7) 5’-CTGACGTGGGACGAGACGGAGACCGCCC-3’

NRev 5HT1Mac-5 5’-ATGCCGTTGGGTTTGTCTCCGCTTCTGGG-3’

For 5HT2Mac-1 5’-GCGGAGGCCGCCCTTAGTTAGGT-3’

For 5HT2Mac-3 5’-GGTATTCCGTAAGAGAGCA-3’

For=forward; NFor=nested forward; Rev=reverse; NRev=nested reverse; Lu4TRsa=3’RACE adapter; NSLu4=nested 5’and 3’RACE adapter
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Table 2

Primary antibodies used

Antigen Host Source Dilution

Serotonin (5-HT) Rabbit ImmunoStar, Hudson, WI (cat #20080, lot #051007) 1:10,000

5-HT1crust receptor Rabbit Bethyl Laboratories, Montgomery, TX (lot #971314/1) 5 ug/ml

5-HT2crust receptor Rabbit Bethyl Laboratories, Montgomery, TX (lot #970304/1) 5 ug/ml

Tyrosine Hydroxylase (TH) Mouse ImmunoStar, Hudson, WI (cat #22941, lot #21048) 1:200
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Table 3

Table of conservation. Amino acid identities (I:top) and positives (P:bottom) from Blast 2 Sequences for the
prawn proteins (5-HT1Mac and 5-HT2Mac) and other crustacean, insect and mammalian related proteins. In
BLAST, the term “identity” refers to the percent of amino acid residues in the alignment which are identical, a
measure of the extent to which compared sequences are invariant. The term “positive” refers to the percent of
amino acid residues for which the alignment scores (the sum of the scoring matrix values in each segment
pair) have positive values, a measure of the similarity between sequences.
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