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Summary. Pigment-dispersing hormone (PDH) acts to 
disperse pigments within the chromatophores of crusta- 
ceans. Using an antibody raised against ft-PDH from 
the fiddler crab Uca pugilator, we characterized the dis- 
tribution of ft-PDH-like immunoreactivity in the stoma- 
togastric nervous system of five decapod crustaceans: 
the crabs, Cancer borealis and Cancer antennarius, the 
lobsters, Panulirus interruptus and Homarus americanus, 
and the crayfish, Procambarus clarkii. No somata were 
stained in the stomatogastric ganglion (STG) or the 
esophageal ganglion in any of these species. Intense 
PDH-like staining was seen in the neuropil of the STG 
in P. interruptus only. In all 5 species, cell bodies, pro- 
cesses, and neuropil within the paired circumesophageal 
ganglia (CGs) showed PDH-like staining; the pattern 
of this staining was unique for each species. In each 
CG, the ft-PDH antibody stained: 1 large cell in C. bor- 
ealis; 3 small to large cells in C. antennarius; 3-8 medi- 
um cells in P. clarkii; 1-4 small cells in H. americanus; 
and 13-17 small cells in P. interruptus. The smallest cell 
in each CG in C. antennarius sends its axon, via the 
inferior esophageal nerves, into the opposite CG; this 
pair of cells, not labeled in the other species studied, 
may act as bilateral coordinators of sensory or motor 
function. These diverse staining patterns imply some de- 
gree of evolutionary diversity among these crustaceans. 
A ft-PDH-like peptide may act as a neuromodulator of 
the rhythms produced by the stomatogastric nervous 
system of decapod crustaceans. 
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The stomatogastric nervous system of decapod crusta- 
ceans controls the processing and movement of food 
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particles through the foregut. At least four different 
rhythmic motor patterns control the muscles that move, 
chew, and filter food before its entry into the hindgut 
(Robertson and Moulins 1981). Central pattern genera- 
tors (CPGs) within this part of the central nervous sys- 
tem (CNS) produce these rhythmic motor patterns (see 
Selverston and Moulins 1987). The neurons, synaptic 
connections, and mechanisms for rhythm production for 
two of these CPGs have been well characterized (Selver- 
ston and Moulins 1987). This preparation has proven 
to be an excellent model system for studying the effects 
of neuromodulators on well-defined neural circuits (see 
Marder 1987; Harris-Warrick 1988). Numerous peptides 
have been identified as modulators of the rhythms of 
the stomatogastric nervous system, including proctolin 
(Hooper and Marder 1984, 1987; Marder etal. 1986; 
Heinzel and Selverston 1988; Dickinson and Marder 
1989), FMRFamide-like peptides (Hooper and Marder 
1984; Marder et al. 1987; Weimann and Marder 1989), 
and a cholecystokinin-like (CCK-like) peptide (Turri- 
giano and Selverston 1989, 1990). 

The peptides, pigment-dispersing hormone (PDH) 
and red pigment-concentrating hormone (RPCH), act 
to disperse and concentrate pigments, respectively, with- 
in the chromatophores of crustaceans (Rao 1985). 
RPCH is distributed widely in the stomatogastric ner- 
vous system of the crab Cancer borealis (Nusbaum and 
Marder 1988) and the lobster Panulirus interruptus 
(Dickinson and Marder 1989). This distribution is corre- 
lated with the functional modulation of several of the 
rhythms produced by this part of the crustacean CNS 
in response to application of exogenous RPCH (Nus- 
baum and Marder 1988; Dickinson and Marder 1989; 
Dickinson et al. 1990). 

Originally, PDH was called distal retinal pigment 
hormone (DRPH) as it was identified based on its ability 
to produce light-adapting movements of pigments within 
the crustacean retina (Kleinholz 1936). DRPH was first 
isolated and sequenced from the eyestalks of the shrimp 
Pandalus borealis (Fernlund 1976). Experiments on ex- 
tracts from crustacean eyestalks demonstrated the ex- 
istence of a melanophore-dispersing hormone (MDH) 
that darkened the body of several crustacean species by 
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dispersing their melanophore  pigments (Fingerman 
1965; Kleinholz 1966; Fingerman and Fingerman 1972). 
M D H  was shown to be identical to D R P H ;  they co- 
eluted using various chromatographic  procedures and 
were equally capable of  inducing pigment dispersion 
within the chromatophores  of  the fiddler crab Uca pugi- 
lator (Kleinholz 1970, 1975). Since this M D H / D R P H  
peptide acted to disperse pigments in melanophores,  leu- 
cophores and erythrophores,  the general term pigment- 
dispersing hormone  (PDH) has been adopted recently 
(Mangerich and Keller 1988; Rao and Riehm 1988, 
1989). The P D H  peptide originally sequenced f rom P. 
borealis (Fernlund 1976) has been termed a - P D H  (Asn- 
Ser-Gly-Met - I le -Asn-Ser- I le -Leu-Gly- I le -Pro-Arg-Val -  
Me t -Thr -Glu -A la -NH2) ;  the peptide sequenced f rom U. 
pugilator (Rao et al. 1985) has been termed f i -PDH (Asn- 
Ser -Glu-Leu- I le -Asn-Ser - I l e -Leu-Gly -Leu-Pro-L  ys-Val-  
M e t - A s n - A s p - A l a - N H 2 ) .  The amino acid sequences of  
these two peptides, c~- and fi-PDH, are 66.7% identical; 
they differ at positions 3, 4, 11, 13, 16, and 17 (italicized 
above; see Kleinholz et al. 1986). More recently, several 
new P D H  peptides have been sequenced f rom a number  
of  different crustaceans (McCallum et al. 1988; Phillips 
et al. 1988; Rao et al. 1989) and these results show that  
crustacean P D H  peptides can be classified as members  
of  either the :r or f i -PDH peptide family (Rao and 
Riehm 1989). Pigment-dispersing factors, PDH-l ike pep- 
tides in insects, also have been isolated and sequenced 
f rom the lubber grasshopper  Romalea  microptera (Rao 
et al. 1987) and the domestic cricket Acheta  domesticus 
(Rao and Riehm 1988). The amino acid sequences of  
these insect pigment-dispersing factors are, respectively, 
77.8% and 83.3% identical to f i -PDH (Rao and Riehm 
1989). 

PDH-immunoreac t ive  neurons and fibers were first 
described in the optic ganglia of  the crab Carcinus maen- 
as and the crayfish Orconectes  limosus, indicating that 
P D H  may  function as a neurotransmit ter  or neuromod-  
ulator within the CNS (Dircksen et al. 1987; Mangerich 
et al. 1987). More recently, neurons and processes show- 
ing PDH-like immunoreact ivi ty have been found 
throughout  most  of  the CNS of  C. maenas and O. limo- 
sus (Mangerich and Keller 1988). We wish to know if 
P D H  acts as a neuromodula tor  within the s tomatogas-  
tric nervous system. As a first step, we used an ant ibody 
raised against synthetic U. pugilator f l -PDH to examine 
the distribution of  PDH-like immunoreact ivi ty in the 
stomatogastric nervous system of  five decapod crusta- 
ceans. The overall pat tern of  PDH-like immunoreactivi-  
ty for each species was unique, with some similar-look- 
ing features in more closely related species. Some of  this 
work was presented in an abstract  (Mortin and Marder  
1989). 

Materials and methods 

Animals  

Five species of decapod crustaceans were used in this study: the 
Pacific lobster Panulirus interruptus (n=25), the Atlantic lobster 
Homarus americanus (n= 8), the Pacific crab Cancer antennarius 

(n = 9), the Atlantic crab Cancer borealis (n = 13), and the freshwa- 
ter crayfish Procambarus clarkii (n = 11). The Atlantic lobsters and 
crabs were obtained from local fish markets in Boston, Mass. The 
Pacific lobsters and crabs were purchased from Marinus Biologicals 
of Long Beach, Calif. and Pacific Biomarine of Santa Monica, 
Calif. The crayfish were purchased from Carolina Biological Sup- 
ply Company of Burlington, NC. The marine animals were kept 
in artifical sea water tanks at 12~ ~ C until used. Crayfish were 
maintained in freshwater aquaria at room temperature until used. 
Male and female animals were used weighing between 40 and 600 g. 

The s tomatogastr ic  nervous sys tem 

Before fixation and staining, the foregut was removed from each 
animal and the entire stomatogastric nervous system was dissected 
away from the stomach and muscles, as detailed previously (see 
Selverston and Moulins 1987). The stomatogastric nervous system 
of decapod crustaceans includes the stomatogastric ganglion 
(STG), the esophageal ganglion (OG), the paired circumesophageal 
ganglia (CGs), and the network of nerves connecting these four 
ganglia to each other and to the muscles of the stomach (Fig. 1). 
The stomatogastric nerve (stn) is the only source of input to the 
STG from other parts of the CNS. The stn connects to a pair 
of superior esophageal nerves (sons), which originate from each 
CO, and a single esophageal nerve (on), which connects to the 
OG. The paired inferior esophageal nerves (ions) provide a second 
linkage from each CG to the OG (see Fig. 1). There are about 
30 neurons in the STG. The stn contains many fibers: 50-70 in 
C. borealis (B.J. Claiborne, unpublished results), 120 in P. interrup- 
tus (King 1976), and 240 in H. americanus (Maynard 1971). There 
are 14-18 neurons in the OG (B.J. Claiborne, unpublished observa- 
tions) and several hundred neurons in each CG (Maynard and 
Dando 1974). The medial and lateral ventricular nerves (mvn and 
lvn, respectively) contain axons from STG motor neurons that 
innervate stomach muscles. The circumesophageal connectives (ccs) 

Thoracic N.S. 
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Fig. 1. Schematic diagram of the stomatogastric nervous system 
of decapod crustaceans. Ganglia: CG circumesophageal ganglion; 
OG esophageal ganglion; STG stomatogastric ganglion. Nerves: 
ion inferior esophageal nerve; son superior esophageal nerve; ivn 
inferior ventricular nerve; cc circumesophageal connective; stn sto- 
matogastric nerve; mvn medial ventricular nerve; dvn dorsal ven- 
tricular nerve; lvn lateral ventricular nerve. The bilaterally symmet- 
ric ccs connect the supraesophageal ganglion (S. O.G. the "brain") 
to the thoracic nervous system (Thoracic N.S.) 



connect each CG with the supraesophageal ganglion (the "brain") 
on one side and the thoracic portion of the ventral nerve cord 
on the other. 

The stomatogastric nervous system was dissected in physiolog- 
ical saline of the following composition (in mM) : 

P. interruptus: 479 NaC1; 12.8 KC1; 13.7 CaC12; 3.9 Na2SO~; 
10 MgSO4; 11 Trizma Base [TRIS (hydroxymethyl) amino meth- 
ane]; and 4.8 maleic acid; pH 7.5-7.6. 

H. americanus: (same as P. interruptus or) 462NAC1; 16 KC1; 
26 CaCI2; 8 MgC12; 11 glucose; 11 Trizma Base; 5.0 maleic acid; 
pH 7.4. 

C. boreal& and C. antennarius: 440NaC1; 11 KC1; 26 MgC12; 
13 CaClz; 11 Trizma Base; 5.0 maleic acid; pH 7.4-7.5. 

P. clarlcii: 195 NaC1; 5 KC1; 2.6 MgCI2; 13 CaC12; 12 Trizma 
Base; 5 maleic acid; pH 7.5-7.6. 

Antisera 

Synthetic fi-PDH was made using the amino acid sequence from 
U. pugilator (Rao et al. 1985). The polyclonal antibody was made 
by injecting rabbits with a glutaraldehyde conjugate of synthetic 
/~-PDH and bovine thyroglobulin (Dircksen et al. 1987). The /~- 
PDH antibody was a gift from Dr. K. Rango Rao (University 
of West Florida, Pensacola, Fla). The specificity of this /3-PDH 
antibody was evaluated using an enzyme-linked immunosorbant 
assay (ELISA; Bonomelli et al. 1988). The antiserum recognized 
J3-PDH with an IC5o of 160 fmol/well, but showed virtually no 
affinity for ~-PDH (<0.001% relative to/~-PDH; Rao and Riehm 
1989). Additional tests indicated that the antibody recognizes anti- 
gens with residues similar to the C-terminus of J3-PDH (Bonomelli 
et al. 1988; Rao and Riehm 1989). 

Whole-mount immunocytochemistry 

Tissue was processed by the method of Beltz and Kravitz (1983), 
detailed by Marder et al. (1987). The stomatogastric nervous sys- 
tem was fixed in cold 4% paraformaldehyde in 0.1 M phosphate 
buffer, pH 7.3, overnight. Tissues were then rinsed five times in 
cold 0.1 M phosphate buffer pH 7.3 containing 0.3% Triton X-100 
and 0.1% Na azide at 1-h intervals. The primary rabbit anti-/~-PDH 
antibody was diluted between 1:800 and 1:1600 in this phosphate 
buffer with 10% goat normal serum. Tissues were incubated in 
primary antibody for 20-24 h at 4 ~ C. Tissues were then rinsed 
again in five washes of the cold phosphate buffer for I h each. 
Either fluorescein- or rhodamine-labeled goat anti-rabbit second- 
ary antibodies were diluted 1:25 in cold phosphate buffer pH 7.3 
with 10% goat normal serum. Tissues were incubated in secondary 
antibody for 20-24 h at 4 ~ C. Tissues were then rinsed in five 
washes of cold 0.1 M phosphate buffer pH 7.3 without the Triton 
X-100 or the Na azide for 1 h each. The stomatogastric nervous 
system was then mounted on a slide in 80% glycerin with 20% 
20 mM Na carbonate, pH 9.5. 

Before dissection, a few animals were given an injection of 
colchicine (Sigma) at 15 mg/kg intramuscular to block axonal 
transport and enhance cellular staining. No new structures were 
ever revealed by colchicine pretreatment. Controls were done by 
preincubating the primary antibody with various peptides for 3 h 
at room temperature before applying the antibody to the tissues. 
Peptides used for preincubation included: /~-PDH (gift of Dr. K. 
Rango Rao); proctolin, RPCH, FMRFamide, and CCK-8 (ob- 
tained from Sigma, Peninsula, or Bachem). Peptides were preincu- 
bated at a concentration of 100 gM with primary antibody at dilu- 
tions from 1:800 to 1:1600. Immunohistochemical staining was 
abolished only by preincubation of the primary antibody with/3- 
PDH. 
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Lucifer yellow backfills 

Nerves were backfilled with Lucifer yellow and then double labeled 
with the/~-PDH antibody using a rhodamine-conjugated secondary 
antibody (Marder et al. 1987). A vaseline well was placed around 
the nerve that was to be backfilled, to isolate the solution in the 
well from that surrounding the rest of the nervous system. The 
saline within the well was replaced for 2-4 min with distilled water 
at room temperature. The water was then replaced with a solution 
of 10%-20% Lucifer yellow CH, dilithium salt (Sigma) containing 
3 %-5 % L-c~-lysophosphatidylcholine, type I from egg yolk (Sigma) 
in distilled water at room temperature. The nerve was then cut 
and the preparation was left at 4~ for 24-48 h. Occasionally, 
a second batch of the Lucifer yellow solution was added after 
24 h. Next, the Lucifer yellow solution was replaced by cold physio- 
logical saline and the vaseline well was removed. The preparation 
was then fixed overnight in 4% paraformaldehyde and processed 
for PDH-like immunoreactivity as described above, using a rhoda- 
mine-conjugated secondary antibody. 

Fluorescence imaging and photography 

Preparations were viewed with a Zeiss epifluorescence microscope 
(IM35) with either fiuorescein (excitor filter, band pass 450- 
490 nm; barrier filter band pass 520-560 nm) or rhodamine (excitor 
filter, 546-612 nm; barrier filter, long pass 590 nm) filter sets. Lu- 
cifer yellow backfills were viewed under fluorescein optics. Fluores- 
cent images were photographed using Kodak T-Max film (ASA 
400) and printed onto Ilford Multigrade III RC Rapid paper using 
a number 3 filter. 

Results 

Panulirus interruptus 

The stomatogastric ganglion. A n e t w o r k  o f  neu rop i l  p ro -  
cesses in the  S T G  of  P. interruptus was s ta ined  b r igh t ly  
by  the /%PDH a n t i b o d y  (Fig.  2A) .  This  s ta in  revea led  
a complex ,  t h r e e -d ime ns iona l  m e s h w o r k  o f  in te rcon-  
nec ted  processes .  The  cell bod ies  o f  S T G  neurons ,  loca t -  
ed a r o u n d  the c i rcumference  o f  this  neu rop i l  bal l ,  were 
no t  s ta ined  in this or  any  o f  the five species s tudied.  
This  p a t t e r n  o f  s ta in ing in the S T G  of  P. interruptus 
is charac te r i s t i c  o f  o ther  subs tances  tha t  a p p e a r  to func-  
t ion  as n e u r o m o d u l a t o r s  o f  the m o t o r  r h y t h m s  p r o d u c e d  
in the S T G  ( M a r d e r  1987). P r e i n c u b a t i o n  o f  the  p r i m a r y  
a n t i b o d y  (1:1600) wi th  100~tM synthe t ic  /~-PDH 
b locked  this neu rop i l  s ta in  in the  STG.  

The  in tense  neu rop i l  s ta in  in P. interruptus comes  
f rom fibers tha t  enter  the  S T G  via  the stn (Figs.  2 A ,  
3A) .  A bund le  o f  m a n y  smal l  s ta ined  f ibers  t r aversed  
the length  o f  the  stn, and  this bund le  usua l ly  spli t  in 
two as it  en te red  the STG.  The  or ig in  o f  these P D H -  
s ta ined  stn f ibers was  no t  de t e rmined ,  but ,  as we will 
show later ,  they  a p p e a r  to o r ig ina te  f rom each C G .  An-  
o the r  c o m m o n  fea ture  o f  the  P D H - l i k e  s ta in ing  was the 
a p p e a r a n c e  o f  smal l  s t r ings o f  var icos i t ies  wi th in  the 
u p p e r  ha l f  o f  the  stn (small  a r rows  in Fig.  3B) ;  these 
were p r e s u m e d  to be neu rop i l - l i ke  s t ruc tures  since they  
were s imi lar  to neu rop i l  s ta ins  seen in o the r  reg ions  o f  
the  c rus t acean  ne rvous  system. A series o f  neurop i l - l ike  
var icos i t ies  was a lways  seen at  the  j u n c t i o n  o f  the stn, 
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Fig. 2A, B. PDH-like staining in 
the stomatogastric ganglion 
(STG) of (A) P. interruptus and 
(B) C. borealis . Note the absence 
of any stain in C. borealis. The 
sole input nerve to the STG from 
the rest of the CNS, the stn, the 
stomatogastric nerve, is to the 
top. Scale bars: 200 gm (A); 
300 gm (B) 

the on, and the sons (Fig. 3C). The fl-PDH antibody 
stained several clusters of punctate varicosities within 
this region (filled arrows in Fig. 3 C). There were usually 
four or five of these neuropil clusters at this junction. 

At a separate focal plane, the PDH-like immunoreac- 
tive fibers in the stn (triangles in Fig. 3 C) split into two 
bundles, one traveling into each son (open arrows in 
Fig. 3 C). These fibers could often be followed through 
each son until they entered each CG. Occasionally, a 
few PDH-stained somata (15-35 gm diameter) were seen 
in each son, near the CGs (arrows in Fig. 3D). These 
small, brightly stained cells had a long axon-like process 
that projected towards the nearest CG (Fig. 3 D). 

The circumesophageal ganglion (CG). The CG of P. in- 
terruptus showed a complex pattern of staining with this 
fl-PDH antibody (Fig. 4). Overall, we could distinguish 
three distinct regions of staining (Fig. 4A). There were 
two different neuropil regions: the first region of neu- 
ropil-like immunolabeling was characterized by strings 
of punctate varicosities (solid arrows in Fig. 4A, B); the 
second region showed a more diffuse staining pattern 
that formed a tangled web (open arrows in Fig. 4A-C), 
and was always located closer to the son and the ion. 
A single through-fiber was stained in each circumeso- 
phageal connective, crossing through the first, punctate- 
labeled neuropil region (thin arrows in Fig. 4A, B). 
There als0 was always a cluster of between 13 and 
17 small, brightly stained cells (10-30 ~tm) located near 
the son (triangles in Fig. 4A, C, D). The initial axons 
from this cluster of small cell bodies usually bent toward 
the second, more diffuse neuropil region (see Fig. 4C). 

A small bundle of PDH-like stained fibers could be 
followed from the second, more diffuse neuropil region, 
passing into the son (thin arrows in Fig. 4C). This bun- 
dle of fibers would often pass nearby or sometimes 

through the cluster of small labeled cells in each CG. 
This fiber bundle could be traced through each son and 
into the stn, where the bundles from each son joined 
together into one larger fiber bundle as described above. 
No processes or cells were stained in either the ions or 
the OG of P. interruptus. No processes or cells were 
stained in the dorsal ventricular nerve (dvn) or any of 
the peripheral nerves below the level of the STG in this 
or any of the species studied (see Fig. 1). 

Homarus americanus 

The fl-PDH-like immunoreactivity in the Maine lobster 
H. arnericanus was usually fainter than that seen in P. 
interruptus. In each CG of H. arnericanus, three regions 
of PDH immunoreactivity were identified (Fig. 5). There 
were two neuropil regions: one region of punctate vari- 
cosities, which appeared much like beads spread out on 
a tangle of strings (Fig. 5 B); and a second more weakly 
stained region of diffuse neuropil (not shown). The 
former was located close to each connective, while the 
latter was located more medial in each CG. These two 
neuropil regions were very similar in location and quality 
to those seen in each CG of P. interruptus, although 
the punctate neuropil region usually was more extensive 
in H. americanus. A single through-fiber was also stained 
in each connective, intersecting the neuropil region that 
displayed the punctate stain (long thin arrows in 
Fig. 5A, B). A few small cells (10-30 gin) were also la- 
beled within each CG of H. arnericanus (Fig. 5 C, D). 
These faintly stained ceils were usually located at the 
edge of each CG, near the son or the ion. The cluster 
of many small cells that always stained brightly with 
this fl-PDH antibody in each CG of P. interruptus was 
not stained in the CG of H. americanus. 
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Fig. 3A-D. PDH-like staining of 
input fibers to the STG in P. in- 
terruptus. A PDH-stained fibers 
in the stn (STG towards bottom); 
B neuropil region in stn (STG to- 
wards bottom); C clusters of neu- 
ropil regions at the junction of 
the stn, the sons, and the on (stn 
towards bottom); D two PDH- 
stained cells in the son (nearest 
CG towards top). In A-C trian- 
gles point to PDH-stained nerve 
bundle in the stn. In B small ar- 
rows point to PDH-stained vari- 
cosities in stn. In C filled arrows 
point to PDH-stained neuropil 
clusters, and open arrows point to 
PDH-stained nerve bundle in 
each son. In D arrows point to 
PDH-stained cells in son; note 
that the initial process of each 
cell goes up towards the CG. 
Scale bars: 100 gm (A, B, D); 
200 gm (C) 

There was also usually a very faint PDH-l ike  stain 
in the neuropil region of the STG in H.  amer icanus  (data 
not shown). PDH-l ike  immunoreact ive fibers also were 
sometimes seen in the sons or the stn or both. No label- 
ing was seen in the on, the ions, or the O G  of  H.  ameri-  
canus. 

P r o c a m b a r u s  clarki i  

In the crayfish P.  clarkii ,  the /~-PDH ant ibody stained 
a dense ball of  neuropil structures within each C G  

(Fig. 6A). Many  processes, varicosities, and tangles of  
PDH-l ike  immunoreact ivi ty were labeled, covering a 
wide area within each CG. The neuropil staining pat tern 
in each C G  was more intense and widespread in P.  clar- 
ki i  than in any of  the other species studied (cf. Figs. 4A, 
6A). Th i s /~ -PDH ant ibody labeled f rom three to eight 
medium-sized cells (20-50 gm) in each C G  (arrows in 
Fig. 6B). These PDH-immunoreac t ive  neurons were 
most  often nearer the son than the ion, but  their localiza- 
tion within the neuropil often made it difficult to distin- 
guish stained neurons f rom the surrounding, brightly 
stained processes. Therefore,  three to eight/~-PDH-posi-  



Fig. 4A-D. PDH-like staining in the circumesophageal ganglion 
(CG) of P. interruptus. A Overview of PDH-like immunoreactivity 
in the CG; B punctate neuropil region near the circumesophageal 
connective (cc); C diffuse neuropil region and cluster of small 
PDH-stained cells near the son; D close-up view of a PDH-stained 
cell cluster from another animal, in A-C open arrows point to 

diffuse nenropil region. In A and B thick arrows point to punctate 
neuropil region and thin arrows point to a through-fiber in the 
cc. In A, C and D triangles point to PDH-stained cell cluster. 
In C thin arrows point to PDH-stained fibers entering the son. 
In A: ion inferior esophageal nerve; son superior esophageal nerve. 
Scale bars: 200 ~tm (A); 100 ~tm (B, C); 50 I.tm (D) 
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Fig. 5A-D. PDH-like staining in the CG of H. americanus. A Over- 
view of PDH-like immunoreactivity in the CG; B punctate neuropil 
region near the cc; C two cells located near the ion; D close-up 
of two cells shown in C. In A short arrows point to two fibers 
entering the cc and projecting towards the thoracic nerve cord. 

In A and B long arrows point to single through-fiber in the cc. 
In C and D thick arrows point to two PDH-stained ceils. In C: 
np neuropil of CG. Scale bars." 200 gm (A); 100 gm (B, C); 20 gm 
(D) 
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Fig. 6A-C. PDH-like staining in 
the CG of P. clarkii. A Overview 
of PDH-like immunoreactivity in 
the CG; B closeup of two cells 
located near the son (arrows); C 
PDH-stained fibers within the cc, 
the circumesophageal connective. 
Scale bars: 200 gm (A, C); 50 p.m 
(B) 

tive cells is probably a minimum for the true number 
of PDH-stained cells in P. clarkii. 

Another unique feature of  the PDH-like stain in P. 
clarkii is that many through-fibers were stained in each 
circumesophageal connective (Fig. 6A, C). At least 
ten PDH-immunoreactive through-processes could be 
seen in each connective. The intensity and quality of  
the staining varied greatly among these PDH-positive 
fibers. Some through-fibers stained brightly, while the 
fluorescent appearance of others was much more dim; 

some fibers displayed strings of  stained varicosities, 
while other processes displayed a more even level of  fluo- 
rescence throughout  their length (see Fig. 6 C). Possible 
reasons for this variability are covered later (see Discus- 
sion). 

There was a very faint PDH-like stain in the neuropil 
region of  the STG in P. clarkii. The staining by this 
/~-PDH antibody in the neuropil regions of  the STGs 
of  P. clarkii  and H. americanus was weaker than in any 
part  of  the stomatogastric nervous system of  all the spe- 
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Fig. 7A, B. PDH-like staining in the CG of (A) C. borealis and 
(B) C. antennarius. In A and B triangle points to large PDH-stained 
neuron; thin arrows point to through-fiber in cc. In B short and 

long arrows point to small and medium sized cells, respectively. 
Scale bars." 200 gm 

cies studied (see Discussion). No labeling was seen in 
the on, the ions, the OG, the sons, or the stn of P. 
clarkii. 

No cells or processes were stained in the STG 
(Fig. 2B), the OG, the stn, the sons, the on, or the ions 
in C. borealis. 

Cancer boreal~ 

Only one large cell (30-60 gm) was stained in each CG 
in the Atlantic crab C. borealis (Fig. 7A). A single thick 
initial process exited from the soma of this brightly 
stained cell; this process extended into the connective 
traveling towards the thoracic region of the crab's CNS. 
Before exiting the CG, the main process of this PDH- 
stained neuron branched extensively to contribute to a 
region of PDH-like immunoreactive neuropil near the 
connective. The axon of this cell did not branch into 
the side of the connective joining the supraesophageal 
ganglion (the "bra in" )  to the stomatogastric nervous 
system. We could not determine if all of the PDH-stained 
neuropil was due to branches from this neuron or if 
some of the neuropil processes were from other neurons 
whose cell bodies were not stained in our preparations. 
A single through-fiber was also stained with this PDH 
antibody in each connective, crossing the lateral edge 
of the PDH-like neuropil region (arrows in Fig. 7A). 

Cancer antennarius 

Three cells, one large (30-60 gm), one medium (25- 
40 gm), and one small (10-30 gm), were stained with 
this fl-PDH antibody in each CG in the Pacific crab 
C. antennarius (Fig. 7B). The intensity of the fluores- 
cence was roughly proportional to cell size, such that 
the largest of the three PDH-positive cells was the bright- 
est. A single large process exited from the soma of the 
largest PDH-stained neuron in C. antennarius and gave 
rise to an axon projecting into the connective towards 
the thoracic nervous system, Side branches from the 
main process of this large PDH cell contributed to a 
region of neuropil within each CG. The size, position, 
and morphology of this large PDH-like immunoreactive 
neuron in C. antennarius suggest that it is homologous 
to the single large cell that showed PDH staining in 
C. borealis (cf. triangles in Fig. 7A, B). 

Two small axons showed PDH-like staining in each 
ion of C. antennarius (Fig. 8A). PDH-positive fibers 
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Fig. 8A-C. Lucifer yellow double- 
labeling of bilaterally paired 
crossing neurons in the CGs of 
C. antennarius. A Two PDH-im- 
munoreactive fibers in the ion; B 
Lucifer yellow backfill from the 
ion; CG viewed under fluorescein 
optics (ion to upper right); C 
PDH-like immunoreactivity of the 
same preparation shown in part 
B; CG viewed under rhodamine 
optics. In A thin arrows point to 
the two labeled ion fibers. In B 
and C arrow points to the dou- 
ble-labeled neuron whose axon 
enters the ion. Scale bars: 100 gm 

were not seen in the ion of the other four species studied. 
A pair of  PDH-stained fibers could be seen exiting the 
CG and traveling in the ion, bending through the OG, 
and passing into the opposite ion and CG. We investigat- 
ed the origin of  these PDH-like fibers by backfilling the 
ion with Lucifer yellow to label cells in the CG that 
send their axons into the ion. These preparations were 
then double-labeled with the /?-PDH antibody using a 
rhodamine-conjugated secondary antibody. An example 
of  a Lucifer yellow backfill from one ion in C. antennar- 
ius is shown in Fig. 8 B. Many cells and fibers near the 
ion in this CG showed the yellow fluorescence of  Lucifer 
yellow. The same preparation is shown in Fig. 8 C, now 
viewed with rhodamine filters to highlight the stain of  
the three PDH-immunoreactive cells. The smallest and 
most faintly stained PDH cell, located nearer the son 
in this example, was also labeled by the Lucifer yellow 
backfill (arrows in Fig. 8 B, C). Thus, the smallest PDH- 
like immunoreactive cell in each CG sends an axon into 

the ions and through the OG to the opposite CG, yield- 
ing two PDH-stained fibers in each ion and in the OG. 

No cells or processes were stained in the STG, the 
stn, the on, or the sons in C. antennarius. 

Discussion 

We have shown that an antibody raised against synthetic 
~-PDH stains a complex, three-dimensional meshwork 
of  fibers within the neuropil region of  the STG in P. 
interruptus (Fig. 2A). This bright, PDH-like stain origi- 
nates from fibers that can be traced back to each CG 
(Fig. 9A). None of  the cell bodies of  the neurons within 
the STG were stained by this f l-PDH antibody. This 
pattern of  staining indicates that a PDH-like peptide 
may function as a neuromodulator  of  the CPGs within 
the STG of  P. interruptus. 
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The present study adds one or more PDH-like pep- 
tides to a growing list of substances that are found in 
projections into the STG of various crustacean species. 
These include serotonin (Beltz et al. 1984), dopamine 
and octopamine (Barker et al. 1979), histamine (Clai- 
borne and Selverston 1984), 7-amino butyric acid 
(GABA; Cazalets et al. 1987; Cournil et al. 1989, 1990), 
proctolin (Marder et al. 1986), FMRFamide-like pep- 
tides (Hooper and Marder 1984; Marder et al. 1987), 
RPCH (Nusbaum and Marder 1988; Dickinson and 
Marder 1989), a CCK-like peptide (Turrigiano and Sel- 
verston 1989, 1990), and a substance P-like peptide 
(Goldberg et al. 1988). Interestingly, robust physiologi- 
cal actions are produced by exogenous applications of 
all of these substances (see Marder and Hooper 1985), 
save for substance P and related peptides, although a 
number of tachykinins have been tested (L.I. Mortin 
and E. Marder, unpublished results). It remains to be 
seen whether a/~-PDH-like peptide is physiologically ac- 
tive in this system. 

None of the other four species of crustaceans in our 
study clearly displayed/~-PDH-like immunoreactivity in 
the STG neuropil. There was no stain visible in the STG 
of the crabs C. borealis or C. antennarius. There was 
an extremely faint stain seen in the neuropil region of 
the STG in H. arnericanus and P. clarkii. The poor quali- 
ty of this labeling indicates that the ]?-PDH antibody: 
(1) may not be recognizing a/?-PDH-like peptide in these 
two species, but may be cross-reacting with another sub- 
stance present in the STG neuropil (see Kvitash and 
Beltz 1989), or (2) that it may be demonstrating a low 
affinity for a different member of the PDH family of 
peptides (Rao and Riehm 1989). Many different forms 
of both the ~-PDH and /~-PDH peptide families have 
been identified in different crustacean species (McCal- 
lure etal. 1988; Phillips etal. 1988; Rao and Riehm 
1988, 1989). Recently, it has been shown that a single 
crustacean species, the shrimp Pandalusjordani ,  can pro- 
duce at least three different forms of PDH peptides, 
including the e- and /~-PDH forms (Rao et al. 1989). 
In addition, PDH-like peptides have been isolated and 
sequenced from the grasshopper Romalea  rnicroptera 
(Rao et al. 1987) and the cricket Acheta  domesticus (Rao 
and Riehm 1988), indicating that the PDHs probably 
constitute a family of structurally similar neuropeptides 
within arthropods (Rao and Riehm 1989). It will be nec- 
essary to use antibodies that are specific for different 
members of the PDH family (Phillips et al. 1990) and 
to characterize biochemically the PDH peptides in all 
these species, to determine whether any of the four spe- 
cies in our study do contain a different PDH-like peptide 
within the STG neuropil. Preliminary experiments using 
an antibody made against ~-PDH (courtesy of Dr. K.R. 
Rao; Bonomelli et al. 1989) labeled the same neuronal 
structures that were stained with the/~-PDH antibody, 
but at a lower intensity (L.I. Mortin and E. Marder, 
unpublished results). In competitive ELISA tests the ~- 
PDH antiserum showed a low affinity for/~-PDH and 
its analogs (Bonomelli et al. 1989). 

We have identified a pair of neurons, one in each 
CG of C. antennarius, that send their axons from one 
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Fig. 9A-E.  Summary diagram 
of the PDHqike immunoreac- 
tire structures stained in five 
decapod crustaceans: A P. in- 
terruptus ; B H. americanus ; C 
P. clarkii; D C. borealis; E C. 
an fennarius  

CG to the other CG via the ions (Figs. 8, 9E). These 
two neurons are arranged ideally for exchanging infor- 
mation from one CG to the other and may function 
as bilateral coordinators of sensory and motor function 
in C. antennarius. To our knowledge, this is the first 
example of an identified neuron pair within the stomato- 
gastric nervous system of crustaceans that display this 
crossed-connection morphology. Several neurons have 
been identified within the stomatogastric nervous system 
that send axonal branches to both CGs, and, therefore, 
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could send coordinated information to both sides of the 
stomach (these include: the anterior pyloric modulator, 
Moulins and Nagy 1981; Nagy and Dickinson 1983; 
a pair of modulatory proctolin-containing neurons, Nus- 
baum and Marder 1989 a, b; interneuron 1, Russell 1976; 
two cardiac sac dilator neurons, CDI and CD2, Vedel 
and Moulins 1977; Dickinson and Marder 1989; the 
posterior stomach receptor cells, Dando and Laverack 
1969; the anterior gastric receptor neuron, Simmers and 
Moulins 1988a, b; and the gastropyloric receptor or 
GPR cells, Katz and Harris-Warrick 1989; Katz et al. 
1989). None of these neurons, however, are in a position 
to report activity from one CG to the opposite CG di- 
rectly, as would be possible with the crossing neurons 
that we have identified in C. antennarius. 

Many homologies in PDH-like immunoreactivity are 
evident among some of the species that we studied 
(Fig. 9). Two qualitatively different regions of neuropil 
were stained in each CG in both P. interruptus and H. 
americanus (cf. Fig. 9A, B). The neuropil region with 
brightly stained, punctate varicosities was always situ- 
ated near the connective. The more diffusely stained neu- 
ropil region was always situated more medial in each 
CG, roughly centered between the son and the ion. Simi- 
larly, the single large PDH-stained cell in each CG of 
C. borealis had the same size, shape, morphology and 
general pattern of arborization as the largest of the three 
CG cells of C. antennarius (cf. Figs. 7A, B; 9D, E). 
Every species in our study also had at least one PDH- 
stained through-fiber passing through the connective 
(Fig. 9). Whether any of these examples represent true 
homologies cannot be determined until more specific cell 
markers are established for crustaceans. 

Other features of these PDH-like staining patterns 
were unique for individual species (Fig. 9). As mentioned 
above, the STG neuropil was stained brightly only in 
P. interruptus (cf. Fig. 2A, B). In addition, the cluster 
of 13-17 small PDH-stained neurons in each CG of P. 
interruptus was unique to that species (Figs. 4D, 9A). 
It is likely that these PDH-like-immunoreactive neurons 
are the source of the neuropil stain in the STG. The 
axons of many of these cells were seen projecting to- 
wards and often into the diffuse neuropil region; axonal 
branches or collaterals from these cells would need to 
reverse direction to exit the CG via the son. The PDH- 
like-immunoreactive fiber bundle in each son often could 
be followed projecting into the diffuse neuropil region. 
Backfills of the son with Lucifer yellow did not label 
any of the small PDH-immunoreactive neurons (n = 5). 
This result could come about because: (1) these PDH- 
stained cells do not project into the son, (2) the axons 
of these PDH-stained neurons are too small to adequate- 
ly take up and transport Lucifer yellow to their somata, 
or (3) the Lucifer yellow is unable to properly backfill 
through branch-points or collaterals in the axons of 
these PDH-stained neurons. The only other source of 
the STG neuropil stain could be from one of the 
through-fibers in each connective; these one or two 
fibers would have to branch extensively upon entering 
the son to make up the bundle of many small fibers 
traveling in the stn towards the STG. It is also possible 

that the titer of PDH-like peptide within the somata 
of the neurons projecting to the STG may be too low 
to detect in whole-mount preparations; an efficient 
transport mechanism could concentrate the peptide at 
the terminals. 

The two smaller PDH-stained cells in each CG of 
C. antennarius distinguish its PDH-staining pattern from 
that in each CG of C. borealis (cf. Figs. 7A, B; 9D, 
E). The smallest of these cells in C. antennarius contrib- 
utes to the pair of axons in each ion (Fig. 8A), as men- 
tioned above. None of the other species studied dis- 
played any PDH-like staining in the ions or the OG. 

The PDH-like staining pattern in each CG of P. clar- 
kii was unique (see Figs. 6, 9 C). The brightly stained 
neuropil ball in this animal was very different from the 
CG stains in the other species. And, unlike the other 
animals, the PDH-immunoreactive neurons in P. clarkii 
were most often located within the large neuropil region. 
Finally, the circumesophageal connective of P. clarkii 
contained over ten PDH-stained through-fibers, whereas 
at most two through-fibers were stained in any of the 
other species. These through-fibers in P. clarkii varied 
greatly in the quality and quantity of their PDH-like 
stain. Two brightly stained through-fibers always tran- 
sected the lateral edge of the CG neuropil region 
(Fig. 6A). Other less intensely stained fibers remained 
physically separate from CG structures and most likely 
represent through-signal lines between the supraesopha- 
geal ganglion (the "brain") and more caudal CNS 
centers (see Fig. 6 C). Preliminary examination of whole- 
mounts of the brain in P. clarkii showed PDH-like im- 
munoreactivity in at least four cells and in numerous 
processes and neuropil-like structures. 

The intensity and quality differences in the labeling 
of the PDH-stained through-fibers in P. clarkii, and in 
cells and processes in all of our preparations, could be 
due to several factors. First, individual axons may con- 
tain different quantities of PDH-like peptide, or the pep- 
tide may be packaged differently in different neurons. 
In particular, some neurons may utilize a form of non- 
synaptic release such as local neurosecretion (Jan and 
Jan 1982). Second, the depth of each process within the 
three-dimensional lattice of the tissue could account for 
some of these differences. Since our staining was done 
in whole-mount preparations, the level of penetration 
of primary and secondary antibodies into different re- 
gions of the tissue could vary greatly. Third, the level 
of peptide concentration within neurons and their pro- 
cesses may show circadian or state-dependent variability. 
Pigment migration within the retina and chromato- 
phores of crustaceans has been known to exhibit a circa- 
dian rhythmicity (Welsh 1930; Webb 1950; Thurman 
1988). Fourth, there could be more than one form of 
PDH within a species (Rao et al. 1989) and among spe- 
cies (McCallum et al. 1988; Phillips et al. 1988). If differ- 
ent neurons contain different PDH peptides, then the 
affinity of the antibody against U. pugilator fl-PDH for 
these other PDH moieties would vary (see Rao and 
Riehm 1989). Biochemical extraction and isolation of 
the various PDH peptides within each species will be 
necessary to resolve this last issue. 
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There are many similarities between the pattern of 
PDH-like staining described here and the immunohisto- 
chemical staining of CCK-like peptides (Turrigiano and 
Selverston 1989, 1990). For example, antibodies against 
CCK stained an intense three-dimensional neuropil 
structure in the STG of P. interruptus that looks remark- 
ably similar to that seen with our/3-PDH antibody. Us- 
ing an antibody against CCK (Turrigiano and Selverston 
1989), we stained a single large cell in the CG of C. 
borealis that resembles in position and morphology the 
PDH-like immunoreactive neuron in this animal. CCK-8 
(100 ~tM) did not block PDH-like staining (1 : 800) and 
/~-PDI.I (100gM) did not block CCK-like staining 
(1 : 150). Since both antibodies were made in rabbits, we 
were unable to do double-labeling experiments in whole- 
mount preparations. However, only one large cell was 
stained in the CG of C. borealis when we used both 
the CCK and /~-PDH antibodies together (n=2); this 
result suggests the colocalization of CCK- and/~-PDH- 
like peptides (L.I. Mortin, G.G. Turrigiano, and E. 
Marder, unpublished results). Many other neurons may 
colocalize both a CCK-like peptide and a PDH-like pep- 
tide. Rigorous double-labeling experiments utilizing sec- 
tioned preparations will be necessary to substantiate 
these results (but see Kvitash and Beltz 1989). 

Previous immunohistochemical studies have demon- 
strated that the distribution of other neuroactive sub- 
stances within the stomatogastric nervous system, in- 
cluding peptides, can vary greatly among crustacean spe- 
cies. Antibodies to the amine, serotonin (5-HT), stained 
the neuropil of the STG, stn fibers, and dorsal ventricu- 
lar nerve fibers in H. americanus, C. borealis, and C. 
irroratus, but showed no 5-HT in the STG ofP. interrup- 
tus (Beltz et al. 1984; Katz et al. 1989). Antibodies to 
the pentapeptide, proctolin, stained three neurons in the 
OG of C. borealis, but no proctolin-like immunoreactive 
cells were stained in the OG of P. interruptus or H. 
americanus (Marder etal. 1986; Siwicki and Bishop 
1986). In contrast, the largest neuron in the CG of C. 
borealis and H. americanus were stained with proctolin 
antibodies whereas the homologous neuron was not 
stained in P. interruptus or P. clarkii (Marder et al. 1986; 
Siwicki and Bishop 1986). Antibodies raised against the 
peptide FMRFamide stained four neurons in the OG 
of C. borealis, whereas only two of these neurons were 
stained in P. interruptus (Marder et al. 1987). Again the 
largest CG neuron showed FMRFamide-like immunore- 
activity in C. borealis, but not in P. interruptus (Marder 
et al. 1987). Antibodies to RPCH stained two OG neu- 
rons that project into the inferior ventricular nerve in 
both P. interruptus and C. borealis, but a third OG neu- 
ron was stained in P. interruptus only (Nusbaum and 
Marder 1988; Dickinson and Marder 1989). Antibodies 
to the mammalian peptide, substance P, stained STG 
neuropil, one OG neuron, and a specialized neuropil 
structure and many neurons in the CG of C. borealis, 
P. interruptus, and H. americanus (Goldberg et al. 1988). 
Differences were seen in substance P-like immunoreac- 
tivity: OG neuropil was labeled in P. interruptus only, 
and there were significant differences in the intensity 
and shape of the CG neuropil structure (Goldberg et al. 

1988). Recently, an antibody against crustacean car- 
dioactive peptide (CCAP) has been shown to stain a 
few cells and neuropil in the stomatogastric nervous sys- 
tem of P. interruptus, but not in C. borealis (Mortin 
and Marder 1990). This may reflect a difference in 
whether CCAP is used hormonally or more as a neu- 
rotransmitter in one species versus the other (see Beltz 
et al. 1984). 

Identified neurons within the stomatogastric nervous 
system also display variability regarding their immuno- 
reactive content. In C. borealis the GPR cells contain 
5-HT and ace@choline (Beltz et al. 1984; Katz et al. 
1989), whereas in H. americanus they contain 5-HT, and 
FMRFamide- and CCK-like peptides (Katz and Harris- 
Warrick 1990). Cells homologous to GPR in P. interrup- 
tus do not stain for 5-HT (Beltz et al. 1984). The pair 
of modulatory proctolin-containing neurons in C. borea- 
lis show proctolin- and GABA-like immunoreactivity 
(Nusbaum et al. 1989); the homologous neurons in H. 
americanus show GABA-like immunoreactivity but do 
not stain for proctolin (Cournil et al. 1989, 1990). These 
studies demonstrate that there is a great deal of phyloge- 
netic variability regarding the transmitter content of neu- 
rons within the stomatogastric nervous system. The 
functional significance of this variability is not known. 

The five species of decapod crustaceans used in our 
study come from the large suborder Reptantia. These 
Reptantia are grouped into three different infraorders: 
the crabs C. borealis and C. antennarius are Brachyurans, 
whereas P. interruptus is a Palinuran, and H. americanus 
and P. elarkii are Astacurans (Kaestner 1970) or Astaci- 
deans (Schram 1982). The two crabs displayed very simi- 
lar staining patterns with this/~-PDH antibody. But even 
these closely related species showed divergence relative 
to their PDH-like immunoreactivities. U. pugilator, the 
original source of/~-PDH, is a Brachyuran crab. Extracts 
from the eyestalks of two other crabs, Cancer magister 
(Kleinholz et al. 1986) and Callinectes sapidus (Mohrherr 
et al. 1990), indicate that the amino acid sequence of 
/~-PDH may be highly conserved among Brachyurans. 
P. interruptus shares some PDHH-staining characteristics 
with H. americanus, and both of these lobsters are most 
distinct from P. clarkii. Preliminary ELISA analysis of 
extracts from the nervous system of P. interruptus indi- 
cates the presence of a/~-PDH-like peptide but not an 
~-PDH-like peptide (S.L. Bonomelli, L.I. Mortin, E. 
Marder and K.R. Rao, unpublished results). A/?-PDH 
analog has been isolated from P. clarkii and differs from 
U. pugilator/%PDH by only one amino acid (glu-17 in 
place of Asp-17; McCallum et al. 1988). We must exer- 
cise caution in drawing any general evolutionary conclu- 
sions from examining the staining pattern or peptide 
content for only one in a large family of peptides. As 
yet, we do not know if these PDH-staining patterns shed 
any additional light on the evolutionary relationships 
among decapod crustaceans. It will be necessary to com- 
pare numerous homologous neurons from these differ- 
ent infraorders as to their transmitter/peptide content 
in order to draw such insights. 
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