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Summary .  1. The contractile sensitivity of spiny lob- 
ster (Panulirus interruptus) foregut muscles to acetyl- 
choline and glutamate was examined. Muscles were 
of three types : Class I, sensitive only to acetylcholine; 
Class II, sensitive only to glutamate; and Class III, 
sensitive to both ace@choline and glutamate. 

2. Foregut muscles of Maine lobsters (Homarus 
americanus), west coast crabs (Cancer magister), blue 
crabs (Callinectes sapidus), and rock crabs (Cancer 
borealis and irroratus) were tested for sensitivity to 
acetylcholine and glutamate. In general, homologous 
muscles in all species showed similar contractile sensi- 
tivity to either acetylcholine, glutamate, or both, ex- 
cept that in Callinectes, and C. irroratus and borealis 
acetylcholine sensitivity in muscles of Class III was 
reduced or absent. 

3. Both glutamate and acetylcholine produce de- 
polarizations of similar magnitude in the same muscle 
fibers of dually sensitive muscles. Estimated reversal 
potentials obtained by extrapolation of glutamate and 
acetylcholine activated depolarizations are in both 
cases above -20  mV. 

4. Acetylcholine receptors are distributed diffusely 
on fibers of dually sensitive muscles while glutamate 
receptors are localized to discrete foci. 

5. Blockade of synaptic transmission by alteration 
of divalent cation concentrations does not block de- 
polarizations of acetylcholine or glutamate. 

6. Cholinergic blockers do not block synaptic 
transmission to dually sensitive muscles, nor do they 
diminish glutamate depolarizations. 

7. The results indicate that dually sensitive muscle 
fibers probably receive glutamatergic innervation 
while acetylcholine receptors are distributed extra- 
junctionally. 

8. The best transmitter candidate for the LG, MG, 
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and DG neurons of the decapod stomatogastric gan- 
glion is glutamate. Thus, all intrinsic muscles of the 
decapod foregut receive glutamatergic innervation, 
while extrinsic muscles receive cholinergic innerva- 
tion. 

Introduction 

One step in the differentiation of a cell into a neuron 
or muscle fiber is the expression and localization of 
particular types of cell-surface receptors to transmit- 
ter substances. On a variety of both muscle (Lea and. 
Usherwood, 1973; Cull-Candy, 1976) and nerve cells 
(Ascher and Kehoe, 1975; Marder and Paupardin- 
Tritsch, 1978), in addition to synaptically localized 
receptors, low levels of receptors may frequently be 
found on regions of membrane without synaptic con- 
tacts. In general, it is not understood whether recep- 
tors on extrajunctional regions are functionally signif- 
icant. Extrasynaptic receptors might simply reflect the 
incomplete localization of receptors to chemical in- 
puts impinging at other sites on the cell. The results 
presented here describe some neuromuscular prepara- 
tions in the decapod crustacean foregut in which glu- 
tamatergically innervated muscle fibers display extra- 
junctional receptors to acetylcholine, a substance 
most likely not released onto these fibers. 

The stomatogastric system of the decapod Crusta- 
cea is novel in that two excitatory motor transmitters 
are thought to be used (Marder, 1974, 1976; Lingle, 
1976, 1979; Atwood et al., 1977). Some muscles re- 
ceive cholinergic excitatory innervation (Marder, 
1974, 1976) while other muscles receive a glutamaterg- 
ic excitatory innervation (Lingle, 1976, 1979). Of the 
23 motor neurons that innervate the foregut muscula- 
ture of the spiny lobster, Panulirus interruptus, 9 
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(2 PD,  4 G M ,  1 VD,  and 2 L P G )  a have been shown 
to con ta in  chol ine  ace ty l t ransferase  and  innerva te  
muscles  tha t  depo la r i ze  and  con t r ac t  to ace ty lchol ine  
appl ica t ion .  Other  muscles  tha t  do  no t  r e spond  to 
acetylchol ine ,  but  do  con t r ac t  to g lu tamate ,  receive 
inne rva t ion  f rom the LP, 8 PY, the IC,  or  the A M  
neurons  no t  con ta in ing  chol ine  ace ty l t ransferase  
(Marde r ,  1976). Other  aspects  of  n e u r o m u s c u l a r  
t r ansmiss ion  on to  muscles  innerva ted  by these la t te r  
neurons  is cons is ten t  with a g lu tamate rg ic  inne rva t ion  
(Lingle,  1979). A p p a r e n t l y  confl ic t ing repor t s  be tween 
two dif ferent  d e c a p o d  species, Panulirus and Callin- 

ectes, have a p p e a r e d  concern ing  the l ikely t r ansmi t t e r  
o f  the three  r ema in ing  neurons .  On the basis  of  sensi- 
t ivi ty  to ace ty lchol ine  o f  muscles  innerva ted  by these 
neurons ,  M a r d e r ,  work ing  on PanuIirus, or ig inal ly  
sugges ted  tha t  the three neurons ,  the LG,  M G ,  and  
D G ,  were l ikely to be cholinergic .  However ,  an analy-  
sis of  the synapt ic  vesicles con ta ined  wi thin  gangl ionic  
te rmina ls  of  the D G  n e u r o n  showed the vesicles to 

be s imilar  to those  in p r e s u m e d  non-cho l ine rg ic  neur-  
ons, but  no t  to those  in p re sumed  chol inergic  neurons  
(King,  1976). Add i t i ona l ly ,  in Callinectes, A t w o o d  
et al. (1977) r epor t ed  tha t  a muscle  innerva ted  by 
the M G  neu ron  con t r ac t ed  to g lu tamate ,  bu t  not  ace- 
tylchol ine.  The  presen t  s tudy shows tha t  these a p p a r -  
ent  con t r ad i c t i ons  are resolved  by  the d e m o n s t r a t i o n  
of  ex t ra junc t iona l  ace ty lchol ine  recep tors  on the mus-  
cles receiving inne rva t ion  f rom the D G ,  LG,  and  M G  
neurons  in some d e c a p o d  species, a l though  the syn- 
apt ic  t r ansmi t t e r  is l ikely to be g lu tamate .  Fu r the r -  
more ,  this s tudy extends the  or ig inal  f indings  on Pan- 

ulirus to several  o ther  d e c a p o d  species and shows 
tha t  each of  these species conta ins  foregut  muscles  
o f  three  sor t s :  1. those  receiving chol inergic  innerva-  
t ion,  2. those  receiving g lu tamate rg ic  innerva t ion ,  and  
3. those  receiving g lu tamate rg ic  inne rva t ion  while 
showing  ex t ra junc t iona l  ace ty lchol ine  receptors .  

Materials and Methods 

Panulirus interruptus were obtained from Pacific Biomarine, Venice, 
CA; Homarus americanus from Maine Coast Seafoods, Service 
Head, Maine, or, in Boston, from local markets; Callinectes sapidus 
from Gulf Specimen Co., Panacea, Florida, Cancer magister from 
Oregon Institute of Marine Biology, Charleston, Oregon, and Can- 
cer borealis and irroratus from local Boston markets. Animals were 
maintained in sea water tanks at appropriate temperatures. 

Muscles and attached nerves (identified according to the no- 
menclature of Maynard and Dando (1974)) were isolated flcom 
the foregut, pinned out in Sylgard-lined 1-3 ml perfusion chambers, 

1 A description of the anatomy of the decapod foregut muscula- 
ture and its innervation can be found in Maynard and Dando 
(1974). The terminology and abbreviations used in the present 
paper for identification of neurons and muscles follows that of 
Maynard and Dando (1974) 

and superfused continuously with a gravity-fed system at 5-10 ml/ 
rain. Inflowing saline was cooled by circulation through a plexiglass 
heat exchange plate sitting on a Peltier cooling plate. Temperature 
was monitored by a small thermometer in the muscle chamber. 
Experiments were done at 8 14 ~ for Homarus and the Cancer 
species, at 12-16 ~ for Panulirus, and at 14-18 ~ for Callinectes. 
Within a given experiment, temperature varied less than I ~ 
Changes in saline composition or bath applications of drugs were 
accomplished by switches in the perfusion line. 

Saline compositions were the following (in mM): Panulirus 
(Marder, 1976): NaC1, 479; KC1, 12.7; MgSO4, 10; CaCI2, 13.7; 
Na2SO4, 3.9; Tris base, 8.3; maleic acid, 3.6; Homarus (Otsuka 
et al., 1967): NAC1,.466.5; KC1, 15.2; MgSO4, 8.3; CaCI2, 25.9; 
Tris base, 11; maleic acid, 4.8; Cancer magister and Callinectes 
(Auerbach, 1978): NaC1, 466; KCI, 11.3; MgSO4, 19.5; CaCI2, 
12.6; Tris base, l l ;  maleic acid, 4.8; C. borealis and irroratus 
(Pantin, 1961): NaC1, 440; KCI, 11; MgSO4, 26; CaC12, 9.8; Tris 
base, 11; maleic acid, 4.8. The pH of all solutions was 7.3~.6. 
In some experiments SO4 was omitted from the saline by using 
MgCI2 and omitting NazSO4 where necessary. No differences in 
results were observed between salines with or without sulphate. 

A Grass FT03 force displacement transducer was used for 
tension studies. Conventional electrophysiological techniques and 
equipment were used. Microelectrodes were 3 M KCI (1040 M~?). 
Drugs were obtained from the following sources: 

L-glutamic acid (monosodium salt), L-aspartic acid (magne- 
sium salt), acetylcholine chloride, tubocurare chloride, atropine 
sulphate, carbamylcholine chloride, tetramethylammonium hyd- 
roxide, picrotoxin, decamethonium bromide, strychnine, nicotine, 
hexamethonium bromide, D-glutamic acid, L-glutamic acid gamma 
methyl ester and mecamylamine HC1, Sigma Chemical Company; 
pempidine tartrate, May & Baker, Ltd; trimethapan camsylat, 
Hoffman LaRoche; chlorisondamine, Ciba-Geigy; and dihydro-/~- 
erythroidine from P. Adams. Quisqualic acid was the generous 
gift of H. Shinozaki. 

Results 

Agonist-Induced Contractures 

in Stomatogastric Muscles o f  Panulirus 

The first  pa r t  o f  this s tudy enta i led  an examina t ion  
of  the sensi t ivi ty o f  var ious  foregut  muscles  in Panulir- 

us to a var ie ty  of  neuroac t ive  agents.  Substances  were 
tested for  abi l i ty  to p roduc e  muscle  cont rac ture .  
Three  classes o f  muscles  were found.  As  in previous  
studies (Marde r ,  1976; A t w o o d  et al., 1977) some 
foregut  muscles  were found  to con t rac t  ei ther  to ace- 
ty lchol ine  or  to g lu tamate .  In  addi t ion ,  a th i rd  g roup  
of  muscles  was f o u n d  to con t rac t  to bo th  acety lcho-  
line and  g lu tamate .  

Muscles  of  the first class con t rac t  only  to acetyl-  
chol ine or  the n icot in ic  chol inergic  agonists ,  ca rba-  
chol,  nicot ine,  or  t e t r a m e t h y l a m m o n i u m ,  as found  
prev ious ly  (Marde r ,  1976; M a r d e r  and  P a u p a r d i n -  
Tri tsch,  1980). These muscles  are those  innerva ted  
by the PD,  VD,  G M  and  L P G .  In add i t ion ,  previous ly  
une xa mine d  muscles  innerva ted  by  the C D  neurons  
are sensitive only to chol inergic  agonists .  

Muscles  o f  the second class con t rac t  only  to gluta-  
ma te  as p rev ious ly  observed  (Marder ,  1976; Lingle 
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Fig. 1. A Tension records during bath application of 5 x 10 s M 
acetylcholine and 10 -3 M glutamate on selected foregut muscles 
of Panulirus. Nerves to muscles were stimulated with repeated 
trains of pulses of 30-50 Hz for 300-500 ms. The top trace in 
each pair corresponds to the application of acetylcholine and the 
bottom trace, glutamate. Agonist was introduced into the perfusion 
system during the bar. 10-5 g/ml Tensilon, a cholinesterase inhibi- 
tor, was applied with acetylcholine. A 1: muscle cpv I a, 1 b, the 
dorsal dilator; A2: muscle pl; A3: muscle gm6b. Calibration: 
I min; 1.1 g in A1, A2; 5.5 g in A3. B Dose-response relationship 
of contractile responses to ace@choline or glutamate in each mus- 
cle. Responses were normalized to the maximal contracture pro- 
duced during an experiment. Responses to acetylcholine were ob- 
tained in the absence of a cholinesterase inhibitor. Filled circles 
indicate responses to acetylcholine and hollow circles to glutamate. 
B 1 : muscle cpv 1 a, 1 b ; B 2 : muscle pl ; B 3 : muscle gm6 b 

C. sapildus 
L . ~  3rain 

Fig. 2. Tension responses of gm4 (left column) and gin6 (right 
column) muscles of various decapod species to 5 • 10-s M acetyI- 
choline and i0-3  M glutamate. Top trace in each pair corresponds 
to acetylcholine application and bottom trace to glutamate applica- 
tion. Agonists were introduced into the perfusion system during 
the bar. 10 s g/ml Tensilon was used to inhibit cholinesterase activ- 
ity during acetylcholine application. Horizontal calibration : 3 min. 
Muscles and vertical calibration bars: Panulirus: gm4c-5.5g, 
gm6b-5.5g;  Homarus: gm4b-top, 2.2g, bottom, 1.1 g, gm6a- 
0.55 g; C. magister: gm4c-0.55 g, gin6-0.5 g; C. borealis: gm4b- 
0.55 g, gm6-0.55 g; C. sapidus: gm4b, c-l . l  g, gm6-0.55 g 

1979). The glutamate agonist, quisqualic acid (Shino- 
zaki and Shibuya, 1974), also elicited contracture in 
these muscles. Muscles in this class are innervated 
by the PY, LP, IC, or AM neurons. 

Muscles of the third class were found to contract 
to both cholinergic and glutamatergic agents. Muscles 
which displayed this dual sensitivity have been shown 
to be innervated by either the LG, DG, or MG neur- 
ons. Examples of agonist-induced contractures in one 
of each of the three types of muscles is shown in 
Fig. 1 A. 

The effectiveness of acetylcholine and glutamate 
in eliciting contracture in muscles representative of 
each class was also examined (Fig. 1 B). The dually 
sensitive gm6b muscle demonstrated dose-response 
sensitivities to ace@choline similar to those of the 
acetylcholine-sensitive dorsal dilator muscle. Similar- 
ly, the dose-response curve to glutamate obtained 
from muscle gm6b was similar to the sensitivities to 
glutamate of the glutamate-sensitive pl muscle. Such 
dose-response curves were constructed in the absence 
of inhibitors of  acetylcholinesterase. The use of  10-5 

g/ml Tensilon to inhibit acetylcholinesterase increases 
sensitivity to acetylcholine as much as 10-fold. 

Distribution of Glutamate 
and Acetylcholine Sensitivity in Foregut Muscles 
of Other Decapod Species 

It was natural to wonder whether the phenomenon 
of dual sensitivity might be of general significance 
to other decapod species. In order to assess this ques- 
tion, Homarus americanus, Callinectes sapidus, Cancer 
magister, Cancer borealis, and Cancer irroratus were 
examined for ability of acetylcholine and glutamate 
to evoke contracture in various foregut muscles. The 
identification of muscle groups was based on the des- 
criptions of Maynard and Dando (1974) for Homarus 
and Callinectes. Cancer was observed to be similar 
to Callinectes. Although the neurons innervating par- 
ticular muscles have not been identified for all species 
in terms of their function within the pattern genera- 
tors of the stomatogastric ganglion, it was assumed 
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Table 1. Sensitivity of decapod stomatogastric muscles to acetylcholine or glutamate 

Muscle Origin Motor CAT a P. inter. H. ameri. C. mag. C. bor. C. sap. 
name neuron ACh Glu ACh Glu ACh Glu ACh Glu ACh Glu 

c.1 e + 
c.2 e + 
c.3 e + 
c.4 e + 
c.5 e + 

c.7 sw AM - + 

g.m.1 a e GM + + 
g.m.l b e GM + + 
g.m.2a e GM + + 
g.m.2b e GM + + 
g.m.3 a,c e GM, LPG + + 

+ - + 
+ - + - + 

+ - + 

g.m.4a i DG + + + + 
g.m.4b i D G  + + + + + + ( + )  + 
g.m.4c i DG + + + + ( + )  + 
g.m.5a i LG(?) + + + + 
g.m.5b i LG + + + + + + 
g.m.6a i LG + + + + -- + 
g.m.6b i LG + + + + - + 
g.m.8a i LG + + ( + )  + 
g.m.9a i MG + + + + 
g.m.9b i MG + ( + )  

- + 

- + 

- + 

- + 

- + 

- + 

c.v.1 e VD + + - + - + - 

c.v,2 i IC - - + - + - + 

cp.v.1 a e PD + + - + - + - + - 
cp.v. 1 b e PD + + - + - + - + - 
cp.v.2a e PD + + 
cp.v.2b e PD + + - 

cp.v.4b i LP - - + 
cp.v.5 i LP - - + 
p.1 i LP - - + 
p.2 i PY - - + 
p.8 i PY - - + 

+ - + - + 

Muscle homologies and probable innervation based on Maynard and Dando (1974) and Govind et al. (1975) 

e extrinsic, i intrinsic, sw stomach wall. Sensitivities of muscles were assessed from ability of application of 1 mM glutamate and 
50 ~tM acetylcholine with 10 5 g/ml Tensilon to produce contracture. Responses in parentheses were particularly weak 

a Presence of choline acetyltransferase (CA 7) determined by Marder (1974) for identified neurons of Panulirus interruptus 

t h a t  h o m o l o g o u s  m u s c l e s  a r e  i n n e r v a t e d  b y  s i m i l a r  

n e u r o n s .  

F i g u r e  2 d i s p l a y s  r e p r e s e n t a t i v e  r e s p o n s e s  f o r  t h e  

d u a l l y  s e n s i t i v e  g i n 6  a n d  g i n 4  m u s c l e s  f r o m  s e v e r a l  

spec i e s .  I n  b o t h  Homarus  a n d  Cancer magister,  m u s -  

c les  w h i c h  a r e  h o m o l o g o u s  t o  t h o s e  in  Panulirus dis -  

p l a y  s i m i l a r  s e n s i t i v i t i e s  to  a c e t y l c h o l i n e ,  g l u t a m a t e ,  

o r  b o t h .  I n  Callinectes, C. borealis, a n d  C. irroratus, 
m u s c l e s  t h a t  a r e  h o m o l o g o u s  to  t h e  d u a l l y  s e n s i t i v e  

m u s c l e s  o f  t h e  o t h e r  t h r e e  s p e c i e s  a r e  p r i m a r i l y  s e n s i t -  

ive o n l y  t o  g l u t a m a t e ,  a l t h o u g h  in  s o m e  c a s e s  s m a l l  

a c e t y l c h o l i n e - e v o k e d  c o n t r a c t u r e s  m a y  b e  o b s e r v e d .  

T h e  l a c k  o f  e f fec t  o f  a c e t y l c h o l i n e  o n  t w o  s u c h  m u s -  

cles ,  g m 8 b  a n d  g m 9 ,  in  Callinectes, h a s  b e e n  p r e v i o u s -  

ly r e p o r t e d  b y  A t w o o d  et al.  (1977) .  T a b l e  1 s u m m a r -  

izes  t h e s e  r e s u l t s .  

Basis o f  Phenomenon o f  Dual  Sensi t ivi ty  

S e v e r a l  p o s s i b l e  s c h e m e s  c a n  b e  c o n s t r u c t e d  w h i c h  

m i g h t  e x p l a i n  t h e  b a s i s  o f  t h e  d u a l  s e n s i t i v i t y  o b s e r v e d  
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in some stomatogastric muscles. First, the muscles 
in question could receive innervation from more than 
one excitatory motor neuron, each of which employs 
a different transmitter. Individual fibers might receive 
polyneuronal innervation or, alternatively, muscle 
fibers might be segregated into discrete populations 
that are homogeneous with respect to sensitivity to 
either acetylcholine or glutamate. Second, one agent 
might be acting to evoke the release of the natural 
transmitter from presynaptic terminals. Third, more 
than one transmitter might be released by the same 
neuron, in violation of Dale's principle. Finally, only 
one of the two substances might be representative 
of the normal excitatory transmitter to these muscles, 
while sensitivity to the other agent might be based 
on some diffuse extra-synaptic sensitivity of unknown 
function. The following experiments attempt to dis- 
tinguish among these possibilities. 

Nature of Innervation of Dually Sensitive Muscles 

Maynard and Dando (1974), and subsequently, Gov- 
ind et al. (1975) reported that intrinsic gastric mill 
muscles of Panulirus argus and Callinecles sapidus, 
including gm4, gin5, gin6, gin8, and gm9, receive 
single excitatory motor innervation. Their conclusion 
was based on three lines of evidence. First, methylene 
blue stained preparations revealed single excitatory 
motor axons to each of these muscles. No inhibitory 
axons were demonstrated either by stain or physiolog- 
ical techniques. Second, stimulation of nerves that 
contain axons to these muscles revealed only a unitary 
excitatory junctional potential as stimulus voltages 
to the nerves were varied. Finally, recordings of po- 
tentials in muscle fibers of perfused whole stomachs 
in which the stomatogastric ganglion maintained its 
normal motor output revealed only single junctional 
potentials. I repeated the above experiments on dually 
sensitive muscles of Panulirus interruptus and Cancer 
magister and verified the previous conclusions. In ad- 
dition, the effect of varying the stimulus voltages ap- 
plied to the innervating nerves on the amplitude of 
nerve-evoked contractions in dually sensitive muscles 
was routinely examined. In all cases only a single 
amplitude of evoked contraction was observed. Visual 
inspection indicated that all visible muscle fibers con- 
tributed to contractions evoked by stimulation of the 
nerve. Thus, a single excitatory axon appears to inner- 
vate all muscle fibers within a dually sensitive muscle. 
The dual sensitivity cannot be accounted for by poly- 
neuronal innervation by neurons using different trans- 
mitters. 
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B 
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Fig. 3. A Intracellular records from muscle gm6b of Panulirus 
during application of acetylcholine or glutamate. Trains of EJPs 
at 6 Hz for 500 ms were elicited at repeated intervals. Top trace: 
A- 0.8 ~tM ace@choline with 10 s g/ml Tensilon; G- 50 ~tM gluta- 
mate. Vertical calibration: 5 mV. Bottom: A- 2 gM acetylcholine 
with Tensilon; G- 100 I~M glutamate. Vertical calibration: 10 mV. 
Horizontal calibration 2 min. B Dose-response relationship of de- 
polarizing effects of acetylcholine and glutamate gm6b muscle 
fibers, Acetylcholine was applied in the presence of Tensilon, a 
cholinesterase inhibitor. Data is taken from 5 fibers of 3 muscles. 
Error bars indicate standard deviation of 3 5 applications at a 
concentration 

Effects of Acetylcholine and Glutamate 
on Membrane Potential and Conductance 

The effects of acetylcholine and glutamate on mem- 
brane potential of individual muscle fibers were exam- 
ined in various species. For most experiments muscle 
gm6b of Panulirus was studied as a representative 
of dually sensitive muscles. Muscles from other spe- 
cies were occasionally examined to substantiate the 
generality of the findings. 

Both acetylcholine and glutamate were found to 
depolarize the same muscle fibers. Figure 3 A demon- 
strates an experiment in which two different concen- 
trations of both acetylcholine and glutamate were ap- 
plied while recording from one fiber of muscle gm6b 
of Panulirus. The dose-response relationship of the 
depolarizing effects of the bath-applied agonists on 
several gm6b fibers are shown in Fig. 3B. Tensilon 
was used to inhibit acetylcholinesterase during acetyl- 
choline application. Both ace@choline and glutamate 
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were capable of depolarizing the muscle fibers more 
than 25 inV. A 

In Cancer borealis and irroratus in which acetyl- 
choline is not so effective in producing contracture, 
high concentrations of cholinergic agonist (0.5 mM 
carbachol or large iontophoretic acetylcholine pulses) 
are required to produce depolarization, if at all. Al- 
though some receptors do appear to be present on 
muscles of these species, the number of these acetyl- 
choline receptors may be insufficient to produce en- 
ough depolarization to activate contracture. 

It was possible that the nature of the conductance 
changes activated by either acetylcholine or glutamate 
might exclude one of these substances from a role 
as excitatory transmitter to these muscles. Two ap- 
proaches were used to assess this question, first, exami- 
nation of effects of bath-applied glutamate or acetyl- 
choline on membrane resistance, and second, estima- 
tion of reversal potentials of iontophoretic acetylcho- 
line and glutamate responses. 

Effects of glutamate and acetylcholine on the 
membrane resistance of dually sensitive muscles were 
examined. Complete current-voltage relationships 
were obtained before, during, and after the addition 
of the appropriate agonist to the saline bathing a a 
muscle. Both agonists produced substantial depolari- 
zations with only slight resistance changes, when resis- 
tances were compared at similar membrane poten- 
tials. For  depolarizations of up to 10 mV, resistance 
decreases were generally less than 5%. In some cases 
small membrane resistance increases of a few percent 
were observed. Examples of the effects of glutamate 
and acetylcholine on muscle gm6b of Panulirus are 
shown in Fig. 4. Similar results were obtained from 
gin4 and gm5b of Panulirus and gin5, gin6, and gin8 a 
of Cancer magister. In order to account for the magni- 
tude of the depolarizations produced by glutamate 
and acetylcholine in light of the small resistance 
changes, a substantial portion of the conductance 
changes must involve an increase in conductance to 
an ion with an equilibrium potential far from the 
resting potential, most likely sodium or calcium. 
However, the results do not exclude the possibility 
that during bath application of these substances an 
additional conductance decrease to an ion with an 
equilibrium potential close to the resting po ten t i a l  
may be activated. Although such a conductance de- 
crease could not account for the depolarizations ob- 
served, they would mask the conductance increases 
primarily responsible for the depolarization, as ob- 
served for glutamate action on Homarus stretcher 
muscle preparations (Colton and Freeman, 1975). 

In order to further characterize the nature of the 
conductance changes activated by acetylcholine and 
glutamate, an attempt to estimate reversal potentials 
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Fig. 4A and B. Effect of acetylcholine and glutamate on current- 
voltage characteristics of muscle gm6b of Panulirus. Points were 
generated by injection of current pulses before, during, or after 
application of an agonist. A Effects of glutamate. Solid symbols 
correspond to control and wash curves. Hollow circles: 50 gM 
glutamate; hollow squares: 80 gM glutamate; Hollow triangles: 
150 gM glutamate. B Effects of acetylcholine. Solid symbols corres- 
pond to control and wash curves. Hollow circles : 8 gM acetylcho- 
line with 10- 5 g/ml Tensilon 
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of iontophoretically produced acetylcholine and glu- A 
tamate potentials was made. Since prolonged depolar- 5r mv 
ization of gm6b muscle fibers produces substantial ~ ,," .. 

3 f i ~ la contracture in normal saline, iontophoretic potentials . . ; . ,  ,. , , 
could only be obtained over membrane potentials of 1 ' ' ' 
- 5 0  to - 1 2 0  inV. By extrapolation the iontophoretic ' 
potentials to either acetylcholine or glutamate were B lOopm C 
estimated to reverse above - 2 0  mV, being close to ~ t 
0 mV in most cases. By inclusion of 20 mM manganese 
chloride in the saline, contracture was dimin- 
ished sufficiently to hold membrane potentials up to 

- 2 0  mV. No significant change in the shape of the 
membrane potential-iontophoretic potential relation- 4fmv 
ship was observed in the manganese saline. Although _ / - ~ _ _ _ _ _ _  3t ~,o ~ 
iontophoretic potentials approached reversal near 2i . 
- 20 mV, actual reversals to either glutamate or acetyl- 
choline could not be obtained, again indicating that J ~  lr '  N .x.lO0 ms 3 5 7 9  
the reversal potentials for these conductances are 
probably around 0 mV. Since the membrane resis- 
tance of these fibers decreases substantially at depo- 
larized membrane potentials, these extimated reversal 
potentials are probably low estimates. Although many 
errors are involved in this method of estimating a 
reversal potential, clearly the equilibrium potentials 
of the conductance changes activated by acetylcholine 
and glutamate are no less than - 2 0  inV. Thus, the 
possibility that the depolarization and contracture 
produced by either acetylcholine or glutamate is the 
result of some process inconsistent with known mech- 
anisms of excitatory synaptic transmission is unlikely. 

Iontophoretic Studies of Receptor Distributions 

Iontophoretic applications of acetylcholine and gluta- 
mate to the surface of the dually sensitive gm6 b mus- 
cle fibers were performed to obtain direct information 
concerning the distributions of receptors mediating 
the depolarizing action of these agents. 

No matter where an acetylcholine containing ion- 
tophoretic electrode was positioned along the surface 
of a gm6b fiber, ejection of acetylcholine from the 
micropipette resulted in small, slow rise time poten- 
tials (Fig. 5 A). 

The rise time of iontophoretic potentials generated 
by substances activating rapid conductance processes 
is a function of the time it takes for the substance 
to diffuse from the site of agonist application to the 
area of membrane at which the greatest number of 
receptors are activated (del Castillo and Katz, 1955; 
Dreyer and Peper, 1974). If  receptors are localized 
at a point source some distance from the site of agon- 
ist application, once a dose of agonist is reached 
which completely covers those receptors, as the dose 
of agonist is further increased, no additional increase 
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Fig. 5. A Iontophoretic map of acetylcholine receptor distribution 
on muscle gm6b  of Panulirus. Responses to constant  pulses of 
ace@choline along the surface of a muscle fiber are plotted. Left 
end of horizontal axis corresponds to position of the ace@choline 
iontophoretic electrode. B Effect of  increases in size of  acetylcholine 
iontophoretic current pulses on rise time of acetylcholine potential 
on muscle gin6 b. Left: responses to acetylcholine application. Pulse 
duration was constant  at I00 ms and amount  of  current was varied 
from top to bottom. Calibration: 2.5 mV; 1 s. Rise time was mea- 
sured from beginning of iontophoret ic  pulse (no latency was detect- 
able). Rise time and amplitude of potentials on left generated 
points in plot on right. C Effect of  increases in size of  glutamate 
iontophoretic current pulses on rise time of glutamate potentials. 
Left: intracellular responses to glutamate application. Pulse dura- 
tion constant  at 30 ms and the amoun t  of current was increased 
from top to bottom. Rise times were measured as in B and used 
to generate the plot on right. Calibration: 5 mV; 1 s 

in rise time would be expected. However, if receptors 
are located all over the membrane or at many points 
on the membrane, as the dose of agonist is increased, 
receptors at increasingly distant sites will contribute 
to the iontophoretic potential. As a result the rise 
time of  the response will continue to increase reflecting 
the increase in diffusion time to the more distant 
receptors. The rise time of acetylcholine receptors on 
gm6b was examined as a function of the ejected dose 
of acetylcholine. As the dose of ace@choline applied 
to a single location is increased, so does the rise time 
of the recorded potentials (Fig. 5B). Additionally, 
there is no indication of any deviation from the linear- 
ity of the risetime-potential relationship. This is con- 
sistent with an even distribution of receptors on the 
muscle fibers or, alternatively, a very frequent occur- 
rence of patches of receptors at intervals of probably 
less than 30 gm. 

Methylene blue staining of nerves to dually sensit- 
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ive muscles indicates that regions of contact between 
nerves and muscles occur infrequently. Several 
hundred micron lengths of muscles are free from 
nerve contacts. In addition, Atwood et al. (1977) have 
reported that synaptic areas occur infrequently along 
the muscle fibers of gm8 a in the blue crab, Callinectes, 
As a result, it is very unlikely that the occurrence 
of acetylcholine receptors at any position along the 
muscle fiber is indicative of the frequent occurrence 
of junctional sites. In addition, the absence of signifi- 
cant latencies between the beginning of acetylcholine 
pulses and the resulting potentials indicates that little 
diffusion is occurring prior to the activation of the 
acetylcholine receptors. Thus, the extrajunctional re- 
gions of the muscle fibers of dually sensitive muscles 
contain acetylcholine receptors. Whether acetylcho- 
line receptors may also be inVolved in synaptic trans- 
mission to these muscles is addressed below. 

When a search was made on a dually sensitive 
muscle for sites yielding potentials in response to ion- 
tophoresis of L-glutamate, a much different result 
was obtained. Responsive locations were limited to 
very circumscribed spots, often difficult to locate. 
This is similar to the distribution of glutamate-sensit- 
ive sites on crustacean muscles thought to receive 
glutamatergic innervation (Takeuchi and Takeuchi, 
1964). 

The rise times of glutamate potentials were also 
examined. Figure 5 C shows that as the dose and am- 
plitude of glutamate-evoked potentials in a gm6b 
muscle increase, the rise time of that potential does 
not substantially vary once a dose is obtained that 
presumably covers the patch of receptors with agon- 
ist. This lack of variation in rise time is particularly 
striking when compared with the variation in acetyl- 
choline potential rise times and is consistent with the 
localization of glutamate receptors to specific foci. 

A B C 

Fig. 6A-C. Effect of blockade of synaptic transmission on ace@- 
choline and glutamate potentials of muscle gm6b. A Top: control 
EJPs and acetylcholine response; middle : 11 min of 0 calcium, equi- 
molar magnesium saline; bottom: wash. B Top: control EJPs and 
glutamate potential; middle : 8 min of 0 calcium, equimolar magne- 
sium saline; bottom: wash. C Top: control EJPs and glutamate 
potential; middle: 12 min in 20 mM manganese added to normal 
saline; bottom: wash. Calibration: 6 s; 4 mV in A and B; 5 mV 
in C 

cares that acetylcholine-activated depolarization is 
mediated by a direct effect on the muscle fibers. The 
reduction in sensitivity to glutamate which has also 
been observed for crayfish abdominal and claw mus- 
cles (Thieffry and Bruner, 1978a, b) could be the 
result of either a pre- or post-synaptic requirement 
for calcium. That glutamate is directly acting on the 
post-synaptic muscle fiber membrane is supported by 
experiments in which during the abolition of synaptic 
potentials by addition of manganese or cobalt to nor- 
mal saline, glutamate potentials are not blocked 
(Fig, 6 C and Lingle, 1979, and in preparation). Thus, 
both acetylcholine and glutamate receptors are locat- 
ed on the muscle fiber membrane of dually sensitive 
muscles. 

Blockade of Presynaptic Transmitter Release 

It seemed possible that the effects of either glutamate 
or acetylcholine might be mediated indirectly by acti- 
vation of the release of some other excitatory sub- 
stance from nerve terminals presynaptic to the muscle 
fibers. To assess tt~is possibility the effect of reducing 
the calcium content in the physiological saline on 
both acetylcholine and glutamate potentials was 
tested (Fig. 6). During a time in which neurally 
evoked junctional potentials are largely abolished in 
the absence of calcium, acetylcholine potentials are 
only slightly diminished (Fig. 6A). In contrast, gluta- 
mate iontophoretic potentials are markedly reduced 
by the removal of calcium (Fig. 6 B). This result indi- 

Pharmacological Tests of the Identity 
of the Transmitter to the Dually Sensitive Muscles 

Marder and Paupardin-Tritsch (1980) have provided 
a pharmacological analysis of cholinergic responses 
on muscle gml in the crab, Cancer. They found sever- 
al known ganglionic nicotinic receptor antagonists 
and other agents to be effective in antagonizing acetyl- 
choline-evoked responses. If acetylcholine receptors 
on the dually sensitive muscle are pharmacologically 
similar to those previously characterized on muscles 
receiving cholinergic innervation, nicotinic antago- 
nists should be effective in discerning whether acetyl- 
choline is released synaptically onto dually sensitive 
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Fig. 7 A and B. Effects of cholinergic antagonists on EJPs and ionto- 
phoretic acetylcholine responses on muscle gin6 of Cancer and 
Panulirus. A Top: control EJPs and intophoretic acetylcholine 
response; middle: 6 rain of 0.5 gM dihydro-fi-erythroidine; bot- 
tom: wash. Calibration: 4 s; 4 inV. B 1 Top: control; bottom: 
0.5 mM trimethapan. B2 Top : control; bottom: 0.5 mM chlorison- 
damine. B3 Top: control; bottom: 100 gM curare. B4 Top: con- 
trol; bottom: 100 pM pempidine. B5 Top: control; bottom: 10 ~tM 
dihydro-/~-erythroidine. B 6 Top : control; bottom : 1 mM atropine. 
B1, B2, B5:gin6 of Cancer. B3 and B6: gm6b of Panulirus. 
Calibration: 1 s; BI: 4mV; B2, B4, B5: 8mV; B3 and B6: 
10 mV 

muscles. The effects of some of these agents on trans- 
mission at neuromuscular junctions of dually sensitive 
muscles were examined. Figure 7A shows an example 
in which one of these agents, dihydro-fl-erythroidine, 
does not alter transmission to a gm6b muscle, al- 
though sensitivity to acetylcholine is practically abol- 
ished. Figure 7B shows the effect of several other 
agents on EJPs to either a gm6b muscle of Panulirus 
or a gin6 muscle of Cancer. Table 2 summarizes these 
experiments in which different agents were tested for 
ability to block either acetylcholine potentials, gluta- 
mate potentials or EJPs on dually sensitive muscles 
of the various species. In most cases the concentra- 
tions employed were at least an order of magnitude 
above that found to be effective in completely bloc- 
king any acetylcholine responses in the muscle fiber. 
The table also lists the concentrations of antagonist 
producing half maximal block of cholinergic re- 
sponses on gml of Cancer taken from Marder and 
Paupardin-Tritsch (1980). Since the complete block 
of all acetylcholine sensitivity in a muscle does not 
at all alter synaptically activated contractions in a 
dually sensitive muscle, it is not possible that another 
pharmacologically different acetylcholine receptor is 
activated at synaptic sites. There was no indication 
of any cholinergic innervation in any dually sensitive 
muscle examined. 

It might be argued that the antagonists tested did 
not have access to the junctional cleft, although choli- 
nergic responses elsewhere on the muscle fiber were 
blocked. This possibility is unlikely since chlorisonda- 
mine, a presumed sympathetic ganglion nicotinic re- 
ceptor blocker (Volle and Koelle, 1975) was effective 
in blocking transmission to dually sensitive muscles. 
Chlorisondamine was similarly effective in blocking 
iontophoretic glutamate potentials in these muscles 
(Lingle, Eisen and Marder, submitted). 

This result suggests that the failure of the other 
cholinergic blockers to block transmission of gluta- 
mate potentials is not due to limited access to junc- 
tional sites. 

These pharmacological studies eliminate the possi- 
bility that acetylcholine is the transmitter released 
by nerves terminating on the dually sensitive muscles. 
In contrast, the notable absence of substances effec- 
tive in antagonizing synaptic potentials or glutamate 
potentials at presumed glutamatergic synapses in 
Crustacea does not permit a pharmacological test of 
the glutamatergic nature of transmission to dually 
sensitive muscles. However, the reduction of both 
EJPs and glutamate potentials on dually sensitive 
muscles by chlorisondamine is consistent with the idea 
that synaptic transmission to these muscles is mediat- 
ed by the same receptor activated by glutamate. 
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Table 2. Effect of pharmacological agents on acetylcholine potentials, glutamate potentials, or EJPs in dually sensitive muscles 

Substance ED a s0 ACh Maximum % block of ACh % block of % block % block % block 
response concentration response on glutamate gm6b gm6 EJPs gm6 EJPS 
gm 1 tested on dual-sensitive response on P. inter. H. ameri. C. bor. 
Cancer dual-sensitive muscles dual-sensitive 

muscles at max. cone. muscles 
at max. conc. 

Dihydro- 30 nM 10 gM 
fl-erythroidine 

Pempidine 200 nM 500 gM 
Mecamylamine 200 nM 50 gM 
Trimethapan 2 ~M 500 gM 
Chlorisondamine 5 gM 500 itM 
Curare 10 gM 100 gM 
Decamethonium 15 ~tM 100 gM 
Atropine 25 gM 1 mM 
Picrotoxin 40 laM l mM 
Hexamethonium 50 gM 500 gM 
Strychnine 50 gM 
Glutamate-y 2 mM 

methylester 
L-aspartate 2 mM 
D-glutamate 1 mM 

100 0 0 0 0 

0 0 0 0 
0 0 
0 0 0 0 

1oo 50 (lOO ~tM) b 60 (100 [.tM) b 60 (100 j~M) b 
100 0 0 

0 0 0 
100 0 0 

0 
0 

0 0 
0 0 

0 0 
0 0 

Data taken from Marder and Paupardin-Tritsch (1980) 
b Taken from Lingle, Eisen and Marder (submitted) 

Discussion 

This study has shown that several muscles within the 
stomatogastric system of several decapod species dis- 
play receptors to both acetylcholine and glutamate. 
On the basis of the distribution and pharmacological 
characteristics of the receptors, the single excitatory 
motor innervation to these dually sensitive muscles 
is most likely to be glutamatergic. The aeetylcholine 
receptors are diffusely distributed on the muscle 
fibers. That the acetylcholine receptors can in fact 
be considered extrajunctional is supported by the ap- 
parent absence of junctional regions over large areas 
of such muscle fibers. In contrast, no sites along a 
dually sensitive muscle fiber are insensitive to acetyl- 
choline. However, in some decapod species the occur- 
rence of these acetylcholine receptors is reduced or 
absent on the homologous muscles. 

These findings resolve apparent discrepancies 
among previous investigations (Marder, 1976; 
Atwood et al., 1977; King, 1976) and indicate that 
the most probable transmitter of the LG, MG, and 
DG neurons of the stomatogastric ganglion is gluta- 
mate. Two issues raised by these results are addressed 
below. First, the significance of the use of both choli- 
nergic and glutamatergic excitatory motor innerva- 
tion within this system is considered in the context 
of the current information concerning stomatogastric 
ganglion motor transmitters. Second, the significance 

of the extrajunctional receptors on some muscles is 
discussed. 

Cholinergic and Glutamatergic Excitatory 
Motor Transmission in the Decapod Foregut 

Until recently, crustacean neuromuscular junctions 
were thought to use glutamate exclusively as excita- 
tory transmitter, while acetylcholine was considered 
the transmitter used by crustacean sensory nerves 
(Barker et al., 1972). Clearly both cholinergic and 
glutamatergic types of excitatory motor transmission 
are present in the decapod foregut. For Panulirus, 
the putative cholinergic neurons are the 2 PDs, the 
VD, and 4 GM, and the LPG (Marder, 1976) and 
the 2 CDs. All of these neurons innervate extrinsic 
muscles. The putative glutamatergic neurons are the 
LP, the 8 PYs, the IC, and AM, and the LG, MG, 
and DG. The LG, MG, and DG innervate muscles 
that display extrajunctional acetylcholine receptors. 
Figure 8 schematically illustrates the distribution of 
muscles of the three types of sensitivity. No muscle 
receives both cholinergic and glutamatergic excitatory 
innervation. 

The use of the two excitatory motor transmitters 
raises the question: are there any indications within 
this system as to why a cell uses a particular transmit- 
ter? Marder (1976) partially addressed this question 
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Fig. 8. Representation of lateral view of musculature of Panulirus 
interruptus foregut illustrating distribution of muscles of each of 
three classes of sensitivity. Nomenclature corresponds to muscle 
name followed by name of innervating neuron(s) 

following the initial demonstration of the cholinergic 
nature of some of the foregut motor neurons. From 
a consideration of the lack of variation in facilitation 
and contraction properties of extrinsic and intrinsic 
muscles, there is no difference in synaptic or mechani- 
cal function that might account for the use of the 
two transmitters at the neuromuscular junctions. 

The clear morphological segregation of muscles 
receiving cholinergic and glutamatergic innervation 
(Fig. 8) suggests that the basis for the particular trans- 
mitter used at a muscle may be explained from deve- 
lopmental or evolutionary processes. The primitive 
foregut may have been composed of an intrinsic muscu- 
lature supported by non-muscular ligaments as is the 
case for the crustacean hindgut and heart. Neurons 
that may have primarily subserved a pattern-generat- 
ing function within a foregut of entirely intrinsic mus- 
cles might have subsequently acquired motor  func- 
tions coincident with the appearance of an extrinsic 
musculature. The prediction would be that cells em- 
ploy transmitters according to a functional hierarchy 
resulting from the temporal appearance of transmitter 
systems during the evolution of the organism. Excep- 
tions might arise when neurons are involved in dual 
functions or the original functions become modified. 

Examination of known chemical and electrical 
connectivity among neurons within the stomatogast- 
ric ganglion (Selverston et al., 1976) fails to reveal 
any clear functional hierarchy between cholinergic 
and glutamatergic neurons and, in fact, within the 
ganglion both transmitter types make synapses on 
both types of neurons. Further information concern- 
ing connectivity among stomatogastric neurons may 
provide insight to this problem. 

Extra junctional Receptors on Foregut Muscles 

The occurrence of extrajunctional receptors is not 
a unique phenomenon. They have been identified on 
many invertebrate neuronal somata (Asher and Ke- 
hoe, 1975; Sargent et al., 1977; Marder and Paupar- 
din-Tritsch, 1978), insect (Cull-Candy, 1976), mollus- 
can (Taraskevitch et al., 1977), and vertebrate (Fam- 
brough, 1979) muscle, and vertebrate axons (Sabelli 
and May, 1975; Brown and Marsh, 1978). As yet 
the significance of such receptors is not known. In 
general, these receptors are thought to possibly cor- 
respond to chemical inputs localized at other sites 
on the cell. Thus, it is surprising that some stomato- 
gastric muscles may display receptors to a substance 
not evidently released onto those cells, at least from 
the known motor neuronal inputs. Several possible 
interpretations of the presence of these receptors fol- 

low. 
First, these receptors may be indicative of the in- 

put of acetylcholine from non-motor  neuron sources 
onto certain regions of the muscle fibers. No peripher- 
al nerve plexus can be seen. However, acetylcholine 
released from sensory neurons might activate these 
receptors. Dendritic regions of sensory cells in the 
posterior stomach nerve contain choline acetyltrans- 
ferase, take up choline by a high affinity transport 
system, and synthesize and store acetylcholine (Auer- 
bach, 1978). The intrinsic and extrinsic gastric mill 
musculature which includes the dually sensitive mus- 
cles receives an arborization of sensory fibers from 
this nerve (Dando and Maynard, 1974). Sufficient 
acetylcholine could be released or leaked out to pro- 
duce effects on the dually sensitive muscles. Two argu- 
ments can be raised against this idea. First, the sensory 
fibers do not ramify extensively over these muscles, 
but terminate near ossicles. Second, other muscles 
of the foregut with similar sensory fiber ramifications 
are not sensitive to acetylcholine. It seems likely that 
these muscle fibers are displaying receptors to a sub- 
stance not released onto those fibers. 

Second, these receptors may be indicative of the 
use of a different transmitter by the innervating neur- 
on at its central synapses. This possibility is also 
unlikely. In a study of the synapses of identified neur- 
ons within the stomatogastric ganglion of Panulirus, 
King (1976) showed that the D G  neuron contains 
synaptic vesicles similar to those of the putative gluta- 
matergic neurons, the LP and PY, and distinct from 
those found in the cholinergic PD terminals. In addi- 
tion the LG, MG, and D G  make IPSPs on various 
cells of the ganglion. These IPSPs are similar in time 
course to IPSPs of the putative glutamatergic LP and 
PY and can be distinguished from slow IPSPs of 
the cholinergic PD and VD neurons by the picrotoxin- 
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sensitivity of the former (Maynard, 1972). Within the 
stomatogastric ganglion, glutamate-activated K § and 
C1- inhibitory conductance increases are blocked by 
1 to 10 gM picrotoxin (Marder and Paupardin- 
Tritsch, 1978). This argues that the IPSPs activated 
by the LG, MG, and DG within the ganglion involve 
a glutamatergic transmission as is observed for the 
peripheral neuromuscular connections of these neur- 
ons. 

Third, the neurons innervating the dually sensitive 
muscles might be electrically coupled to other neurons 
which do use acetylcholine as transmitter. Through 
such coupling may pass sufficient acetylcholine or 
some unknown substance to induce the expression 
of cholinergic receptors on post-synaptic cells, even 
though acetylcholine does not contribute significantly 
to the transmitter released by those cells. Further 
study of electrical connections within the Stomato- 
gastric ganglion is required to address this possibility. 
Clearly, the LG, MG, and DG only innervate muscles 
that display both glutamate and ace@choline recep- 
tors, while other neurons of the ganglion innervate 
muscles with either only glutamate or only acetylcho- 
line receptors. This indicates that there may be some 
specificity in the types of receptors a cell innervated 
by a given neuron may express. However, such expres- 
sion may be either the consequence of innervation 
by a particular neuron or serve to place constraints 
on the identity of the innervating neuron. 

Fourth, the extrajunctional receptors may be mol- 
ecules involved in some cellular function unrelated 
to cholinergic function. 

Finally, the receptors may be without physiologi- 
cal significance simply representing biochemical and 
genetic noise inherent to biological systems. Alternati- 
vely, these receptors may be a vestigial expression 
of the innervation of these muscles by cholinergic 
neurons at earlier developmental stages. 
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