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Summary. 1. In the snapping movement of Alpheus cali/orniensis the opener muscle 
of the propus is first contracted to cock the dactyl of the snapping cheliped, then the 
closer muscle is excited by a high frequency train of impulses. This train continues until the 
force holding together disks on ~he dactyl and propus is overcome. At this point the dactyl snaps 
closed and the closer excitatory motoneuron becomes silent. 

2. A reflex is demonstrated whereby the opener muscle is excited upon passive opening 
of the dactyl. This is opposite to typicM passive limb reflexes and may be important in 
setting the cocking mechanism. 

3. All of the characteristics of snapping can be found in the small pincer cheliped with the 
exception of the long duration high frequency train of impulses in the closer muscle. 

4. Another alpheid shrimp, Alpheus heterochelis, uses a completely different mechanism to 
hold the dactyl open while the closer builds tension. Here the closer apodeme is lifted over the 
pivot point around which the dactyl closes. In this way the dactyl is locked until a second 
closer muscle contracts to pull the closer apodeme down. 

Introduction 

Shrimp of the family Alpheidae have one cheliped which is greatly enlarged 
and can be closed with remarkable force. The dactyl of the large cheliped 
possesses a plunger which fits into a socket on the propus. Rapid closure of the 
cheliped causes a jet of water to be expelled from the socket. At the same time, 
a loud snap is produced by the dactyl hitting the propus. Previous investigators 
of alpheid snapping (Johnson et al., 1947; Knowlton and Moulton, 1963; Hazlett 
and Winn, 1962; Nolan and Salmon, 1970) have shown that this behavior is 
used by the animals in defensive and aggressive activities. Most investigators 
agree that the significant component, of the snapping behavior is the jet of water 
that  is expelled from the socket on the propus, rather than the sn~pping sound. 

While the snapping behavior has been studied in detail, the mechanism respon- 
sible for snapping has not. Suggestions have been made to explain the snap 
(Courtier, 1899; Verrill, 1922; Johnson etal., 1947; Know]ton and Moulton, 
1963), but very little experimental evidence has been presented to support any of 
these hypotheses. 

Several types of arthropod have developed unusually rapid or forceful move- 
ments by employing exoskeletal modifications. Examples of these include the 
mantid shrimp strike mechanism (Burrows, 1969), flea jumping (Rothschild et al., 
]972; Bennet-Clark and Lucey, 1967) and locust jumping (Brown, 1967; Heitler, 
1974). In  addition to exoskeletal modifications, rapid movements have also been 
acquired by neuromuscular specializations. An example of this is in the very fast 
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muscle used during lobster an t ennu la r  v ibra t ion  (Mendelson, 1969). F ina l ly  some 
arthropods have employed both exoskelctal and  neuromuscular  modifications, 
such as the flight adapta t ions  of several insects, in  which a click stop mechanism 
has been developed at  the ar t iculat ion of the wings and  the thorax along with the 
highly specialized asynchronous flight muscle (Pringle, 1957). 

I n  the case of the shrimp Alpheus cali[orniensis, extremely well-matched disks 
located on the dactyI and  propus stick to each other probably  by  cohesive forces 
of the layer of water  between the surfaces of the two disks and, thereby,  p revent  
the dactyl  from closing while the closer muscle builds tension (l~itzmann, 1973). 
When  a large amoun t  of force is developed in the closer muscle the force holding 
the disks together  is overcome and the dactyl  snaps closed. The fact t h a t  the 
disks play an impor t an t  role in the snapping behavior  of this species does no t  
el iminate the possibility t ha t  neurophysiologicM modifications also are necessary 
for snapping in this species or in  other species of snapping shrimp. The following 
s tudy  was performed to determine what, if any, neurophysiological modifications 
are impor t an t  in the snapping behavior.  

The main  par t  of the s tudy  was done with two species from the Pacific 
Coast of Nor th  America Alpheus cali]orniensis and A. dentipes. No differences were 
found in the snapping mechanism of these two species and, therefore, reference 
will be made only to A. cali/orniensis. A comparat ive s tudy was performed with an 
Atlant ic  Coast species, A. heterochelis. 

Materials and Methods 

Alpheus cali]orniensis and A. dentipes were obtained from Pacific Bio-Marine Supply 
Company, Venice, California and were maintained in an artificial sea water tank at 12-16 ~ C. 
Specimens of A. heterochelis were obtained from Jack yon Montfrans of Boca Raton, :Florida, 
and were kept at room temperature. In all cases the saline used was an artificial sea water 
having the following composition: NaC1, 423 raM; KC1, 9.00 raM; CaCl 2, 9.27 mM; MgC12, 
22.94 raM; MgSOa, 25.50 raM; NaHCO 3, 2.15 raM. 

Suction electrodes were used for stimulation and extracellular recording from nerves. 
Successful recording and stimulation were achieved only when the cut end of a nerve was sucked 
into the suction electrode tip, never with the electrode attached to the side of the nerve, 
or with hook electrodes in oil. 

Extracellular eleetromyograms (EMGs) were recorded with 85 fz copper wire electrodes 
insulated except at the tips, which were inserted into the muscle of the propus through small 
holes in the cheliped exoskeleton. Intracellular muscle recordings were made with glass micro- 
pipette electrodes filled with 2.5 M KCI and having resistances of 15-35 megohms. The 
electrodes were suspended on a silver wire to allow a greater degree of movement for 
recordings during snapping movements. All of the electrical records were amplified and 
displayed by conventional methods. 

An oscillator transducer (Sandeman, 1968)was used for monitoring the dactyl movements 
of A. cali]orniensis. To determine the timing of the snap of A. heterochelis a microphone 
was placed near the animal. This gave an electrical signal when the animal snapped its dactyl 
closed. 

Cross sections of nerves were prepared in the following manner. The nerves were dissected 
out of live animals and were fixed for three hours in cold fixative consisting of two parts 
2% potassium permanganate dissolved in unbuffered artificial sea water and one part 
0.05 M cacodylate buffer. The final pi t  was 7.4. The tissue was dehydrated in an ethanol 
series, embedded in epon and cut into 10 -1 micron sections. These sections were stained with a 
saturated solution of uranyl acetate in 50% acetone for two minutes and counterstained in an 
aqueous solution of lead citrate for one minute (Reynolds, 1963). The tissue was studied in an 
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Hitachi HU-11E electron microscope. Fixation was unnecessary in the preparation for scanning 
electron microscopy, because only the hard exoskeleton was observed. The chelae were coated 
with gold before being studied. 

Results 

I. Organization o/the Motor Nerve Supply 

There  are two ma in  nerves  running  th rough  the  cheliped, which will be referred 
to as the  dorsal  and  vent ra l  nerves  (Fig. 1). The dorsal  nerve can be followed 
along the  dorsal  border  of the  merus,  t h rough  the  carpus and along the  dorsal  
edge of the  propus  to  the  opener  muscle. F r o m  this  po in t  i t  passes be tween the  
opener  and closer muscles and  into the  dactyl .  All  along the  course of this  nerve  
branches  are found which lead  to  the  over ly ing epidermis  and  p r e suma b ly  conta in  
axons of cut icular  sensory  receptors .  Branches  also pass  into the  opener  muscle. 

The ven t ra l  nerve is a p p r o x i m a t e l y  t en  t imes  larger  in d i ame te r  t h a n  the  dorsal  
nerve.  I t  is made  up  of two bundles  of equal  size which usual ly  can be sepa ra t ed  
in the  merus.  As the  ven t ra l  nerve enters  the  propus,  these  two bundles  separa te .  
The ven t ro la t e ra l  bundle  can be followed along the  la te ra l  side of the  propus  and 
innerva tes  the  hairs  on the  cuticle in this  area.  A t  abou t  the  level of the  ar t icula-  
t ion of the  propus  and dactyl ,  th is  nerve bifurcates.  One branch continues a round  
the  socket  into which the  p lunger  on the  dac ty l  fi ts and  innerva tes  the  dis ta l  
por t ion  of the  propus.  The o ther  b ranch  passes dorsa l ly  into the  dactyl .  

The ven t romedia l  bundle  of the  ven t ra l  nerve goes th rough  the  closer muscle 
to the  media l  side of the  propus  and  passes along this surface for a p p r o x i m a t e l y  
5 mm. I t  t hen  branches  several  t imes  to  supp ly  the  hairs in this  area.  Branches  
to the  closer muscle can also be seen along the  course of this  nerve.  

The  neuromuscu la r  organiza t ion  of the  propus  was s tud ied  b y  two me thods :  
in t raee l lu la r  recording of muscle fibers in in tac t  animals  during snapping  and in 

M V N  D N  P D  

Fig. 1. Diagram of the nervous system of the snapping eheliped. M VN, medial bundle of the 
ventral nerve; L VN, lateral bundle of the ventral nerve; DN, dorsal nerve; P-D, propus-daetyl 
ehordotonal organ. The opener muscle is located dorsal to the dorsal nerve. The rest of the 

propus contains the closer muscle 

15" 



220 R . E .  Ri tzmann 

Fig. 2. (A) Cross section of the dorsal nerve showing axons surrounded by  myelinated sheaths.  
SN, sheath nucleus. Magnification • 1500, (B) Higher magnification electron micrograph of 

the axon in (A) which is labeled with an arrow. Magnification: • 6562.5 
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isola ted chelae dur ing s t imula t ion  of nerves  loca ted  in the  merus.  I t  would have  
been desirable to record  from the  motor  nerves  while recording muscle po ten t ia l s  
in order  to be cer ta in  abou t  the  physiological  ident i f ica t ion  of axons. I towever ,  
all a t t e m p t s  to record  ~rom nerves  en passant failed, even though the  same nerve 
could be recorded  from by  sucking the  cut  ends into a suct ion electrode.  This m a y  
have  been  because the  axons are ve ry  small,  and  are sur rounded  by  mye l ina t ed  
sheaths ,  as can be seen in cross sections of the  nerves (Fig. 2). Myel ina t ion  has 
been repor ted  in o ther  shr imp (Heuser and  Doggenweiler,  1966; Kusano,  1966). 
Kusano  (1966) r epor t ed  t h a t  the  myel in  shea th  a round  the  g ian t  fibers in the  
vent ra l  nerve cord of the  shr imp Penaeus japonicus has a high electr ical  resistance.  
He  fu r the r  d e m o n s t r a t e d  t h a t  a mieroelec t rode  could de tec t  act ion poten t ia l s  in the  
axon  when i t  was pos i t ioned be tween the  axon and the  myel in  sheath,  bu t  not  
when it  was p laced  outs ide the  sheath.  

In t r ace l lu l a r  recording from muscle fibers in isola ted chelae ind ica ted  t h a t  the  
opener  muscle receives no innerva t ion  via  the  vent ra l  nerves bu t  does receive 
one exc i t a to ry  axon from the  dorsal  nerve  (Fig. 3). I n  recording from t h i r t y  
f ibers no case was found where the  exc i t a to ry  junc t ion  po ten t ia l  (EJP)  of an 
opener  muscle fiber sudden ly  increased to a higher  ampl i tude  as the  s t imulus  
to the  dorsal  nerve  was increased in ampl i tude  or dura t ion .  Such an increase 
would indica te  t h a t  the  th resho ld  of exc i ta t ion  for a second exc i t a to ry  axon had  
been reached,  a l though there  is a poss ib i l i ty  t h a t  this  could resul t  f rom the  
blockage of an inh ib i to ry  axon as well. Ne i the r  were there  d i s t inc t ly  different  sized 
E J P s  seen in the  records  f rom opener  muscles of i n t ac t  animals  (Figs. 4 ~nd 5). 
Whi le  this  suggests  t h a t  only  a single motor  axon innerva tes  the  opener  muscle, 
there  is o ther  evidence which casts doub t  on this conclusion. Recordings  were 
made  f iom the  p rox ima l  s tump  of the  dorsal  nerve while reflex o u t p u t  to the  
opener  muscle was elicited. This reflex ac t iv i ty  will be discussed later .  I n  these 
records  th ree  sizes of ac t ion poten t ia l s  were seen (Fig. 6C). The largest  and  the 
i n t e rmed ia t e  size poten t ia l s  were a lways  pa i red  in a doublet ,  wi th  an in terva l  of 
5 msec or less. The smal les t  po ten t ia l s  seemed to have  no t empora l  re la t ionship  
wi th  these  two. Several  possible explana t ions  for these resul ts  will be p resen ted  
in the  discussion. 

The moto r  axons to  the  closer muscle are  in the  media l  bundle  of the  ven t ra l  
nerve.  The closer is i nne rva ted  by  one inh ib i to ry  axon and a t  least  one exc i t a to ry  

Fig. 3A--C. Intracellular recordings from muscles of an isolated cheliped. The nerves were 
stimulated in the merus with increasing stimulus strength. (A) EJP  from an opener muscle 
fiber during stimulation of the dorsal nerve. (B) EJP  from a closer muscle fiber during stimula- 
tion of the ventral nerve. (C) Extracellular current recording from the closer muscle 
showing two thresholds to stimulation. Calibrations: (A and B) 20 mV, 50 msec; (C) 2 mV, 

50 msec 
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Fig. 4. (A) Top trace is an extraeellular recording from the muscles of the propus of a cheliped 
on an intact animal. Bottom trace is output from a transducer attached to the dactyl. 
Up on the transducer record indicates opening of the dactyl. The snap occurs at ~he sharp 
downward deflection indicated by an arrowhead. The small potentials in the upper trace are 
presumably from the opener muscle, while the large potentials are from the closer. (B) Top 
trace is an extracellular recording from the muscles of the propus during opening and a snap. 
Potentials from both the opener and closer muscles are seen in this trace. Bottom trace is a 
simultaneous intracellular recording from a closer muscle fiber. The snap occurs after the train 
of EJPs in the closer muscle fiber as indicated by an arrowhead. This was determined by 
comparing the extracellular trace with extracellular recordings, such as in (A), of several 
other fibers in which a transducer was used to monitor movement. The burst of potentials 
at the beginning of the upper trace are from the opener muscle. 5Tote the IJPs (arrows) in the 
closer recording before and after the snap. (C) Simultaneous recordings from opener (top trace) 
and closer (bottom trace) muscle fibers during a snap. The snap occurs at the arrowhead. 
Note that the opener is silent during the train of EJPs in the closer which immediately 
precedes the snap. In all cases several hundred milliseconds have been removed between opening 

and closing. Calibrations: (A) 100 msec; (B) 25 mV, 200 mace; (C) 25 mV, 100 msec 

axon. The inhibi tor  was identified in the records from in tac t  animals, where 
hyperpolarizing inhibi tory  junc t ion  potentials  (IJPs)  could be seen in records 
t aken  from closer muscle fibers during act ivat ion of the opener muscle (Figs. 4B 
and 5C). E J P s  could be consistently recorded in isolated cheliped preparat ions 
by  s t imulat ing the medial  bundle  of the vent ra l  nerve in the merus, as well as 
in in tac t  animal  recordings. One hundred  fibers were recorded from intracel lularly 
in  isolated chelae, and none showed an increase in ampli tude as s t imulus s t rength 
was increased to the ventra l  nerve (Fig. 3B). One extracellular current  recording 
did show a second ampli tude (Fig. 3C). The smaller of these potentials  could be 
from a depolarizing inhibi tory  potent ia l  or a second excitor. If only one excitor 
exists, this would be contrary  to the organization in all other crustaceans t ha t  
have been studied, which have two excitors to the closer muscle of the propus 
(Wiersma and g ip ley ,  1952). The solution to this problem may be tha t  the axons 
innervate  different populat ions of fibers so tha t  recording from few if any  fibers 
would show E J P s  from both excitors. Another  possibility is tha t  one of the axons 
innervates  only a few muscle fibers. 
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Fig. 5. (A) Top trace is an extracellular recording from the muscles of the propus of a cheliped 
on an intact animal during passive opening of the dactyl. Bottom trace is output from a 
transducer attached to the dactyl. Up on the transducer record indicates opening of the dactyl. 
The sharp rise in the transducer record occurs as the dactyl moves away from the probe 
that is used to lift the dactyl. (B) Top trace is an extraeellular recording of the passive 
opening reflex. Bottom trace is a simultaneous intracellular recording in an opener muscle 
fiber. (C) Simultaneous intracellular recordings from opener (top trace) and closer (bottom 
trace) muscle fibers during the passive opening reflex. The two breaks in the opener record 
are the result of action potentials in the opener muscle fiber which cause the oscilloscope 
beam to go off the screen. Arrows indicate IJPs  in the closer record. Calibrations: 

(A) 250 msee; (B) 25 mV, 200 msec; (C) 25 mV, 100 msec 

II. Neuromuscular and Reflex Physiology o] the Snap 
The snapping  behav ior  begins wi th  a cont rac t ion  of the  opener  muscle, br inging 

the  dac ty l  into the  open or cocked posit ion.  This is followed b y  exc i ta t ion  of the  
closer muscle (Fig. 4). W h e n  the  dac ty l  is cocked, the  two dac ty l  disks mee t  
and  hold the  dac ty l  open unt i l  the  closer muscle tens ion can overcome the  forces 
holding the  disks toge the r  (Ri tzmann,  1973). A series of E J P s  can be recorded 
in the  closer pr ior  to  the  snap.  In i t i a l ly  these E J P s  occur as large t empora l l y  
s u m m a t e d  potent ia ls ,  bu t  as the  t r a in  continues,  the  ind iv idua l  E J P s  separate .  
The  ins tan taneous  f requency  of this  t r a in  is in i t ia l ly  up to  100/sec and  decreases 
to 50/see a t  the  end of the  t ra in .  The dura t ion  of the  t ra in  is h ighly  var iable .  
However ,  i t  is a lways  t e rmina t ed  a t  the  t ime t h a t  a snap occurs, or when the  
dac ty l  moves  out  of the  cocked posit ion.  The one except ion  to this  occurred in an 
an imal  t h a t  was obviously  fat igued.  I n  this  case af ter  the  dac ty l  was cocked, 
several  shor t  abor t ive  t ra ins  of impulses were in i t i a ted  before a long t r a in  f inal ly  
s t a l t ed .  The long t r a in  cont inued  unt i l  the  dac ty l  snapped  closed except  in the  
las t  t r ia l  t h a t  was observed.  A t  this  po in t  the  closer could no longer develop 
enough tens ion  to  overcome the  force holding the  disks together .  Af te r  abou t  
200 msec the  t r a in  of E J P s  s topped  for a shor t  per iod  and  then  s t a r t ed  again.  This 
was r epea t ed  five t imes  before the  dac ty l  was manua l ly  re leased f rom the  cocked 
posit ion.  W h e n  this  was done the  t ra in  s topped  and  d id  not  s t a r t  again.  Tra ins  
of E J P s  are seen only in the  closer muscle fibers when the dac ty l  is cocked. W h e n  
the  dac ty l  is no t  in the  cocked posi t ion the  closer muscle is silent.  

S imul taneous  in t race l lu la r  recordings from the  opener  and  closer muscles show 
the  re la t ive  t iming  of a c t i v i t y  in these  two muscles (Fig. 4 C). The closer does no t  
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show any excitatory activity to general tactile stimulation, while the opener is 
excited whenever the animal is disturbed. Occasionally I J P s  could be seen in the 
closer muscle at the same time tha t  E J P s  were observed in. the opener. During a 
snap sequence, the latency between opener and closer activity varies from 
100 msec to several seconds. Once the snap train is initiated in the closer, the 
opener is silent, but it will often be excited immediately after the snap. This 
would suggest that  there is reciprocal inhibition between the closer and opener 
excitatory neurons in the CNS. 

The opener muscle can also be reflexly excited by passively opening the dactyl 
(Fig. 5). If  the dactyl is opened with a probe, at a point about 30 ~ from the 
fully cocked position a train of rapidly facilitating E J P s  is seen in the opener 
muscle fibers. At the same time, I J P s  are generated in the closer muscle. The 
resulting opener muscle contraction moves the dactyl away from the probe, and 
brings the dactyl to the fully cocked position. Passive opening reflexes are well- 
known in crustaceans (Bush, 1962a, b, 1963; Wilson and Davis, 1965), but they 
are usually resistance reflexes. That  is, a passive movement  in one direction results 
in contraction of the muscle that  would bring the segment back to its original 
position. In  the present case the reflex excites the muscle which moves the segment 
in the same direction as the passive movement,  thus enhancing the movement.  
A positive reflex of this type would be useful in assuring that  the disks on the 
propus and dactyl meet with sufficient force to make them hold together. 

The existence of a positive opening reflex, and the fact tha t  the E J P s  in the 
closer muscle stop at exactly the same time tha t  the dactyl is uncocked, suggest 
tha t  a proprioceptor provides information about the position of the dactyl, and 
tha t  such information is important  to the snapping behavior. When the dactyl is 
passively moved, nerve impulses, presumably of sensory origin, can be seen in the 
distal s tump of the cut ventral nerve (Fig. 6). This activity could provide the 
necessary proprioceptive information. 

There are two possible sources of this activity. Surrounding the disks are located 
several long cuticular hairs. Also, many  smaller hairs can be seen all along the 
dactyl and on the plunger. Activity can be recorded in the ventral nerve when 
any of these hairs is deflected. As the dactyl is moved into the cocked position, 
the hairs are deflected, and the resulting activity could be used to detect the 
position of the dactyl. However, the opener reflex remains unchanged when the 
exoskeleton of the propus is removed from the area in which the hairs are located, 
and the dactyl is cut down to a stub. These operations remove all of the hairs tha t  
are normally deflected when the dactyl is moved. 

Another candidate for the source of this information is a stretch receptor 
which spans the propus-dactyl joint. These receptors are common in crustacean 
limbs (Burke, 1954; Whitear, 1962) and have been implicated in various 
resistance reflexes (Bush, 1962a, b; 1963). In  crabs the receptor at the P-D joint 
is an elastic strand innervated by bipolar sensory neurons which respond to 
stretch of the strand when the joint is moved (Wiersma and Boettiger, 1959; 
Har tman  and Boettiger, 1967). Ha r tman  and Boettiger (1967) have demonstrated 
that  a phasically active population of neurons is involved in sensing joint mover 
ment. Another group of tonically active neurons senses joint position. 
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Fig. 6. (A) Top trace is a recording from the distal stump of the ventral nerve while the dactyl 
is being moved manually. Bottom trace is from a transducer monitoring dactyl movement. 
Up on the transducer record represents opening of the dactyl. (B) Top trace is a recording 
from the distal stump of the ventral nerve while the P-D organ is being moved with a probe. 
Bottom trace is from a transducer monitoring movement of the probe. (C) Activity in the 
proximal stump of the dorsal nerve in response to passive opening of the dactyl. (D) Top trace 
is activity in the proximal stump of a dorsal nerve in response to movement of the P-D 
organ with a probe. Bottom trace is from a transducer monitoring movement of the probe. 
Doublets of action potentials in (C) and (D) are indicated by arrows. Calibration: (A, B, and D) 

400 msec; (C) 200 msee 

The  P -D  organ in A.  calilorniensi8 is not  a s t rand,  bu t  a f la t  sheet  resembling" 
the  M-C1 and  C-P1 organs found in crabs (Whitear ,  1962). I t  lies be tween  the  
opener  and  closer muscles and  spans the  p ropus -dac ty l  jo in t  (Fig. 1). Bipolar  
neurons  could be seen in the  sheet  a f te r  s ta ining with  me thy lene  blue, and  act ion 
po ten t ia l s  could be recorded  in the  vent ra l  nerve when the  sheet  was moved with  a 
probe  (Fig. 6B). This probe consisted of a fine glass needle  fas tened to a larger  
rod  which was then  held  b y  a mic roman ipu la to r  so t h a t  the  p robe  could be moved  
manua l ly .  The  probe  was careful ly  pos i t ioned on the  end of the  sheet  of the  in situ 
P-D organ with  jus t  enough pressure  so t h a t  l a te ra l  m o v e m e n t  of the  probe  
s t r e tched  the  shee t  bu t  did  no t  do any  obvious damage.  The posi t ion of the  probe  
on the  sheet  was suff icient ly far  away  from the  cut icular  hairs sur rounding the  
disks to  avoid  acc identa l  def lect ion of these hairs.  I f  the  funct ion of this  organ 
is the  same as in crabs, the  tonic  f ibers  could re l ay  posi t ion informat ion  when the  
dac ty l  is cocked and  t h e r e b y  provide  the  sensory informat ion  necessary  for ga t ing  
the  snap  t ra in .  Phasic  m o v e m e n t  receptors  also could be used dur ing  the  passive 
opener  reflex. 

A conclusive demons t r a t i on  of the  invo lvement  of the  P -D  organ in the  opener  
reflex would require  moving the  P -D  organ with  a probe  while recording from the  
opener  muscle. However ,  the  opener  muscle mus t  be r emoved  to expose the  P -D  
organ. Never theless ,  ac t ion po ten t ia l s  can be recorded from the  p rox imal  end of the  
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cut dorsal nerve in response to passive opening of the dactyl (Fig. 6C). Since 
at tempts to record from the dorsal nerve en passant failed, it was not possible 
to confirm that  these potentials originated iu the opener motor axons. However, 
the only motor axons that  have been found in the dorsal nerve are those going 
to the opener muscle, and the timing of these action potentials is similar to tha t  
of the E J P s  elicited in the opener muscle during passive dactyl opening. Thus, 
it can be assumed that  the activity in the proximal end of the dorsal nerve is from 
the motor axons of the opener r~mscle. The same activity can be seen in the dorsal 
nerve when the P-D organ is moved with a probe as described above (Fig. 6D). 
Therefore, the P-D organ is presumably the structure that  provides proprioceptive 
information, at least for the passive opening reflex. 

I I I .  The Pincer Cheliped 

The cheliped on the contralateral side of the same segment as the snapper is a 
small pincer. The pincer cheliped resembles those of other crustaceans and is used 
by the shrimp in much the same way that  other crustaceans use their chelae. When 
a large snapping eheliped is removed, the pincer develops into a snapper in two 
or three molts and is then used in the snapping behavior (Wilson, 1903). A new 
pincer grows at the site of the old snapper. Because the pincer has this ability 
to transform from a normal che]iped into a snapping appendage, a comparative 
study of the motor organization in the two chelae seemed valuable. 

The external anatomy of the pincer is very different from tha t  of the snapper 
in that  the dactyl of the former is more elongated and lacks the plunger and socket 
of the latter. Disks are present on the dactyl and propus tha t  are about one 
fourth the size of the disks on the snapper cheliped. While the propus disk looks 
like a miniature of the disk found on the snapper, the dactyl disk is not well- 
formed at all (Fig. 7). The position of the major nerves and muscles in the pincer 
is similar to tha t  found in the snapper. 

The neuromuscular organization of the pincer was studied by stimulating the 
nerves in the merus and recording intracellularly in the muscles of the propus. 
This yielded much the same results as in the snapper cheliped (Fig. 8). One excitor 
innervates the opener muscle. Most of the closer fibers also had only one excitor, 
but some did have two. The closer fibers had a tendency to spike when excited 
with a train of impulses, unlike the homologous fibers of the snapper (Fig. 9). 

Intracellular muscle recordings from intact animals showed that,  as in the snap- 
per, the opener muscle of the pincer can be reflexly excited by passive opening 
of the dactyl (Fig. 10A). The closer can be excited by touching hairs along the 
inside rim of the dactyl or by holding the dactyl open while perturbing the 
animal (Fig. 10B). The latter case mimics a snap, but the burst that  is seen in the 
closer muscle is not exactly the same as that  in the snapper closer during a snap. 
The E J P s  of the pincer are not initially grouped together into compound muscle 
potentials as in the snapper. Also, in spite of the fact that  the dactyl remains 
pinned open, the burst is relatively brief. In  the snapper the closer continues 
to be excited as long as the dactyl is cocked. This would suggest that  a certain 
amount  of CNS reorganization is necessary to produce the pat tern of the snap 
train when the pincer develops into a snapper. 
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Fig. 7A and B. Scanning electron micrographs of the disks found on ~he pincer cheliped. 
(A) Propus disks. (B) Dactyl disk. Calibration represents 100 
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Fig. 8A and B. Intracellular recording from muscle fibers in an isolated pincer cheliped. 
The nerves were st imulated in the merus with increasing stimulus strength,  to determine the 
number  of axons innervating the two muscles. (A) An E J P  in an opener muscle fiber resulting 
from dorsal nerve stimulation. (B) I~ecording from a closer muscle fiber showing two amplitudes 
of E J P s  as stimulus intensity to the ventral  nerve is increased. The small increase in the lower 
amplitude was due to facilitation. The slow rise in potential  which precedes the largest response 

is probably artifactual. Calibrations: (A) 10 mV, 50 msee; (B) 5 mV, 50 msee 

Fig. 9. (A) Intracellular recording from a closer muscle fiber of an isolated pincer cheliped 
while the ventral  nerve in the merus is being st imulated at  25 imp/see. (B) Same recording 
si tuation as in (A), bu t  from a closer muscle fiber of a snapper cheliped. Calibration: (A) 1 mV, 

50 msec; (B) 5 mV, 50 msec 

A 

L 

c 

I . . . .  
Fig. J0. (A) Intracellular recording from an opener muscle fiber of the pincer cheliped on an 
in tac t  animal during passive opening of the dactyl. (B) Intracellular recording from a closer 
muscle fiber of a pincer cheliped on an intact  animal. The first burs t  was elicited by  touching 
hairs on the inner rim of the dactyl. The second burs t  was elicited by  perturbing the 
animal while the dactyl was held in an extreme open position. (C) Simultaneous intracellular 
recordings from closer (top trace) and opener (bottom trace) muscle fibers during passive 
dactyl opening and closing elicited by  touching dactyl hairs. There is a break of several 
hundred milliseconds between the opening and closing responses. Calibrations: (A) 100 mV, 

t00 msec; (B) 25 mV, 100 reset;  (C) top 50 mV, 100 msee, bot tom 25 mV, 100 msec 
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I V. Comparison with Alpheus heteroehelis 

A comparative s tudy of snapping was done with another shrimp, Alpheus 
heteroehelis, which lives along the southeastern coast of North America. I ts  behavior 
in general, and more specifically its snapping behavior is much the same as that  
of A. cali/orniensis. The snapping cheliped is somewhat different nlorphologically 
in that  the orientation of the dactyl is not lateral, as is the case with A. cali/ornien- 
sis. Instead it is more similar to the typical crustacean cheliped, except for the 
presence of the plunger and socket on the dactyl and propus, respectively. 
Disks are present, but they are much smaller than the ones on the snapper cheliped 
of A. cali/orniensis. While the disks can be made to stick together, only a small 
force is needed to separate them. There is certainly not enough force provided by 
these disks to counteract the tension produced in the closer muscle. Furthermore, 
scratching these disks does not affect the shrimp's ability to snap, which suggests 
that  they do not serve the same function as the disks on the snapping cheliped 
of A. eali/orniensis. This means that  a different mechanism must be operating in 
A. heteroehelis to hold the dactyl open while the closer muscle builds tension. 

When A. heteroehelis opens its dactyl to snap, the angle which the dactyl makes 
with the propns is about 100 ~ In  A. cali/orniensis this angle is about 80 ~ As the 
dactyl of A. heterochelis moves into this extreme open position, the insertion of the 
closer muscle apodeme is pulled up and out of the propus. In  the final position 
the apodeme insertion is directly in front of the articulation between the dactyl 
and the propus, and the apodeme passes through the axis of the dactyl-propus 
articulation (Fig. 11). The dactyl-propus articulation is the pivot point around 
which the dactyl must  rotate if it is to close. However, because the closer 
apodeme insertion is now directly in front of this pivot point, pu]ling on the 
closer apodeme, as the closer normally does, will not cause the dactyl to close. 
Instead it will simply pull the dactyl back against the propus. This means tha t  
the dactyl is essentially locked open. 

There is a small projection on the closer apodeme which extends ventrally 
when the dactyl is open, and a triangular slip of muscle inserts into this part  of the 
apodeme (Fig. l lA) .  I f  this muscle (CI2) contracts after the main closer (Cll) has 
built up tension, it would unlock the mMn closer, allowing it to release the tension 
it had built up and causing the dactyl to snap closed. 

If  this mechanism is operating, CI~ and Cle must contract sequentially. This 
would mean tha t  they are under the control of different excitatory axons. That  
this is the case can be demonstrated by stimulating the ventral nerve in the 
merus and recording from C11 and Cle with separate electrodes. As can be seen in 
Fig. 12, the two muscles are innervated by different axons, although the possibility 
that  additional shared axons exist cannot be eliminated. 

To determine if this is indeed the mechanism for snapping in A. heterochelis, 
recordings were made during snapping in the opener muscle and C11 simultaneously 
and in C11 and C12 simultaneously (Fig. 13). The frequency of the E J P s  in the 
opener increases to 80 sec 300 msec before the dactyl reaches the end of its 
opening movement.  This may  be the result of the positive opening reflex, which 
can be demonstrated in this species also. The increase in frequency could result in a 
tetanus in the opener muscle which would keep the closer apodeme in the locked 
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Fig. 11 A- -E .  Diagram showing the mechanism of snapping in A.  heterochelis. (A) Diagram of 
the eheliped musculature. Op, opener muscle; Cll, main closer muscle; C12, triangular slip of 
muscle that  is separate from Cl i but inserts into the same apodeme as Cl r (B) Diagram of 
the articulation of the dactyl and propus and the insertion of the closer apodeme into the 
dactyl. Because of the structure of the apodeme insertion, the apodeme can move through 
the pivot point of the dactyl and propus. Cl Ap ,  Closer apodeme; Da dactyl; Pr  propus; P i  
Pt, pivot point around which the dactyl rotates. (C) Diagram showing the position of the closer 
apodeme insertion when the daetyl is closed. C1 i Ap ,  Part  of the closer apodeme into which 
Cl i inserts. Cl 2 Ap ,  Part  of the closer apodeme into which Cl 2 inserts. P i  Pt,  Pivot  point 
around which the dactyl rotates. (D) Position of the closer apodeme when the dactyl is 
cocked open for a snap. The insertion of the closer apodeme is now above the pivot point, 
so that  as Cl i contracts to move the apodeme in the direction of the double arrows, the dactyl 
moves backward (as indicated by the triple arrows) rather than rotating closed. This means 
that  Cl~ is locked until Cl 2 contracts moving the apodeme down (as indicated by the single 
arrow). (E) Position of the apodeme after C12 contracts. C1 i is now able to rotate the dactyl 
closed. Since Cl 1 builds tension while it is locked open, the unlocking of the apodeme by Cl 2 

results in a rapid forceful closing movement 

I 
Fig. 12 A and B. Recording in an isolated snapping cheliped of A. heterochelis during increasing 
stimulus strength to the ventral nerve in the merus. Top trace is an intracellular recording 
from a muscle fiber in C12. Bottom trace is a simultaneous extraeellular recording from Cl i. 
(A) An E J P  is only seen in Cl~. Increasing the stimulus strength in (B) results in the initiation 

of E J P s  in both muscles. Calibration: 10 mV, 50 msec 

pos i t ion  for severa l  h u n d r e d  mil l i seconds .  A f t e r  t h e  d a c t y l  is opened ,  and  t h e  closer 

a p o d e m e  is locked,  C11 is exc i ted .  T h e  e x c i t a t i o n  to  t h e  closer musc le  is s imi lar  

to  t h a t  of A .  ca l iJorn iens i s  e x c e p t  t h a t  t h e  d u r a t i o n  of t h e  t r a i n  is m o r e  c o n s t a n t  
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Fig. 13. (A) Simultaneous intraeellular recordings from muscle fibers in Cl 1 (top trace) and the 
opener (bottom trace) during snapping. Note the small rapid opener activity before the initiation 
of the closer EJPs, and the IJPs in the closer trace after the firs~c snap. (B) Simultaneous 
intraeellular recordings from muscle fibers in Cl~ (top trace) and CI 1 (bottom trace) during 
snapping to show the relative timing of excitation between the two muscles. EJPs are not seen 
in Cl 2 until 100-150 msec after the initiation of EJPs in Cl~. IJPs are seen in Cl~ before and 
after each snap. In the second snap an I JP  is seen in the Cl 2 record while the EJPs are 
beginning to be initiated in Cl 1. After the first snap there are also UPs  in C[ 1. Several 
hundred milliseconds were removed between each snap. (C) Extracellular record from Cl 1 
(top trace), C12 (middle trace) and output from a microphone placed near the animal (bott~om 
trace). An electrical signal from the microphone occurs at the arrow. This signal was identifiable 
on the oscilloscope when the tape record was played, but was obscured in photographs of the 
records. In all eases the snap occurred at the arrow. Calibration: (A) Top trace 50 mV, 100 msee ; 

bottom trace 25 mV, 100 msee. (B) 50 mV, 100 msee. (C) 250 msee 

for A .  heterochelis. E J P s  are no t  seen in C12 unt i l  about  100-150 msec after the 
beginning of the exci tat ion to Cll, which is what  would be predicted if C12 were 

used to unlock CI 1. Act iv i ty  in both C11 and  C12 stops when the snap occurs. 
Immedia t e ly  after the snap I J P s  can occasionally be seen in both  C11 and  C12. 
W h e n  I J P s  are seen in both muscles, they  are synchronous.  This would suggest 
tha t  while different exci tatory axons innerva te  Cl 1 and  C12, the inhib i tory  axon is 
shared. The t iming  of the electrical ac t iv i ty  in the muscles, along with the 
mechanics of the closer apodeme, demonst ra te  t ha t  the snap does occur as a result  
of unlocking the mechanism described above. 

Discussion 

I .  I n n e r v a t i o n  o/ the Opener  M u s c l e  

An inconsis tency occurs in the data  concerning the innerva t ion  of the opener 
muscle. The exper iments  in which records from the opener muscle of isolated chelae 
were obta ined dur ing electrical s t imula t ion  of the dorsal nerve in  the merus indi- 
cated tha t  only one axon innerva tes  the opener. However,  recordings from the 
dorsal nerve dur ing the passive opener reflex contain three sizes of action potentials.  
The smallest  potent ials  do no t  have a n y  relationship to exci tatory ac t iv i ty  in  the 
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opener muscle. They possibly occur in an inhibitory axon which, when excited, 
results in I J P s  which could not be detected in the recordings. The other two sizes 
of potentials occurred in doublets having the same pat tern and timing as E J P s  
in the opener muscle. I t  is assumed that  one of the potential classes represents 
activity in the exciter leading to the opener muscle. The origin of the other 
potential is unknown, but  several possibilities are given below. 

The question is essentially whether there are two or three axons innervating 
the~opener muscle. I f  there are two axons, the doublets could be explained 
as two potentials from the same excitatory axon which occur so close together 
that  the second potential is initiated in the refractory period of the first, thus 
making the second potential smaller. I f  there are three axons the second potential 
could be either a second inhibitory potential, which would not necessarily be 
detected in the intraeellular recordings, or a second excitatory axon which does 
not innervate the same muscle fibers as the first. Either of these possibilities could 
explain the appearance of only one E J P  in the isolated cheliped recordings. 

Proof of any of these hypotheses would require simultaneous recordings from 
the dorsal nerve and the opener muscle. This could not be done because of the 
difficulty in recording en passant from the nerve. Methylene blue staining has been 
used in crustacean preparations to determine the number of axons in nerve 
branches, but this test  also gave unsatisfactory results, again probably due to 
the myelination around the axons of the nerve. Wiersma and Ripley (1952) also 
reported difficulty in using this technique on the bandana shrimp, Stenopus 
hispidus. Nevertheless, in a few successful preparations, they did report that  three 
axons were present in some of the branches going to the opener muscle. Thus, 
at the present time the origin of the doublet remains in question. 

II.  The Snapping Appendage 

The two species of snapping shrimp that  were studied have both developed 
effective snapping appendages but  by employing different mechanisms. Never- 
theless, the essential elements for a snapping appendage are the same in both 
species. The modifications necessary to make a snapping appendage from a typical 
crustacean cheliped are 1. the ability to quickly and forcefully contract the opener 
muscle so that  the dactyl can be moved into the cocked position, 2. some 
cocking mechanism to delay the movement  of the dactyl while the closer muscle 
is contracting, 3. the generation of intense activity in the closer muscle after the 
dactyl is cocked. 

In  both A. ealilornien~is and A. heteroehelis quick opening of the dactyl is 
assured by the positive opener reflex. This reflex results in an increase of the 
activity in the opener muscle and an inhibition of the closer. In  A. cali/orniensis 
the rapid opening of the dactyl assures that  the disks will meet with enough 
force to make them hold together, while in A. heterochelis it brings the dactyl 
into the extreme open position necessary for locking the closer muscle apodeme. 

The actual cocking mechanisms of the two species are the most dissimilar 
elements of their snapping appendages. In  A. caliJorniensis the dactyl is simply 
held to the propus by cohesive forces of the layer of water between the specialized 
exoskeletal disks until the closer muscle can build enough tension to overcome 
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the forces holding the disks together. However A. heterochelis has a complicated 
arrangement of the closer apodeme and the dactyl-propus articulation. This 
arrangement is such that  when the dactyl is in the cocked position the closer 
apodeme is locked and cannot move the dactyl. The result, as with A. cali/orniensis, 
is that  the closer can build tension while the dactyl is prevented from moving. 
However, unlike the mechanism of A. cali/orniensis in which the closer muscle 
simply contracts until it overcomes the cocking mechanism, here the dactyl must  
be actively released from the cocked position. Furthermore, this release must  
occur after the closer muscle has built sufficient tension to snap the dactyl 
closed and before it contracts so much that  damage is clone to its insertions. 
Active release is accomplished by  the small slip of muscle (Cl~) which contracts 
and unlocks the closer apodeme at the correct time, so that  the dactyl is snapped 
closed. 

In  both species, it is important  that,  after the cocking mechanism has been 
set and the dactyl is held open, a high frequency train of E J P s  is generated in the 
closer muscle, so tha t  the muscle can develop the tension needed to snap the dactyl 
closed. This train of impulses in the closer of A. cali/orniensis and the main 
closer of A. heterochelis is again similar. I t  is simply a long high frequency train 
of E J P s  tha t  stops at the time tha t  the snap occurs. 

The fact that  the train of E J P s  in the closer muscle, which results in snapping, 
occurs only when the dactyl is in the cocked position and that  it always stops 
immediately after the snap occurs, suggests tha t  the closer excitor is under some 
control from proprioceptive activity monitoring the position of the dactyl. Such 
activity may  be provided by  the P-D organ. The latency between opening and the 
initiation of the snap train is extremely variable. This means that  it is unlikely 
that  the closer excitor is reflexly activated by the P-D organ. Nevertheless, the 
activity from the P-D organ could provide a gate to the closer activity by lowering 
the threshold for initiation of a train. I t  would then act permissively, allowing 
the train to occur, rather than generating it directly. While the dactyl is cocked, 
the activity from the P-D organ would lower the threshold for closer act ivi ty so 
that  when other information (e.g. visual, tactile or chemosensory) indicated tha t  
snapping should occur, the gate would be open and a train of impulses would be 
initiated in the closer excitor. These impulses would continue until the snap 
occurred and the dactyl moved out of the cocked position. The proprioeeptive 
activity would then cease, and the threshold for the generation of the snap train 
would return to a high level, resulting in cessation of activity in the closer excitor. 
The threshold would remain at  this high level until the dactyl was again cocked, 
thus assuring that  intense trains of impulses only occur in the closer excitor at the 
proper time, when the dactyl is cocked for a snap. 

To prove conclusively that  such a gate exists would require recordings from 
neurons in the central nervous system, but  there is considerable circumstantial 
evidence to suggest that  a gate is present. In  addition to the temporal relations 
of the snap train mentioned above, in a fatigued animal abortive trains were seen 
when the dactyl was cocked. These looked like what would be predicted if the 
threshold for generation of the train had been lowered to the level needed to allow 
a train to be generated, but not below this level. Furthermore, when the train was 

16 J .  comp. Physiol.,  Vol. 95 
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initiated the muscle could not overcome the force holding the disks together. As a 
result trains were generated that  stopped and started several times until the 
dactyl was uncocked manually. When the dactyl was uncocked, the trains stopped 
and did not start  again. This reinforces the evidence that  trains of impluses in 
the excitor can only occur when the dactyl is cocked open. 

The positive opener reflex is found in the pincer cheliped. However, even if 
the pincer dactyl is held open as though it were cocked, the pat tern of activity 
in the closer muscle is not the same as tha t  seen in the snapping cheliped during 
a snap. Activity in the closer of the pincer cheliped does not last until the 
restrained dactyl is released. Instead the burst is similar to the burst of activity 
elicited by simply touching hairs on the inner rim of the dactyl. Since the 
positive opener reflex is seen in the pincer che]iped, the alteration in the closer 
activity is the only neuromotor change tha t  must take place, at least in A. cali- 
[orniensis, for the pincer to develop into a large cheliped with the ability to snap. 
Indeed, some very large specimens of this species have been seen to snap their 
pincer cheliped. The great amount of force supplied by the increase in the duration 
of the activity of the closer muscle of the snapper was probably not necessary, 
since the disks of the pincer were still considerably smaller than the disks of the 
snapper cheliped. 

In  both species tha t  were studied the snapping behavior could hypothetically 
be described in the following way. Any disturbance results in a low level of excita- 
tion in the opener muscle. I f  the dactyl is opened far enough, the stretch of the 
P-D organ will initiate the positive opener reflex. This will increase the activity 
to the opener muscle, causing it to cock the dactyl rapidly. With the dactyl in 
this position, the gate to the closer excitatory motoneuron is opened so that  when 
more inlormation indicating that  a snap should occur is processed in the central 
nervous system, a high frequency train of impulses is initiated in the closer 
excitor. This train will continue until the cocking mechanism is either overcome 
or turned off, and the dactyl is snapped closed. When the snap does occur the 
closer excitor gate is closed and the train of impulses in the excitor stops. 

While the cocking mechanisms found in A. cali[orniensis and A. heterochelis 
are very different, one can speculate on an evolutionary relationship. Since the 
cheliped of A. heterochelis is more typical in general form than the twisted cheliped 
of A. caIi]orniensis, one could assume that  the type of snapping appendage found 
in A. heterocheIis represents an earlier form. The small disks on the cheliped of 
A. heterochelis are similar in shape to those of A. caliJorniensis but  are too small 
to function in a cocking mechanism. Perhaps the disks of A. heterochelis merely 
serve as pads between the dactyl and propus, preventing damage when the dactyl 
is opened rapidly and hits the propus. Another possibility is that  they serve to 
stabilize the dactyl while it is locked in the open position. In  any case these 
small disks may eventually have evolved into the large disks that  are found on 
A. cali[orniensis. When they became large, the disks could stick together well 
enough to counteract the force generated by the closer muscle for several hundred 
milliseconds. This would mean that  the complicated neuromuscular and articular 
systems of A. heterochelis would no longer be required. The same movement  could 
be made with the much simpler system of A. calijorniensis. 
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I t  is interest ing tha t  two species of the same genus of alpheid shrimp should 
employ such different mechanisms to perform the same behavior. Considering 

the large n u m b e r  of species of snapping shrimp, it  would not  be surprising to find 
tha t  even more mechanisms for snapping have been developed. Indeed,  a mech- 
anism suggested by  Knowl ton  and  Moulton (1963) for snapping in two shrimp 
of the genus Synalpheus may  represent  yet  another  mechanism. I n  this case 
protuberances  on the propus and  dactyl  slide over each other and  can hold the 
dactyl  open while the closer muscle builds tension. Here again the unique element  
appears to be the cocking mechanism. 
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