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Abstract Stomatogastric musculature from crabs in the

genus Cancer provides a system in which modulatory roles

of peptides from the FLRFamide family can be compared.

The anterior cardiac plexus (ACP) is a neuroendocrine

release site within the Cancer stomatogastric nervous

system that is structurally identical in C. borealis, C. pro-

ductus, and C. magister but that appears to contain

FLRFamide-like peptide(s) only in C. productus. We

measured the effect of TNRNFLRFamide on nerve-evoked

contractions of muscles that were nearby, an intermediate

distance, or far from the ACP. We found the spatial pattern

of FLRFamidergic modulation of muscles in C. productus

to be qualitatively different than in C. borealis or

C. magister. In C. productus, muscles proximal to the ACP

were more responsive than distal muscles. In C. borealis,

FLRFamidergic response was less dependent on muscle

location. These results suggest that functionally different

roles of FLRFamides in modulating stomatogastric muscle

movements may have evolved in different Cancer species.
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Abbreviations

acn Anterior cardiac nerve

ACN1/2 Anterior commissural neurons 1 and 2

ACP Anterior cardiac plexus

AM Anterior median neuron

COI Cytochrome oxidase I

cpv3a Cardiopyloric valve 3a muscle

c6 Cardiac 6 muscle

CoG Commissural ganglion

cv2 Ventral cardiac 2 muscle

dacn Dorsal anterior cardiac nerve

DG Dorsal gastric neuron

dgn Dorsal gastric nerve

gm4 Gastric mill 4 muscle

gm8b Gastric mill 8b muscle

IC Inferior cardiac neuron

lacn Lateral anterior cardiac nerve

p8 Pyloric 8 muscle

LP Lateral pyloric neuron

PY Pyloric neuron

lvn Lateral ventricular nerve

son Superior esophageal nerve

MG Medial gastric neuron

STG Stomatogastric ganglion

mvn Medial ventricular nerve

stn Stomatogastric nerve

on Esophageal nerve

STNS Stomatogastric nervous system

Introduction

Peptidergic modulation in the stomatogastric nervous sys-

tem (STNS) has been studied in a fair amount of detail in

creatures from three infraorders within the decapod sub-

order Reptantia: Palinura (spiny lobsters), Astacidea

(lobsters and crayfish) and Brachyura (true crabs) (Katz
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and Tazaki 1992; Skiebe 2001). While many aspects of

structure and function in the STNS are conserved across

species, staining patterns in peptide immunolabeling assays

have shown considerable variability, even for two species

in the same genus (Cancer) (Mortin and Marder 1991).

Investigating the physiological and functional significance

corresponding to one of these anatomical differences is a

challenging but rewarding task, as it can provide insight

about neuromodulatory function and its evolution in the

STNS.

The center of the STNS is the stomatogastric ganglion

(STG), which consists of 25–30 mostly motor neurons that

control muscle movements that produce the gastric mill

(grinding) and pyloric (filtering) rhythmic motor patterns

(Harris-Warrick et al. 1992). In Cancer crabs, the muscles

themselves provide an opportunity to compare the effects

of peptides from the FLRFamide family. In Cancer bore-

alis, the best studied species in the genus, FLRFamide

potentiates nerve-evoked contractions of the stomach

muscles (Jorge-Rivera and Marder 1996; Jorge-Rivera

et al. 1998) through modulatory effects both at the neuro-

muscular junction and on the contractile machinery (Jorge-

Rivera and Marder 1996). Previous immunohistochemical

investigations (Christie et al. 2004b; Marder et al. 1987)

have revealed no staining in the vicinity of the muscula-

ture, so the prevailing view (Jorge-Rivera and Marder

1996) has been that the FLRFamide that acts on C. borealis

muscles is secreted by neuroendocrine organs extrinsic to

the STNS (Fu et al. 2005; Li et al. 2003).

Recently, however, a neuroendocrine system intrinsic to

the STNS was identified that may release FLRFamide

directly onto stomatogastric muscles, but in only one of

three Cancer species studied (Christie et al. 2004a; Savage

et al. 2006). This system is comprised of anterior com-

missural neurons 1 and 2 (ACN1/2), which are located and

arborize in each commissural ganglion (CoG), and the

anterior cardiac plexus (ACP), an endocrine release site the

neurons form in each anterior cardiac nerve (acn). While

the structure of the ACN1/2-ACP system is identical in

C. productus, C. borealis and C. magister (Christie et al.

2004a; Savage et al. 2006), FLRFamide-like immunore-

activity was found in the ACP of C. productus (Christie

et al. 2004a) but not in the other two species (Cruz-Ber-

mudez et al. 2006; Savage et al. 2006).

To better understand the functional significance of

FLRFamide release by the C. productus ACP, we mea-

sured the effects of peptide application on nerve-evoked

contractions of six stomatogastric muscles in each of the

three species. We report that the spatial pattern of FLR-

Famidergic modulation of stomatogastric musculature in

C. productus is qualitatively different than in C. borealis

or C. magister. In C. productus, gastric muscles that are

proximal to the ACP are more responsive than distal

pyloric muscles, while in C. borealis the response is less

dependent on muscle location. These results suggest that

the role of the ACP in modulating stomatogastric motor

patterns may have evolved differently in the three species.

Some of these data previously appeared in abstract form

(Savage et al. 2006).

Materials and methods

Animals and solutions

Jonah crabs Cancer borealis Stimpson were purchased

from the Marine Biological Laboratory (Woods Hole,

Massachusetts, USA). Dungeness crabs Cancer magister

Dana and red rock crabs Cancer productus Randall were

collected by hand, trap or trawl at multiple locations

throughout the San Juan Archipelago and greater Puget

Sound areas of Washington State, USA. Regardless of

species, animals were maintained in aerated seawater

aquaria chilled to 10�C until used. Physiological saline had

the following composition: 440 mM NaCl; 11 mM KCl;

13 mM CaCl2; 26 mM MgCl2; 11.2 mM Trisma base;

5.1 mM maleic acid; pH 7.4. The peptide TNRNFLRFa-

mide was purchased from American Peptide (Sunnyvale,

CA, USA), dissolved in distilled water at 10-3 M and

stored at -20�C. Aliquots were diluted in saline to desired

concentrations immediately before use.

Contraction measurements

Measurements of nerve-evoked contractions were made

from the cardiac 6 (c6), cardiopyloric valve 3a (cpv3a),

ventral cardiac 2 (cv2), gastric mill 4 (gm4), gastric mill 8b

(gm8b), and pyloric 8 (p8) muscles, all of which are

intrinsic muscles from the foregut of Cancer crabs. The c6

muscle is innervated by the anterior median (AM) neuron

via the acn. The cv2 muscle is innervated by the inferior

cardiac (IC) neuron via the medial ventricular nerve (mvn).

The gm4 muscle, which consists of distinct gm4b and

gm4c bundles of fibers, is innervated by the dorsal gastric

(DG) neuron via the dorsal gastric nerve (dgn). The other

three muscles are innervated via the lateral ventricular

nerve (lvn): cpv3a by the lateral pyloric (LP) neuron, gm8b

by the medial gastric (MG) neuron, and p8 by pyloric (PY)

neurons. Nerves and muscles were identified using the

nomenclature of Maynard and Dando (1974). The AM, DG

and MG neurons are part of the gastric network that con-

trols grinding movements of three teeth in the gastric mill.

The IC, LP and PY neurons are part of the pyloric network

that constricts and dilates valves in the pylorus, a filtering

structure (Harris-Warrick et al. 1992; Maynard and Dando

1974; Selverston and Moulins 1987; Weimann et al. 1991).
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The basic procedure for making muscle contraction

measurements has been described previously (Messinger

et al. 2005). Neuromuscular preparations consisting of one

of the muscles and the innervating nerve were dissected

from the Cancer foregut and pinned flat in 5 ml Petri

dishes lined with Sylgard 182 (Dow Corning, Midland, MI,

USA). One of the muscle insertions was pinned down in

the dish, while the other was tied to a FT03 force dis-

placement transducer (Astro-Med, West Warwick, RI,

USA) with a *3 cm piece of size 6/0 silk suture thread

(Fine Science Tools, Foster City, CA, USA).

The nerve was stimulated extracellularly via a stainless

steel pin electrode with a train of 1 ms unipolar pulses

produced by an isolated pulse stimulator (Model 2100, A-

M Systems, Carlsborg, WA, USA). This resulted in muscle

shortening, and the force transducer measured the

increased tension. The transducer signal was amplified

(Model 440, Brownlee Precision, San Jose, DA, USA) by a

factor of 10,000, recorded using a Digidata 1322A acqui-

sition system (Axon Instruments, Union City, CA, USA),

and analyzed using the Clampfit program (Axon Instru-

ments). During experiments the bath volume was

maintained at *3 ml, and the preparation was continu-

ously superfused (4–5 ml/min) with saline that was cooled

with an ice bath and regulated to within half a degree at a

temperature between 9 and 11�C. Solutions containing

TNRNFLRFamide (10-9–10-7 M) were bath-applied by

means of a switching port at the inflow of the superfusion

system.

Statistics

A two-way ANOVA was used to analyze and compare

the dose–response relationships for the effect of

TNRNFLRFamide on gm4 peak contractile force in

C. productus and C. borealis. The Holm–Sidak method

was then used to make pairwise comparisons. In the

experiments in which the effect of only a single concen-

tration (10-7 M) of TNRNFLRFamide was tested, a paired

t test was used to test for statistical significance. In

instances when the normality condition was not satisfied,

the Wilcoxon signed rank test was implemented. All sta-

tistical tests were done using SigmaStat (Version 3.1,

Systat Software, Point Richmond, CA, USA). Statistical

significance was indicated on figures using the following

symbols: * P \ 0.05, ** P \ 0.01, *** P \ 0.001. Error

bars on all plots correspond to standard errors.

Figure production

Figures were produced using the Canvas (Version 9, ACD

Systems, Miami, FL, USA) and SigmaPlot (Version 8.0,

Systat Software, Point Richmond, CA, USA) software

packages.

Results

Sensitivity of modulation of muscle contraction by

TNRNFLRFamide is similar in C. productus and

C. borealis

FLRFamides have previously been shown to increase

nerve-evoked contraction and/or induce myogenic activity

in crustacean stomatogastric muscles (Meyrand and Marder

1991), including those of Cancer borealis (Jorge-Rivera

and Marder 1996). In the latter investigation, it was

observed that application of either TNRNFLRFamide or

SDRNFLRFamide modulated muscle contraction in 15 of

17 muscles tested and that the threshold concentration for

an effect was 10-10 M and 10-9–10-8 M, respectively. To

determine whether FLRFamides similarly enhance con-

traction in C. productus, we initially measured the effects

of the more potent TNRNFLRFamide peptide on contrac-

tion of the gm4 muscle. We chose this muscle because a

previous study showed that, in C. borealis, gm4 is modu-

lated by at least ten neuropeptides including both

FLRFamides (Jorge-Rivera et al. 1998), and hence we

hypothesized that it would be the muscle in C. productus

most likely to be modulated.

Figure 1a shows nerve-evoked contractions of gm4 in

C. productus that were elicited every minute by 1 s duration,

20 Hz electrical stimulation of the dgn, before and during

application of 10-8 M TNRNFLRFamide. The two indi-

vidual contractions representing the control (C) and maximal

(M) modulated states are replotted in Fig. 1b. The peak

contractile force in response to a stimulation increased

fourfold in the presence of TNRNFLRFamide, but desensi-

tization to the peptide occurred (Fig. 1a), as has been

observed elsewhere in the STNS (Birmingham et al. 2003)

and in crustacean neuromuscular preparations (Worden et al.

1995). Subsequent applications of TNRNFLRFamide

resulted in much smaller effects on contraction, even after an

hour of rinse (data not shown), as has been reported previ-

ously (Jorge-Rivera and Marder 1996). Figure 1c is a dose–

response relationship plotting the ratios of the peak con-

tractile forces under (maximal) modulated and control

conditions for gm4 contractions in C. productus elicited by

1 s, 20 Hz stimulation. For comparison, we made dose-

response measurements in corresponding preparations from

C. borealis (Fig. 1c). Because of desensitization in both

species, a particular neuromuscular preparation could be

tested at only a single peptide concentration; each bar rep-

resents the average of five experiments. For both animals,

pronounced effects on contraction were first observed at
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10-8 M. Significant differences in the modulatory response

were measured between concentrations within each species

and between species for a given concentration.

Relative magnitude of modulation of stomatogastric

musculature by TNRNFLRFamide varies among

species of Cancer crabs

While at least ten substances, including TNRNFLRFamide

and SDRNFLRFamide, have been identified as neuro-

modulators of stomatogastric musculature in C. borealis

(Jorge-Rivera and Marder 1996; Jorge-Rivera and Marder

1997; Jorge-Rivera et al. 1998), modulation of stomach

muscles in C. productus has been documented only for the

peptide CabTRP Ia (Messinger et al. 2005), and in

C. magister for the monoamine dopamine (Lingle 1981). In

C. borealis, depolarization of the pericardial organs relea-

ses TNRNFLRFamide and SDRNFLRFamide into the

hemolymph (Li et al. 2003), and we would expect that

FLRFamides circulate at similar levels in C. productus and

C. magister. As mentioned earlier, anatomical investiga-

tions (Christie et al. 2004a; Savage et al. 2006) showed that

an additional source of FLRFamide in the STNS of

C. productus could be the ACN1/2-ACP system. Local

release from the ACP might expose muscles near the

release site to higher concentrations of FLRFamides than

more distal muscles. Thus we wished to determine if the

responses to FLRFamide of muscles proximal and distal to

the ACP in C. productus differ from those in C. borealis or

C. magister.

We chose three gastric (c6, gm4, gm8b) and three

pyloric (cpv3a, cv2, p8) muscles with which to quantify the

effect of 10-7 M TNRNFLRFamide on nerve-evoked

contraction in each of the three species. We picked these

particular muscles because we wanted to study relatively

large muscles that would produce easily measured con-

tractions and that were either nearby (c6, gm4), far (cv2,

p8), or an intermediate distance (cpv3a, gm8b) from the

ACP (Fig. 2). In particular, the c6 muscle is innervated via

the acn, the nerve in which the ACP is located. For all

muscles, we used a 1 s train of electrical pulses to elicit

contractions. As in previous studies of Cancer musculature

(Jorge-Rivera and Marder 1996; Jorge-Rivera and Marder

1997; Jorge-Rivera et al. 1998; Le et al. 2006; Messinger

et al. 2005) a constant frequency stimulus was used: 20 Hz

for muscles (gm4, gm8b, p8) that produced larger, more

easily measurable contractions, and 40 Hz for muscles (c6,

cpv3a, cv2) that produced smaller contractions.

Application of TNRNFLRFamide resulted in enhanced

contractions in all three crab species. Representative con-

tractions under control conditions and in the presence of

10-7 M TNRNFLRFamide are shown in Fig. 3a for a

muscle from each species. As in Fig. 1a, desensitization

was observed in these experiments, and so all results reflect

the maximal modulatory effect that occurred 5–10 min

after application of the peptide. A summary of results for

the six muscles is shown in Fig. 3b. Overall, the effect of

Fig. 1 TNRNFLRFamide increases the contractile force produced by

a stomatogastric muscle in C. productus. a Contractions of the gastric

mill 4 (gm4) muscle before and during application of 10-8 M

TNRNFLRFamide in response to 1 s, 20 Hz stimulation of the dgn
made once per minute. b Expanded traces for the contractions

corresponding to the control (C) and maximal (M) modulated

conditions for the experiment shown in a. c Dose–response relation-

ship for the effect of TNRNFLRFamide on gm4 peak contractile force

(normalized to control) elicited by 1 s, 20 Hz stimulation in C. pro-
ductus and C. borealis. Experiments on five preparations were used to

generate each bar. Different preparations were required for each

concentration because of the desensitization that is illustrated in a. A

two-way ANOVA was performed on the data set after applying a

logarithmic transform to the ratios (i.e. responses normalized to

controls) to satisfy requirements of normality and homogeneity of

variances. Statistically significant differences in the mean for the two

species (P = 0.0056) and among the different concentrations

(P \ 0.000001) were found, but there was not a statistically significant

interaction between species and concentration (P = 0.089). Pairwise

comparisons between concentrations within a species and between

species for each concentration were made using the Holm-Sidak

method, with significant differences indicated on the figure. For

C. borealis, the difference between the means for 10-9 M versus

10-8 M was not quite significant (P = 0.092)
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TNRNFLRFamide was larger in C. productus than in

C. borealis, and the smallest effect was observed in

C. magister. Within each species, however, the relative

magnitude of the modulatory effect varied greatly and

appeared to be correlated with a muscle’s location. In

C. productus very large (100–350%) average increases in

the contractile forces produced by gastric muscles (c6,

gm4, gm8b) were observed, while the effects on the distal

pyloric muscles (cpv3a, cv2, p8) were far smaller (B30%

over basal). In C. borealis prominent ([55%) modulatory

effects were noted for all muscles except cv2, consistent

with an earlier study (Jorge-Rivera and Marder 1996). The

effects on the three gastric muscles were smaller than in

C. productus, but those for cpv3a and p8 in C. borealis

were noticeably larger. In C. magister there was little or no

modulatory effect in four muscles (c6, cv2, gm8b, p8) and

a smaller enhancement for the other two muscles (cpv3a,

gm4) than in C. borealis. The increase in contraction of the

C. magister gastric muscle (gm4) was smaller than in

C. productus, while the increase for the pyloric muscle

(cpv3a) was larger.

Discussion

Possible roles of globally- and locally-released

FLRFamide in modulating Cancer stomatogastric

muscles

At least 20 members of the FLRFamide family have been

identified as being present in crabs in the genus Cancer

(Cruz-Bermudez et al. 2006; Fu et al. 2005; Fu and Li

2005). TNRNFLRFamide and SDRNFLRFamide, the first

two of these to be characterized and isolated (Trimmer

et al. 1987), are known to potentiate contractions of

stomatogastric muscles in C. borealis (Jorge-Rivera and

Marder 1996; Jorge-Rivera et al. 1998). Since no FLRFa-

mide-containing neurosecretory site within the STNS of

C. borealis or C. magister has been discovered, nor has

direct FLRFamide-like innervation of musculature been

observed, FLRFamidergic enhancement of muscle con-

tractions in these two crabs presumably results from release

from structures outside of the STNS such as the pericardial

organs, which are known to secrete TNRNFLRFamide and

SDRNFLRFamide in C. borealis (Li et al. 2003).

Jorge-Rivera and Marder (1996) suggested that simul-

taneous modulation of all stomatogastric muscles in

C. borealis by FLRFamide might allow maintenance of

physiologically-relevant muscle movements in the presence

of a relatively weak pattern of motor neuron firing. For the

five muscles that showed a modulatory response in

Fig. 2 Schematic representation (after Weimann et al. 1991) showing

the location of the anterior cardiac plexus (ACP) relative to some of

the stomatogastric muscles in Cancer crabs. Dorsal view with only

left side is shown. Anterior is up, and medial is to the right. Intrinsic

muscles studied in this investigation are shown in light gray, other

intrinsic muscles are dark gray, extrinsic muscles are white, and

ossicles are black. c6, cardiac 6 muscle; cpv3a, cardiopyloric valve 3a

muscle; cv2, ventral cardiac 2 muscle; gm4b,c, gastric mill 4b,c

muscle; gm8b, gastric mill 8b muscle; p8, pyloric 8 muscle; acn
anterior cardiac nerve; dacn dorsal anterior cardiac nerve; lacn lateral

anterior cardiac nerve; on esophageal nerve; son superior esophageal

nerve; stn stomatogastric nerve; STG stomatogastric ganglion. The

ACP and STG are located within nerves and are not drawn to scale.

Muscles are drawn approximately to scale. The gm4 muscles, for

example, are approximately 1–2 cm in length, but muscle size varies

both across and within species. In general, C. productus is the

smallest animal and C. magister the largest
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C. borealis, we measured an average increase in contractile

force of 122 ± 66% (SD) and noted that the magnitude of

the effect did not vary across the five muscles nearly as

much as in C. productus, where the average increase was

161 ± 163%. Thus we predict that, in C. borealis,

FLRFamide broadly amplifies but does not qualitatively

alter the overall pattern of gastric mill and pyloric muscle

movements.

In C. productus, but not the other two Cancer species, the

ACP appears to be a possible additional source of FLRFa-

mide. This assertion is based on studies using a

commercially-available antibody generated against syn-

thetic FMRFamide that detected immunoreactivity in the

ACP of C. productus but not in those of the other two spe-

cies (Christie et al. 2004a; Savage et al. 2006). This antibody

has been used to map the distribution of FLRFamide-related

peptides in a number of crustacean species including Cancer

crabs (Christie et al. 2004a and references therein) and has

been shown to react with both TNRNFLRFamide and

SDRNFLRFamide (Christie et al. 2004a), the only two

FLRFamides that have been tested in vitro for reactivity

with this antibody. However, we cannot rule out the possi-

bility of additional nonreactive members of the peptide

family being present in C. borealis or C. magister.

Based on its ultrastructure, the ACP was identified as a

neurosecretory site (Christie et al. 2004a); however, it is

not yet clear as to whether release of ACP modulators

would be more accurately described as global or local.

Certain regions of the crustacean STNS are in close contact

with circulating hemolymph and would be ideally sited to

either release modulators into the circulatory system or be

modulated themselves. The STG and portions of its con-

necting nerves, for example, are located within the lumen

of the cor frontale (auxiliary heart) of the anterior aorta

(Maynard and Dando 1974; Steinacker 1978). The ACP is

located outside this artery, however, so we suspect that

FLRFamide released in C. productus by this structure may

only reach local targets within the STNS and may not act

globally throughout the organism.

If FLRFamide release is local and all muscles have a

similar sensitivity (i.e. dose–response relationship) to the

peptide, it may be the case that only muscles close to the

ACP would be exposed to FLRFamide concentrations

sufficient to potentiate contractions. Although Jorge-Rivera

and Marder (1996) reported a threshold concentration of

10-10 M TNRNFLRFamide for effects on contractions, our

dose–response measurements (Fig. 1c) suggest that the

TNRNFLRFamide concentration required to increase

contractile force appreciably (*50% or more over basal) is

between 10-9 and 10-8 M. We have no way of deter-

mining the total amount of FLRFamide released from the

ACP, but we can estimate the relative concentrations

at different distances if we make simplifying assumptions.

Fig. 3 Relative magnitude of response of stomatogastric musculature to

TNRNFLRFamide varies among species of Cancer crabs. a Represen-

tative nerve-evoked contractions elicited by 1 s electrical stimulation

under control conditions (solid lines) and in the presence of 10-7 M

TNRNFLRFamide (dotted lines) for muscles in each of the three Cancer
species. b Summary of effect of 10-7 M TNRNFLRFamide on peak

contractile force for six muscles in each of the three species (1 s

stimulation for all muscles; c6: stimulus frequency 40 Hz, N = 10 for

each species; gm4: 20 Hz, N = 5; gm8b: 20 Hz, N = 5; cpv3a: 40 Hz,

N = 6; cv2: 40 Hz, N = 5; p8: 20 Hz, N = 5.) The locations of the

groups of bar graphs reflect the approximate relative positions of the

muscles. (See Fig. 2.) Paired t tests using the raw data were used to test

for statistical significance with respect to control, except when the

normality condition was not satisfied (#) and the Wilcoxon signed rank

test was used. The P values are shown at the bottom of the figure. We

note that in a few cases (e.g. C. productus/gm8b, C. borealis/gm4) very

prominent effects were not quite statistically significant due to the

relatively small sample size and the large variability in the range of

contractile forces measured under control conditions
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If the peptide is released all at once and diffuses freely in

two dimensions (being confined by the hyperdermis cov-

ering the surface of the stomach), we show in the Appendix

that the maximum concentration at a given point varies as

the inverse square of the distance to the release site. The

concentration at the center of the c6 muscle (seven times

closer to the ACP) would thus be roughly 50 times larger

than at the center of gm8b. If barriers were to hinder flow

to the distal muscles, this ratio could be considerably lar-

ger, and proximal and distal muscles might respectively be

exposed to saturating and subthreshold FLRFamide

concentrations.

We found that the response to 10-7 M TNRNFLRFa-

mide of muscles in C. productus, unlike in C. borealis,

strongly depended on the muscle’s proximity to the ACP.

Contractile forces produced by the three most proximal

muscles, all gastric, increased notably ([100% over basal)

in the presence of the peptide, while the distal, pyloric

muscles showed little or no response. These results suggest

that FLRFamide likely modulates stomatogastric move-

ments in a functionally different fashion in C. productus

than in C. borealis (or C. magister), regardless of its origin

or the details of its release: FLRFamide released globally

by a structure such as the pericardial organs should broadly

strengthen the C. productus gastric mill motor program as

in C. borealis but leave pyloric movements unaffected.

FLRFamide released by the C. productus ACP such that all

muscles are exposed to the same concentration (or satu-

rating concentrations) should similarly potentiate gastric

but not pyloric contractions. However, FLRFamide

released in a local manner by the ACP, producing a con-

centration gradient across the musculature, should increase

the contractions of c6 and perhaps gm4, but not those of

more distal gastric muscles. This would result in qualita-

tively different gastric mill movements.

To confirm that the FLRFamidergic response in

C. productus is in general spatially-varying and/or motor

program-dependent would require further study of more

muscles, with a particular focus on gastric and pyloric

muscles like gm8b and cpv3a that are approximately the

same distance from the ACP. Additional experiments in

which the electrical stimulus parameters (e.g. duration,

rate) and/or FLRFamide concentration were varied might

generate a family of spatial maps of muscle response. Such

results would hint at whether the pattern of FLRFamidergic

muscle modulation in vivo depends on the activity of the

STG motor neurons and/or of ACN1/2, respectively.

Evolution of modulatory role of FLRFamide in Cancer

stomatogastric muscles

Based on outward morphological features such as cara-

pace and claw shape, C. borealis and C. magister were

historically grouped in a different Cancer subgenus

(Metacarcinus) from C. productus (Nations 1979). More

recently, however, phylogenies inferred from DNA

sequencing of the mitochondrial cytochrome oxidase I

(COI) gene indicate that C. productus and C. borealis are

the most closely related of the three species (Harrison

and Crespi 1999), suggesting that some or all of the

gross morphological similarities or differences in Cancer

crabs may have evolved independently and have been

driven to convergence or divergence by environmental

conditions such as their habitats or diets. It is reasonable

to assume that these factors could have similarly shaped

development of internal structures such as the stomato-

gastric system. For this reason we are not terribly

surprised that, of the three crab species examined in this

study, the two (C. borealis and C. magister) that lack

FLRFamide-like peptide in the ACP and have somewhat

similar patterns of FLRFamidergic modulation of the

musculature are actually the most distantly related with

respect to the molecular phylogeny (Harrison and Crespi

1999). Future comparative molecular, anatomical and

physiological studies of the Cancer STNS likely will

provide a better understanding of the functional role of

FLRFamide release by the ACP in C. productus and

might shed light on the circumstances driving evolu-

tionary modifications of this structure in particular, and

of the STNS in general.
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Appendix

Let n(x, y, t) be the time-varying concentration of FLRFamide

in saline confined to an infinite plane. Assume its evolution

is described by the two-dimensional diffusion equation
on
ot ¼ Dr2n, where D is the diffusion constant, and that

n(x, y, 0) = n0d(x)d(y)—initially all peptide is confined at

the origin. The solution to this equation has azimuthal

symmetry and is most simply expressed using polar

coordinates:

nðr; tÞ ¼ n0

4pDt
e�

r2

4Dt ð1Þ

The time at which the concentration at r = R is

maximum can be obtained by solving
on R;tð Þ

ot ¼ 0: The

resulting condition is 4Dt = R2. This result can be
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substituted back into Eq. 1 to eliminate t and to yield the

maximum concentration at r = R:

nmax Rð Þ ¼ n0

pR2
e�1 ð2Þ

which varies as the inverse square of the distance from the

origin.
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