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ABSTRACT-Certain  behavioral acts  of Pleurobranchaea Japonica may  be elicited in response  to chemical

stimulants  applied  to the rhinophores,  tentacles or oral veil. These include feeding and  escape.  Upon treat-
ment  with  chemical  stimulants,  the organs  respond  directly by extending  or withdrawing.  Beyond this, aver-

sive  responses  involved withdrawal  of the rhinophores,  tentacles and  oral veil plus contraction  of the whole

body. Feeding behavior was  elicited by glycine, phenylalanine, proline, aspartic  acid, alanine,  asparagine,

tryptophan  and  glutamine. An aversive  response  was  induced by glutamate. Neural pathways  responsible

for these chemoreceptive  retlexes  have been identified. In addition  to known nerves,  a  newly  identified pair
of nerves,  the second  pedal nerves  arise  from the pedal ganglion and  send  branches to the three organs.

The  nerves  contain  afferent  pathways for chemoreception  of the organs  and  efferent  motor  pathways for the

movements  of the organs.  The rhinophore  ganglion i$ responsible  for the glutamate-induced contraction of

the rhinophore,  This withdrawal  reflex of the rhinophore  js under  inhibitory control,  exerted  by the cerebral

ganglion through the rhinophore  nerve, and  under  an  excitatory influence, emanating  from the pedal gan-

glion through the second  pedal nerve.

INTRODUCTION

   Chemical receptors  play an  important role in feeding,

escape,  homing and  mating  behavior in opisthobranch  mol-

luscs (review by Croll, 1 983). A variety  of responses  for feed-
ing behavior were  mediated  by receptors  in the paired
rhinophores  (posterior tentacles), the paired tentacles (ante-
rior tentacles) and  an  oral veil;  all of which  are located at the

anterior  region  of the body, in a marine  carnivorous  opistho-

branch mollusc  Pleurobranchaea calilornica  (Davis and

Mpitsos, 1971 ; Lee et al,, 1 974; Davis and  Matera, 1 982; see

aiso the review by Croll, 1983).

   When  chemical  stimuli were  applied to the chemorecep-

tive organs  in P. faponica, the organs  showed  extensional  and

withdrawal  movements  themselves.  When  squid  extracts  were

ejected in front of the animals,  the animals  displayed exten-

sion  of the rhinophores  and  tentacles, and  waving  of the oral

veil, followed by extension  of the proboscis.
   In P. calilomica,  three pairs ot nerves  that originating  from

the cerebropleural ganglion have  been  shown  to be afferent

pathways from the three chemoreceptive  organs  (Lee and
Liegeois, 1974). Bicker etai. (1982) recorded  impulses from
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the afferent  nerves  in response  to glycine and  alanine  applied

to the organs.

   In the present study,  we  have examined  responses  to a

variety  of amino  acids  in P. japonica. The seven  amino  acids

that induced feeding behavior in P. caliicmica  were  effective

to P. Japonica. Glutamate wa$  an  amino  acid  ineffective for

feeding responses  (Bicker et  aL  1982), but, in P, Japonica,
induced clear  aversive  responses,  $uch  as withdrawals  of the
rhinophore$,  tentacles and  oral  veil, and  contraction  of the

whole  body. We  have searched  for neural  pathways respon-

sible  for the chemoreceptive  reflexes  of three organs  in P.

japonica. We  have newly  identified a  pair of the second  pedal
nerves  arising  from both right and  left pedal ganglia which
were  involved in the pathways, besides cerebral  nerves  pre-
viously  identified as  chemoreceptor  nerves  in P, caliiornica

(Lee and  Liegeois, 1 974; Bicker et aL  , 1982). The  nerves  may

serve  as  afferent  and  efferent  pathways for chemoreception-
induced  reflexive  movements.

MATERIALS  AND  METHODS

   P/eutobranchaeaiaponicaweighing30-80gwerecollectedfrom
fi$hermen's traps  at  the  bottom of  Tokyo  Bay  or  Sagami Bay.
They  were  kept in natural  sea  water  (SW) tanks of a laboratory
aquarium  at  about  130C under  light and  dark cycles  of 12 : 12. The
bottoms of  the  SW  tank$  were  cove  red  with  a sand  layer about  1O cm
thick. Animals were  ied with  sliced  pieces of  squid  and  shrimp.

Behavioral and  electrophysiolQgical  experiments  were  pertormed at
about13oC.
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Solutions containing  squid  extracts  and  amino  acids

   Solutions containing  squid  extracts  (SE) were  made  by immers-
ing one  gram  squid  body slice  in approximately  1OO ml  of  SW  for 30
minutes  and  filtering the SW.

   Amino  acids  used  were  alanine,  asparagine,  asparatate,

glutamate, giutamine, glycine, phenylalanine, proline, taurine, tryp-
tophan and  valine  (Wako Pure Chemical jndustries, Ltd,). Amino  ac-

ids were  dissolved in SW  at  1O'" M  to 1O'5 M  for chemical  stimulants.

Some  amino  acid  solutions  <1O'2 M) were  prepared by diluting a  stock

solution  (1O'" M  in DW)  with  SW.

Behavioralexperiments
   Animals were  starved  for two days before experirnents. Experi-
ments  were  pertormed during a light phase (9 am  to 9 pm). Thirty
minutes  beiore  each  experiment  the  animals  were  put in a 1 liter

experimental  chamber  filled with  fresh SW.

   Stimulant solutions (1 ml in volume)  were  applied  to the anterior
end  oi  each  animal  through  a glass pipette, whose  tip was  placed at
1.5 cm  apa  rt from the animal.  Solutions were  applied  carefully to mini-
mize  mechanical  influence on  the animal.

   The behaviorai responses  of animals  were  observed  for three
minutesafterapplicationofsolutions.Chemoreceptiveresponseswere

first detected as orientation of  the rhinophores  toward stimulants  and

then waving  of the oral vejl, Feeding behavior wa$  characterized  ac-

cordingtothreebehavioralcomponentswhichoccurredsuccessively:

{1) orientation  of  the oral  veil  to the food stimulus,  {11} extension  of the

proboscis and  (Il1} biting movements  of the odontophores  (cf. Davis
and  Mpitsos, 1 971 ; Bicker et  al., 1 982). Aversive behavior was  char-

acterized  by withdrawal  of  the  rhinophores,  tentacles, eral  veil and

gill, or  contraction  of  the whole  body. Aversive responses  were

observed  visually  for intact animals  or  detected by recording

mechanograms  oi  isolated organs.

   After behavioral experi  ments,  the anlmals  were  fed with  a  piece
of  squid  or  shrimp.  When  they  did not  eat,  the  data obtained  from
them  were  discarded.

Anatomy

   Before dissection, animals  were  anesthetized  by injecting into
the hemecoel  with  an  ice-cold isotonic MgC12solution (O,36 mol  / 1) of
about  30%  of the body weight.  An animal  was  pinned to the soft plas-
tic bottom of a  dish filled with ice-cold SW  which  contained  three times
as much  Mg"ions  as  the concentration  in naiural SW, The left side  of

the doFsal body wall was  carefully incised, and  the digestive organs
including the acid gland were  removed.  The  preparation was  stained

with methylene  blue and  fixed in a 4%  ammonium  molybdate  solution

in SW  overnight. After washing  out the fixative in running  tap water,
the preparation$ were  repeatedly  stained  with  the dye during dissec-
tion in the tap water  (cf. Matsumura  and  Kuwasawa,  1996).

Preparationsforelectrophysiologicalexperiments

   Two  types ot  preparations were  used.  One  was  an  isolated
chemoreceptororgan,  which  lacked a  connection  to the  central  ner-

vous  system  (CNS}. For the isolation of the rhinophore,  tentacle, or

oralveil,thecerebralnervesinnervatingtheorganswerecutnearthe

origin ef the nerves  from the CNS, as was  the second  pedal nerve

(P2). The  other  was  a  preparation of a  rhinophore  isolated together

A  thinophores

           /tTx .- /
         .. g'XV/                     '
      -t
    /

                          oralveii  tentacles

c

B

5cm

bucca] g. oral veil

  
se
  

  

al veil n,

t/ tt//
 

tt

 
,,,,
 

lt

 
,,,,

 Xx

  
,,
 x

   x, × . /
    

'X H-..L.-/

     ×       '

    t/

   ///A
   t-
   

-"=
   x-f

   /'N...f
t-"
Xv-

hinophore g,
"

 irhinophore

1/1

 L,,',
 1

 
xll

 1,Ji
 k  t.Lc,.

 
L

N
£

siAx"=
 // ./  '

  ''-- 1 '

oral v

     

     
      cerebral  g.

D

  oral veil n

rhinophore  n.

  tentacle n

oral  veil

   l

tentacleg.

   tentacle
--A

   /A
   t, - rhinophore

nophoreg

Fig. 1, Schematic drawings of  the structure  and  innervation of chemoreceptor  organs  in Pieurobranchaea japonica, {A) Theanterior portion of
the body has three  chemoreceptor  organs,  the  rhinophores,  tentacles and  oral  veil. (B) The  rhinophore,  tentacle and  oral veil nerves  arise trom
the cerebral  ganglion. The second  pedal nerve  (P2} joins to the three  nerves  through  its branches.  (C) Anatomy  of the periphery of the oral veil
and  tentacle  nerves.  (D) Anatomy  of  the  periphery of the  rhinophore  nerve  and  P2, g,, ganglion; n.,nerve.
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with  the CNS.  The  preparation was  removed  and  pinned to the soft
plastic bottom of an  experimental  chamber  {5 ml in capacity), The
specimen  was  perfused constantly  with  filtered normal  SW  during an
experiment,

   Amino  acid  solutions and  SE  were  applied  by switching  a  three-
way  valve  on  a  perfusien line. The  rhinophore  and  tentacle ganglia
are  located at the base ot their own  organs  (Fig. 1), ln order  to pre-
vent  a direct effect of the stimulants  on  the  ganglia, the  stimulants

wereappliedtothetopofarhinophoreortentacleexposedinacham-

ber through a hole  in a  thin rubber  sheet.  When  a  preparation of the

rhinophore  with  the  CNS  was  used,  the  rhinophore  and  CNS  were

placedindifferentcompartmentsseparatedbyathinplasticpartition,
The rhinophore  nerve  and  P2  were  passed  through  U shaped-slits  in

the partition, insulated with vaselin. To block chemical  transmission
in the CNS,  the CNS  was  bathed in high Mg"  (150 mM)  SW,

Extracellular recording  of afferent  impulses

   A glass capillary  suction  electrode  equipped  with an  Ag-AgCl
wire  was  used  for recording  extracellular impulses from nerves.  The

rhinophore,  tentacle, oral  veil  nerves  and  P2 were  cut, and  the  distal

cut-stumpswereintroducedintothesuctionelectrodes.Electricalsig-

nals were  fed into an  AC-amplHier and  recorded  on  a memory  oscillo-

scope,  a chart recorder,  and  a  digital data recorder,

Recerding  of  mechanograms

   Mechanograms  were  recorded  with  a  strain  gauge mechano-
transducer. Fine silk threads  ran  from the distal end  of  each  organ  to
the transducer,  while  the  proximal end  of  each  organ  was  pinned to
the soft plastic bottom of the experimental  chamber.  The  signal  from

themechanotransducerwasappliedthroughaDC-amplifiertoapen-
recorder,

Electricalstimutation
   A  glas$ capillary suction electrode  was  used  to apply  stimulus

pulses to nerves.  The  electrode  was  supplied  pulses from a  stimula-

torthrough an  isolator.

RESULTS

Responses  to amino  acids

   Application of SE  to the rhinophores,  tentacles or oral

veil of P. japonica induced chemoreceptive  responses  tollowed
by feeding responses,  such  as  (1) orientation  of the oral  veil to

the food stimulus,  (11) extension  of the proboscis and  (111) bit-

ing movements  of the odontophores  (cf. Davis and  Mpitsos,

1971 ; Bicker et al., 1982>,

   We  tested eleven  kinds of amino  acids,  alanine,  aspar-

agine,  asparatate,  glutamate, glutamine, glycine, phenylala-
nine, proline, taurine, tryptophan and  valine.  In response  to

al1theaminoacids,eitherfeedingoraversivereflexesinduced

by solutions of high concentrations  were  stronger  than those

by solutions of low concentrations,

   Table 1 summarizes  the numbers  of animals,  which

showed  feeding, aver$ive  or no  responses  to the applied  amino

acids (1 O"  M  to 1 O-" M), The numbe  rs of animals  which  showed

teeding responses  were  reported  foranimals  which  responded

to amino  acids  with  at least one  ef the $pecified successive

feeding behavioral components  (I-111). Alanine, asparagine,

asparatate, glutamine, glycine, phenylalanine, proline and

tryptophan  induced  feeding behavior  in more  than half of the

animals,  and  glycine induced the responses  most  frequently.

Glutamate, valine  and  taurine induced aversive  responses.

GIutamate evoked  the most  frequent and  clearest  aversive

responses  (see Table 1, see  al$o Fig. 8), which  were  per-
ceived  a$  withdrawal  responses  of the rhinophores,  tentacles,

oral veil, gill, mantle,  foot and  body wal1. Even 1 O'  ̀M  glutamate
induced aversive responses,  though  1 O'5 M induced chemore-

ceptive  responses  only  on  the rhinophores  and  oral  veil. The

rhinophores  showed  the clearest withdrawal  responses  to

glutamate among  the organs  and  regions,  Valine and  taurine

induced aversive responses  in six of ten animals  tested,

Neuroanatomy
   We  carried  out  neuroanatomical  studies  to reveal  the

innervation of the rhinophores,  tentacles and  oral  veii in

detail. Schematic drawings of the CNS  and  innervation ot the

chemosenso  ry organs  are  illustrated in Fig. 1 . The  rhinophore

nerve  originates  from the dorsal side  of the ce  rebral ganglion,
and  runs  to the rhinophore  ganglion that is located at the base

of the rhinophore.  The  tentacle nerve  extends  from the cere-

Table 1. Behavioral responses  of  intact animals  to amino  acids

Amino  acidTotalspecimensFeedingAversiveNo
 or indjstinct

 responses

  Gly
 Phe
 

tpro
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  Ala
 Asn

  Trp
  Gln
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  Val"'Tau
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Numerals,  number  of animals

no  response  for 80%  of animals  in P. calilomica  (Bicker etat,  1982)

no  response  for 1OO%  of animals  in P. caliicmica  <Bicker et  aL  1982)

aversive  responses  in P. catifornica (G"Iette etal. 1991)

Feeding, feeding response$;  Aversive, aversive  responses.
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bral ganglion and  one  of the branches runs  to the tentacle

ganglion located at the base ot the tentacle, The  oral  vei1 nerve

is identical to the large oral veil nerve  in P, cafilomica  (Davis
et al,, 1 973). That nerve  extends  from an  anterior  Iateral site

on  the cerebral  ganglion, and  runs  to the anterior  margin  of

the oral veil, $ending  many  fine branches  to dorsal and  ven-

tral regions  of the oral veil.  The  gloss anatomy  of the periph-
eral  nerves  arising  from the cerebral  ganglion {which was

referred  to as  the cerebropleural  ganglion in P. calilomica)  is

almost  the same  as  that in P, catifornica  (Davis et al., 1973;
Lee etal., t974).

   The P2 extends  trom the pedal ganglion at a site near
the cerebro-pedal  connectives  and  has  many  branches
including ones  joining the oral vejl and  tentacle nerves,  and

the rhinophore  ganglion. Thu$, the P2 sends  its branches to
all the three chemoreceptor  organs.

Afferent  impulses from the chemoreeeptor  organs

    To identify chemosensory  pathways, we  recorded  im-

pulses of the rhinophore,  tentacle and  oral veil nerves  and

P2, An example  of impulses recorded  from a  distal stump  of

the rhinophore  nerve  is shown  in Fig, 2A. To examine  the
effects  of alternation  in flow rate  of perfusates on  the

rhinophore,  switching  the valve  was  simulated  with  plain SW.
Applicatjon of plain SW  did not  change  firing actMty  for sev-

eral  kinds ef impulses  (uppertrace), while  application of SE  to
the rhinophore  increased impulse activity in the rhinophore
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Fig. 3. Afferent impulses recorded  from a  tentacle nerve  and  P2,

(A) SE  applied  to the  tentacle increased impulse discharges of the
tentacle nerve  (lower trace), but SW  alone  did not  (upper trace), (B)
Application of  SE  to the tentacle increased impulse actMty  of  the  P2

(lower trace>.
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Fig. 2. Afferent impulses recorded  froma  rhinophore  nerve  and  P2,

(A) SW  applied  to the rhinophore  induced no  change  in impuise dis-
charges  of the rhinophore  nerve  (upper trace), while  SE  increa$ed
impul$e discharges (lower trace). (B) SE  increased impulse actMty
of the P2 (lower trace), but SW  did not  (upper trace). Arrows, the
beginning of  SW  or  SE  application.
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Fig. 4, Afferent impulses recorded  trom an  oral  veil nerve  and  P2.

(A) SE  applied  to the  oral  veil increased impulse  activity  of  the  oral

veil  nerve  <lower trace), but SW  alone  did not  (upper trace}. (B> SE
increased impulse activity of the P2 (lower trace).
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nerve  (lower trace). Figure 2B  shows  impulses  recorded  from

adistal  stump  of the P2. SE applied  to the rhinophore  increased

impulse discharges in the P2 (lower trace). The results  show

that both the rhinephore  nerve  and  P2  contain  afferent

chemosensory  axons  from the rhinophore.

   Fig. 3 shows  impulses recorded  from distal stumps  of the

tentacle nerve  (A) and  P2 {B). SE  applied  to the tentacle
increased impulse activity of both the tentacle nerve  and  P2

(each of the lowertraces), The results  show  that both the ten-
tacle nerve  and  P2 contain afferent chemosensory  axons  from
thetentacle.

   1mpulses reco  rded  from distal stumps  of the oral veil nerve

and  P2  are  shown  in Fig. 4. Application of SE  to the oral  veil

increased firing actMty  of beth the nerve  (each of the lower

traces). The results show  that both the oral  veil nerve  and  P2
contain  afferent  chemosensory  axons  from the oral  veil.

   Thus, SE  induced  impulses  in all the nerves  from the rhin-

ophore,  tentacle and  oral vei1, indicating that each  organ  sends

chemosensory  signaSs  to both the cerebral  and  pedal ganglia.

Moter  nerves  innervating the  chemoreceptor  organs

   Fig. 5 shows  typical mechanograms  recorded  from the
rhinophore  in response  to electrical stimulation  of a distal stump

of the rhinophore  nerve  (A) or P2 (B). Stimulation of rhinophore

nerve  elicited contraction  of the rhinophore,  which  had dual

phases with  a sharp  fi rst peakfollowed by aslow  $econd  peak

(Al), Stimuli at a  low intensity elicited  relaxation  of the

rhinophore  (A2). Stimulation of P2 with  strong intensity elic-

ited contraction of the rhinophore, while stimuiation of the nerve
with  a low intensity relaxed  the rhinophore  (B2), These

results  indicate that both the nerves  contain  excitatory  and

inhibito ry axons  acting  on  the rhinophore.

   Fig. 6 shows  mechanograms  of the tentacle, Stimuli

applied  to a  distal stump  of the tentacle nerve  elicited con-

Al1il
 AILI
 N'x

,2
5sec

60 sec

20  mg

Bl

..-.-u

2

ldomg

                       liemglaoo mg  v

Fig. 5. Mechanograms  recorded  from  a  rhinophore.

electrical stimulus  (7V, 400 usec)  to the rhinephore  nerve  induced a
contraction of the organ  (1), while repetitive stimulation of the nerve

at 1Hz  (2V, 200 psec) induced a relaxation  (2). (B) Repetitive stimu-

lation of the P2  at 5Hz  (6V, 500 psec) induced a contraction of the
rhinephore  (1}, while stimulation at 20Hz  (4V, 200 ysec) caused  a

relaxation  (2), Arrow, timing of a single stimulus. Herizontal bars, re-

petitive stimulation,
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Fig.6, Mechanogramsrecordedfromatentacle.(A)Asinglestimu-
lus (7V, 1 msec)  applied  to the tentacle nerve  evoked  a  large contrac-
tion of  the tentacle {1), while  the  contraction  was  reduced  by a train oi

relaxations  during a period of repetitive  stimuli  (9,5V, 130 psec, 1Hz)

{2), (B) Repetitive stimulation of  the  P2 at  5Hz  (6V, 500 psec) evoked

a contraction of  the  tentacle (1), while  stimulation  of  20Hz  (6V, 300
psec)  caused  a  relaxation (2), Arrows,  timing of stimuli,  Horlzontal

bars, repetitive stimulation.
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Fig. 7. Mechanograms  recorded  from an oral veil, (A) Contractions
evoked  by electrical  stimuli  applied  to the  oral veil  nerve, Traces (2)
show  part of records  when  electrical stimuli were  applied  at intervals
of  3 minutes.  Stimuii at  intensity ot  6V  and  4V  were  presented alter-
nately  for four times  respectively.  Note that contraction  evoked  by a

weak  stimulus  was  larger and  longer (middle trace) than  that evoked

by a strong  stimulus  (upper and  bottom traces). CB) A single  stimulus

(8V, 1 msec)  applied  to the P2 evoked  contraction  (1), while  repetitive

stimulation  (8V, 200  psec, 1Hz) evoked  relaxation  (2),
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traction of the tentacle with  a  sharp  first peak and  slow  sec-

ond  peak  {Al). When  a  train of stimulation  was  applied  the
tentacle contracted  in an  early  period, and  relaxed  in the late

period <A2), Stimulation of the P2 also  elicited both contrac-
tion (Bl) and  relaxation  <B2) of the tentacle, The$e results

may  show  that the nerves  include both excitatory  and  inhibi-
tory axons  tor the tentacle,

   Fig. 7 shows  mechanograms  of the oral  veil. Stimuli
applied  to a  distal stump  of the eral veil nerve  elicited contrac-

tion of dual phases with  a  sharp  first peak and  a slow  second

peak (Al). A2 shows  contractions  evoked  by alternate  stimu-

lation with  6V and  4V, at 3 min  intervals, Contraction$ evoked
by  4V  stimulation  were  larger than those evoked  by  6V. Means

and  SD  of peak amplitudes  of contractions  evoked  by 4V and

6V stimulation  were  527.8±61.7 mg  (n=4), 343.3±24,2 mg

(n=4), respectively.  The  contractions  might  be suppressed

by  inhibitery axons  excited  by stimuli  of higher intensity (6V}.
The oral veil nerve  may  include both excitato  ry and  jnhibitory
axons.  Strong stimulation  of P2 evoked  contraction  of theoral

Gly

sw

k'

     M
    /31･

 rec,

+

veil  <Bl), while  a  weak  stimulation  relaxed  the organ  (B2).
These re$ult$  may  indicate that the P2 $ends  both excitatory
and  inhibitory axons  to the oral veil.

Neural mechanisms  for withdrawal  responses  of the
rhinophore

   Fig. 8 shows  mechanograms  of the rhinophore  with  the

CNS. Glycine and  alanine  failed to contract  the rhinophore.

Taurine induced considerable contraction of the rhinophore.
Glutamate evoked  much  larger contraction  of the rhinophore

<bottom trace>.

   We  examined  local withdrawal  reflexes  in i$olated prepa-
rations  of the rhinophore  retaining  the rhinophore  ganglion
but lacking the CNS. Even in the isolated rhinophore,  glutamate
evoked  contraction  of the rhinophore  <Fig, 9A, upper  trace).

After removal  of the rhinophore  ganglion from the preparation

glutamate evoked  little contraction (lower trace). Thus,  the
major  part of the large reflex may  be attributed  to the rhinophore

ganglion.
   We  then examined  the contribution  of the CNS  to the

reflex using  preparations retaining  the cerebral, pedal and
rhinophore  ganglia. When  the CNS  was  bathed in high Mg"
SW,  the amplitude  of contraction  induced by glutamate
became  larger than  that when  the CNS  was  bathed in the

normal  SW  (Fig, 9B). This suggests  that the CNS  contains
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Fig. 8. Mechanograms  shewing  contraction of the rhinophore  in-
duced  by amino  acids (AA, 1O'2M), A much  larger contraction of the
rhinophore  was  evoked  by glutamate (Glu) than by the other  three
amino  acids, glycine (Gly), alanine  (Ala) and  taurine (Tau). Arrows
indicate the beginning of amino  acid perfusion of a period of 60 sec.

In$et $hows  preparation u$ed  tor experiments.
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Fig. 9, {A} Effects oi removal

rhinophore. Even  after both the cerebral  and  pedal ganglia were  re-

moved,  10'2M giutamate applicatien  to the rhinophore  induced con-
traction of the organ  (upper trace). After removal  of the rhinophore

ganglion, glutamate evoked  little contraction  (lower trace). (B) ln the
rhinophore  with  CNS,  batbing the  cerebral  and  pedal ganglia in high
Mg"  SW  augmented  the contraction  induced by glutamate (arrow in
middletrace).
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Fig. 10. Effects of bathing the cerebral  and  pedal ganglia in high
Mg"  SW. {A) Bathing the cerebral  ganglion in high Mg"  SW  aug-

mentedthecontractioninducedby1O"Mglutamatestimulation(middle

trace), (B) Bathing the pedal ganglion in high Mg'" SW  decrease the

amplitudeandfrequencyofthecontractioninducedby1O'2Mglutamate

<arrow in middle  trace).

suppressive  mechanisms  for the withdrawal  reflex  of the

rhinophore  induced by glutamate.
   We  examined  whether  the cerebral  or pedal ganglion is

responsible  for the suppression  of withdrawal  responses.  In

the rhinophore  preparation with  the cerebral ganglion and  lack-

ing the pedal ganglion; when  the ce  rebral ganglion were  bathed

in high Mg"  SW,  the amplitude  ot glutamate-induced con-

traction became  Iarger than the control  (Fig. 10A). In the

rhinophore  with  the pedal ganglion and  Iacking the cerebral

ganglion, when  the pedal ganglion was  bathed in high Mg-

SW, the ampfiitude  of glutamate contraction  became  smaller

than  the control  (Fig. 10B). These results  may  indicate that

the pedal and  cerebral  ganglia were  responsible  for augmen-

tation and  suppression  of withdrawal  response$  by the

rhinophore  ganglion, respectively.

DISCUSSION

Amino  acidsand  behavioral responses

   Bicker et  aL  (1 982) showed  that ten kinds of amino  acids

elicited reliable  feeding respon$es  in P. caliiomica,  and  that

the strongest  and  most  frequent responses  were  induced

by  seven  amino  acids  (alanine, asparagine,  asparatate,

glutamine, glycine, phenylalanine and  tryptophane). P.

Japonica was  sensitive  to all the eleven  amino  acids.  We

obsewed  that the $even  amino  acids, which  is most  effective

to P. calilotnica, induced feeding behavior in more  than half

of the animals  <Table 1). In P. caliiomica  proiine <10'" M)

induced feeding responses  only  in two of ten animals  (Bicker
et aL, 1982), while  in P. Japonica, proline (even at 1O'2M} elic-
ited feeding responses  in twenty one  of thirty animals  (Table
1). Proline may  be a member  of amino  acids  responsible  for

induction of feeding behavior, ln the present study,  animal$

were  starved  tor two days before experiments.  Since Bicker

et al. (1 982) did not mention  whether  animals  were  starved  or

not, it is not  clear  whether  this difference i$ due to different

specimen  or physiological conditions,

   GIutamate, valine  and  taurine induced  aversive  responses

(Table 1). Glutamate (1O'` to 1O'" M)  evoked  clear  aversive

responses  involving withdrawal  responses  of the rhinophores

(Fig, 8), tentacles, oral  veil,  gill, foot and  body wall  in P.

japonica. G1utamate induced the clearest  aversive  responses

in P. faponica. Gillette et at. <1991) reported  that, in P.

catiicmica,  taurine induced aversive  responses.  Valine also

induced aversive  responses  in P. japonica, and  the threshold

concentration  of valine  (5× 1 OT  ̀M) appeared  to be lower than

that of  taurine.

Afferent and  efferent  neural  pathways  tor chemoreceptor

organs

   The rhinophores,  tentacles and  oral veil are  the most

importantorgansrequiredforchemoreceptiontotriggerfeed-
ing behavior in P. caiilornica (Davis and  Mpitsos, 1971; Davis

et aL, 1973; Lee et al., 1974). Ciliated cells in the inner sur-

face layer of these  organs  seem  to have  chemosensory  abil-

ity (Davis and  Matera, 1982; Matera and  Davis, 1982). The

rhinophore,  tentacle and  oral  veil nerves,  appear  to be

chemosensery  nerves  from  the organs  (Lee and  Liegeois,

1974; Bicker et aL,  1 982). 1n the present  study,  we  found that

another  pair of nerves  extending  from the pedal ganglion sent

branches to all three of the organs  (Fig, 1 B). Lee and  Liegeois

{1974) designated this nerve  as  the P2, and  observed  its

branche$ innervating the tentacle and  oral  veil, though they

did not  identify any  branch of the P2  extending  to the

rhlnophore.  Although they reported  that the P2 did not respond

to SE  applied  to the anterior region  of the animal,  the present
study  revealed  that impulse discharges of the P2 were  clearly

increased by SE  applied  to the these  organs  (Fig. 2, 3, 4).

The discharges lasted until SE  was  washed  out, We  may  con-

clude  that not  only  the nerves  from the cerebral  ganglion, but

al$o  the P2 contains  chemosensory  axons  from all three

chemoreceptororgans.

   SE  applied  to the rhinophore  (Fig. 2), tentacle (Fig. 3)

and  oral  veil (Fig. 4) also  activated  the cerebral  nerves  from

those organs.  Bicker etal. (1 982) and  Lee and  Liegeois (1 974)
reported  identical re$ults  in P. calilomica.  We  may  conclude

that chemoreceptive  signals  from each  of the three organs

are  sent  to both the cerebral  and  pedal ganglia.
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   ln Aplysia, the rhinophores,  tentacles, and  oral veil  are

chemosensory  organs  (Preston and  Lee, 1 973; Jahan-Parwar,
1972, 1975), All of the chemosensory  nerves  of the$e organs
enter  the cerebral  ganglion (Jahan-Parwar, 1972; Audesirk
and  Audesirk, 1977; Chase, 1979). It remains  to be deter-
mined  whether  or not  Aplysia has a nerve  equivalent  to the
P2 of the pedal ganglion.

   Excitatory motor  pathways to the chemoreceptor  organs

are as  folTows. (1 ) The rhinophore,  tentacle and  oral veil nerves

are  motor  pathway for the rhinophore,  tentacle and  oral veil,

respectively  (Fig. 5A, 6A, 7A), (2} The  P2  has  motor  path-
ways  for all three organ$  (Fig. 5B, 6B, 7B). This mean$  that

each  chemoreceptor  organ  receives  polyneural excitatory
motor  innervation from the two  central  ganglia, the cerebral

and  pedal ganglia. The  rhinophore,  tentacle and  oral veil also

receive  inhibito ry  motor  innervation from both the cerebral  and

pedal ganglia <Fig, 5, 6, 7).

Neural mechanisms  tor chemoreception-induced  with-

drawal reflexes in the rhinophore

   Application of glutamate to the anterior  end  of the body
evoked  aversive  behavioral responses  which  included the
withdrawal  of the rhinophores.  The rhinophore  separated  from
the CNS  contracted in response  to application of glutamate
(Fig, 9A), ln this chemoreceptive  reflex of the rhinophore,  the
rhinophore  ganglion played a major  part of the local reflex
because only  a  faint contraction  was  observed  after removal

of the ganglion (Fig, 9A, lowertrace). In Aplysia, the branchial

ganglion in the gill includes motor  neurons  responsible  for the

pinnule withdrawai  reflex (Kurokawa and  Kuwasawa,  1985  a,

b), and  the siphon  includes peripheral motor  neurons  induc-
ing its withdrawal  reflex (Bailey etaL,  1979). The rhinophore

ganglion may  include motor  neurons  mediating  the withdrawal

movements.

   Glutamate evoked  contraction  of the rhinophore.  Bathing
the CNS  in high Mg"  SW  resuited  in augmentation  of the

glutamate-induced contraction  of the rhinophore  (Fig. 9B),
indicating that the CNS  exerted  suppressive  effects  on  the
withdrawal  reflex of the rhinophore.  Fredman  and  Jahan-
Parwar (1 977) reported,  in ApbLsia, that contraction  of the ten-
tacle induced by central motor  neurons  was  augmented  in
high Mg"SW.  The  present study  shows  that both the
rhinophore  nerve  and  P2 may  contain  both excitatory and
inhibitory axons  for the rhinophore  contraction  (Fig. 5). There
may  be  functienal differences between modulatory  actions  of

thecerebralandpedalgang1iaforcontractionoftherhinophore.

Withdrawal responses  of the rhinophore  induced  by glutamate
were  mediated  by  the rhinophore  ganglion. The  rhinophore

responses  were  under  inhibitory control  exerted  by the cere-
bral ganglion through the rhinephore  nerve,  and  excitatory

control  from the pedal ganglion through  the P2 (Fig. 10>. A

possible mechanism  is that high Mg"  SW  might  block an  ex-

citatory  synaptic  transmission  to the inhibito ry neurons  in the
CNS  that suppress  rhinophore  muscle  contraction  or motor

neurons  of the rhinophore  ganglion.

   The tentacle and  oral veil also  received  both excitatory

and  inhibitory innervation from both the cerebral  and  pedal
ganglia (Fig. 6, 7), The isolated tentacle with  the tentacle gan-
glion contracted  in response  to glutamate. 1n the tentacle with
the CNS,  bathing the CNS  jn the high Mg"  SW  resulted  in
augmented  its contraction  in response  to glutamate <unpub-
1ished data), thereby indicating that the CNS  exerted  suppres-

sive  effects  on  the withdrawal  reflex of the tentacle, as  in the
rhinophore  contraction.  However, it remains  to be determined
whether  the cerebral or  pedal ganglia exerts  inhibitory or

excitatory  influences on  the withdrawal  reflex  of the tentacle,
Unlike the rhinophore  and  tentacle, the oral veil has no

peripheralganglion.TheoralveilwithaconnectiontotheCNS,
contracted in response  to glutamate. The  results  indjcate that

glutamate receptors  in all the three chemoreceptor  organs

mediate  aversive  responses,  although  removal  of the CNS
from the organs  greatly reduced  contraction  of the oral  veil

unlike  the rhinophore  and  tentacle <unpubfished data). Con-

tributions of the cerebral  and  pedal ganglia to the withdrawal
reflexes  of the oral veil remain  to be  examined.
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