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We have identified an inhibitory neuron (RPIA) in the fight pleural ganglion of Aplysia, which produced hyperpolarization of the sensory 
and motor neurons involved in the tail withdrawal reflex. Activation of RPIA significantly reduced the amplitude of excitatory postsynaptic 
potentials produced in tail motor neurons by action potentials triggered in sensory neurons. This example of heterosynaptic inhibition was 
due, at least in part, to an increase in membrane input conductance in the motor neuron. Since the synaptic strength of the sensory-to-motor 
neuron connection has been associated with the strength of the tail withdrawal reflex, RPL4 may contribute to modulation of that reflex. 

The mollusc Aplysia responds to tactile or  electrical 
stimulation of  the body wall with reflexive withdrawal of  

the siphon and tail 4. These defensive reflexes and the 

neural circuitry underlying them are modulated by both 

facilitatory and inhibitory processes. Extensive work has 

shown that facilitatory processes can increase the strength 
of  the sensory-to-motor neuron synapse, thus potentiat- 
ing defensive reflexes 4'8. It is also clear that various in- 

hibitory processes may play a role in modulation of  the 
neural circuitry underlying these reflexes 5"t°-12. For ex- 

ample: (1) tail sensory neurons receive hyperpolarizing 
input which can be triggered by stimulation of the tail 
outside the receptive field of  the sensory neuron 17, (2) 

the neuropeptide FMRFamide  produces hyperpolariza- 
tion and spike narrowing in sensory neurons 1'5"12"13A5, 

(3) bath application of  FMRFamide as well as activation 
of an FMRFamidergic neuron produce presynaptic inhi- 

bition of the siphon sensory-to-motor neuron synapse 1°" 
13,14. It has been suggested that this form of presynaptic 

inhibition contributes to behavioral inhibition of the si- 

phon withdrawal reflex 1°. In this report we describe an 
inhibitory neuron that could contribute to the hyperpo- 

larization observed in the tail sensory neurons and play 
a role in inhibiting the tail withdrawal reflex. We will re- 

fer to this cell, which is located in the right pleural gan- 
glion, as RPL4, continuing the established system for 
this ganglion 16. 

Aplysia californica weighing 150-300 g were anesthe- 
tized with a volume of  isotonic MgCI 2 equivalent to half 
the animals' weight. The animals were dissected and the 

right pleural-pedal ganglia were removed and pinned to 

a Sylgard coated chamber containing artificial sea water. 

Sensory and motor  neurons of  the isolated right pleural- 

pedal ganglia were identified and recordings were made 
using previously described methods 2'Is. RPIA was iden- 

tified by (1) its location anterior to the sensory neuron 
cluster between the pleural-abdominal and pleural-cere- 

bral connective (Fig. 1), (2) its relatively large diameter 

(100-200 ~m),  (3) a resting membrane potential between 

-40 and -55 mV, (4) little or no spontaneous synaptic 

input or spike activity, (5) its ability to produce hyper- 
polarization of  a tail sensory and/or motor  neuron, (6) 

the presence of both an antidromic action potential and 

excitatory synaptic input in response to electrical stimu- 
lation of  nerve P9. 

A burst of spikes in RPL4 leads to hyperpolarization 
of  both the sensory and motor  neurons (Fig. 2). The hy- 

perpolarization of  the motor  neuron was generally more 

pronounced than that of the sensory neuron. A single 
spike in RPL4 produced a unitary inhibitory postsynap- 

tic potential (IPSP) of constant latency in the motor  neu- 
ron. The RPL4-induced hyperpolarization of both sen- 

sory and motor  neurons persisted in the presence of high 
concentrations of Mg 2÷ and Ca 2÷ (final concentration: 

MgCI 2 165 mM, CaCI 2 30 mM) 3, suggesting that these 
are monosynaptic connections. Hyperpolarization of the 
motor  neuron was associated with an apparent increase 
in input conductance, but there were no dramatic 
changes in the input conductance of  the sensory neurons 
during the RPL4-induced hyperpolarization. 
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Fig. l. Lucifer yellow injection of RPL4, located on the ventral surface of the right pleural ganglion. The dotted line indicates the border of 
the cluster of sensory neurons. Note the small diffuse processes in the vicinity of the cluster. PL-C indicates the branch of RPL4 projecting 
toward the pleural-cerebral connective and PL-A indicates the branch projecting toward the pleural-abdominal connective. Lucifer yellow 
(5%) was injected by iontophoresis. The tissue was fixed in 4% formaldehyde in phosphate buffer (pH 7.4) containing 30% sucrose. Bar = 
100 gm. 

We next  examined  whe the r  R P L 4  m o d u l a t e d  synapt ic  

t ransmiss ion be tween  the sensory  and m o t o r  neurons  

(Fig. 3). Six act ion potent ia ls  were  el ici ted in a sensory 

neuron  at 60-s intervals .  A p p r o x i m a t e l y  400 ms be fo re  

the four th  act ion potent ia l ,  R P L 4  was s t imula ted  with a 

supra th resho ld  900-ms depola r iz ing  pulse (Fig. 3A2).  

Ac t iva t ion  of  R P L 4  p roduced  a hyperpo la r i za t ion  of  the 

m o t o r  neu ron  and a dec rease  in the ampl i tude  of  the 

exci ta tory  pos tsynapt ic  potent ia l  (EPSP) .  The  EPSPs  re- 

cove red  af ter  s t imula t ion  of  R P L 4  was s topped  (Fig. 

3A3) .  In this expe r imen t  there  was not  a significant hy- 

perpola r iza t ion  of  the sensory neuron .  Figure  3B illus- 

t rates  ave rage  ampl i tudes  of  the EPSPs  f rom the exper -  

imenta l  g roup  (n = 11) and f rom the cont ro l  g roup  (n 

= 13) in which R P L 4  was not  ac t ivated.  The  control  

group consis ted  of  poo led  da ta  f rom sensory neurons  

(SNs) in d i f ferent  p repara t ions  (n = 10) and f rom dif- 

ferent  SNs in the same p repa ra t ion  as the SNs f rom the 

expe r imen ta l  g roup  (n = 3). The  ampl i tudes  of  the EP-  

SPs p roduced  dur ing ac t iva t ion  of  R P L 4  were  signifi- 

cantly r educed  c o m p a r e d  to the cont ro l  (t22 = 2.77; P < 
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Fig. 2. A burst of spikes in RPL4 led to a hyperpolarization of both 
a tail sensory neuron (SN) and a follower motor neuron (MN). 
Changes in input conductance of the sensory and motor neurons 
were estimated by the change in potential produced by 2 s constant 
current hyperpolarizing pulses. The hyperpolarization of the MN 
produced by activation of RPL4 was associated with an increase in 
membrane conductance, but no changes in the membrane conduc- 
tance of the SN were observed. The unitary IPSPs produced in the 
MN by RPL4 are not resolved due to the temporal summation. 
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Fig. 3. A: six action potentials were elicited in a sensory neuron 
with a 60-s interval (the third, fourth and fifth action potentials are 
shown). Prior to the fourth action potential, RPL4 was activated 
(A2) by a 900-ms suprathreshold depolarizing current pulse. Acti- 
vation of RPL4 led to hyperpolarization of the motor neuron and 
decreased the amplitude of the EPSP produced by the action po- 
tential in the sensory neuron. B: average amplitudes of the EPSPs 
from the experimental group in which RPL4 was activated prior to 
the fourth stimulus, and from a separate control group of experi- 
ments, in which RPL4 was not activated at all. The asterisk indi- 
cates a significant difference between the experimental and control 
groups at the fourth stimulus (P < 0.02). The amplitudes of the 
EPSPs were normalized to the value of the first EPSP (average 
value of first EPSP was 3.7 _+ 0.6 mV for the control group and 
5.2 + 1.0 mV for the experimental group; the difference was not 
significant, t2z= 1.32). 

0.02). The inhibitory effect on the EPSPs is short-last-  

ing, however ,  as there  was no difference in the ampli-  

tude of the EPSPs elicited by the succeeding action po- 

tential  60 s later.  In this series of exper iments ,  the 

analysis was restr icted to cases in which RPL4 produced  

a hyperpolar iza t ion of at least 2 mV in the motor  neu- 

ron. (Approx imate ly  35% of  all RPL4- to-motor  neuron- 

(MN) connect ions met this cri ter ion.)  

A n  example  of  the degree  to which this form of  inhi- 

bition can affect the processing of information in this 

circuit is shown in Fig. 4. In this exper iment  the sensory- 

to-MN connect ion was sufficiently strong to elicit an ac- 

tion potent ial  in the MN (Fig. 4A).  Act ivat ion of RPL4, 

however,  was sufficient to block the action potent ial  in 

the MN (Fig. 4B). The absence of the action potent ial  

in the MN was not due to synaptic depression caused by 
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Fig. 4. Activation of RPL4 is capable of  blocking the generation of 
an action potential in the motor  neuron.  In the absence of activity 
of  RPL4, the sensory to motor  neuron connection was strong 
enough to elicit an action potential in the motor  neuron (A,C).  The 
inhibition produced by RPL4 was sufficient to block the action po- 
tential in the sensory neuron (B) significantly altering the efficacy 
of the s enso ry -moto r  neuron connection. Protocol was the same 
as that used in Fig. 3. 

repet i t ive activation of the S N - M N  synapse,  since the 

following spike in the SN was still able to trigger an ac- 

tion potent ial  in the MN (Fig. 4C). 

The inhibition produced in the MN by RPL4 is due 

to both hyperpolar izat ion and an increase in membrane  

input conductance.  The lat ter  is probably  primari ly re- 

sponsible for modulat ing the ampli tude of the EPSPs by 

shunting the postsynaptic  current.  Hyperpolar iza t ion  by 

itself increases the ampli tude of the EPSP (unpublished 

observat ions) .  We cannot,  however ,  el iminate the possi- 

bility that RPL4 produces  some form of  presynapt ic  in- 

hibition of  the S N - M N  connection.  We believe it is un- 

likely that there  is a large presynaptic  contr ibut ion,  since 

the ampli tudes of  the EPSPs were not consistently re- 

duced in those prepara t ions  in which the SN was hyper-  

polar ized by activation of  RPL4 but the MN was not 

(data  not shown). 

Act ivat ion of LPL16, an FMRFamiderg ic  neuron lo- 

cated in the left pleural  ganglion, inhibits synaptic trans- 

mission of  the siphon sensory- to-MN synapses l° located 

in the abdominal  ganglia. We believe that RPL4 is not a 

contralateral  homologue  of LPL16 because the two cells 

appear  to have functionally distinct effects on their  tar- 

get cells. Both L P L I 6  and bath applicat ion of F M R F -  

amide seem to decrease EPSP ampli tude in the abdom- 

inal SNs via a presynapt ic  mechanism, whereas the 

synaptic inhibition of  the pleural -pedai  sensory- to-MN 

synapse produced by RPL4 seems to be largely postsyn- 

aptic. Moreover ,  prel iminary immunocytochemical  ex- 

per iments  indicate that RPL4 is not FMRFamiderg ic .  It 

is likely that RPL4 is one of the non-FMRFamiderg ic  

cells identified by Xu et al. 21. 

The function of RPL4 in the tai l-withdrawal reflex is 

not well unders tood.  It could contr ibute to the hyperpo-  
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lar izat ion of  SNs obse rved  by s t imula t ion  o f  the tail out-  

side the recep t ive  field of  the  SN. Indeed ,  in a single ex- 

pe r imen t  using a semi- intact  p repa ra t ion  ~s we found that  

s t imula t ion  of  the tail with a v o n  Frey  hair  p roduced  

bursts of  act ivi ty in RPL4 ,  indicat ing that  it receives  sen- 

sory input  and could  account  for the  hyperpo la r iza t ion  

obse rved  in SNs that  are  not  ac t iva ted  by the stimuli .  

Short - las t ing inhibi t ion of  the s iphon wi thdrawal  reflex 

has been  d e m o n s t r a t e d  in response  to noxious  st imula-  

tion 9-~.  A n  inhibi tory  i n t e rneu ron  (L16) in the abdom-  

inal gangl ion,  which inhibits  s iphon SNs and MNs 6'7, ap- 

pears  to be essent ial  for inhibi t ion of  the s iphon 

wi thdrawal  reflex 19. Similarly,  it is possible that  activa- 

t ion of  R P L 4  and thus inhibi t ion of  the SNs and MNs 

could account  for a s imilar  p h e n o m e n o n  in the tail-with- 

drawal  reflex. Indeed ,  we no ted  that  R P L 4  wou ld  of ten  

fire for a few minutes  in response  to a train of  st imuli  to 

ne rve  P9. Inhibi t ion  of  the tail could  also be med ia t ed  

by inhibi t ion of  exc i ta tory  in te rneurons  in the reflex 

pa thway  (e.g.  Wright  et al.2°). 

O u r  results r ep resen t  a first step towards  unders tand-  

ing the role of  inhibi tory neurons  in the modu la t i on  of  

the ta i l -withdrawal  reflex. These  may be  impor tan t  not  

only  for unders tand ing  the reflex but also for analyzing 

the c o m p o n e n t s  of  several  forms of  learning,  including 

habi tua t ion ,  d i shabi tua t ion ,  sensi t izat ion and classical 

condi t ioning.  
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