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Membrane Depolarization Accumulates During Acquisition of an 

Associative Behavioral Change 

Abstract. Long-lasting electrical changes of identified Hermissenda neurons, the 
type B photoreceptors, can account for concomitant associative behavioral changes. 
Depolarization of the type B cells after paired light and rotation accumulates (as 
monitored with intracellular electrodes) with repetition. This accumulation was spe- 
cific to stimulus pairing (versus light alone or explicitly unpaired stimuli) and to the 
orientation of the nervous system with respect to the center of rotation; it provides a 
neural step in the acquisition of associative behavioral changes for gastropod mol- 
lusks and possibly other species. 
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Type B photoreceptors of the nu- 
dibranch mollusk Hermissenda crassi- 
cornis undergo long-lasting depolariza- 
tion (LLD) after a light step (1) of moder- 
ate (> 103 to 105 erg cm-2 sec-') intensity 
(Fig. 1 and Table 1). This LLD is a non- 
synaptic process originating in the type 
B cell body. It arises at least in part from 
a light-induced, voltage-dependent Ca2+ 
conductance (2). The LLD and other 
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nonsynaptic electrical characteristics of 
the type B cell show long-lasting changes 
(3) after exposure of intact Hermissenda 
to 3 days of light paired with rotation 
(compared with randomized and explicit- 
ly unpaired control tests). This paired- 
stimulus regimen produced short- (4) and 
long-term (5) behavioral changes, the lat- 
ter having defining features of associa- 
tive learning (6). In this experiment, the 
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same sensory stimuli that produced the 
behavioral and neural (5, 7) changes 
were presented to the isolated circum- 
esophageal nervous system with intact 
eyes and statocysts through the use of an 
apparatus for continuous intracellular 
recording (8, 9). 

When the circumesophageal nervous 
system was rotated in the caudal orienta- 
tion (with the statocysts' caudal poles 
oriented away from the center of rota- 
tion) during the light step, the LLD was 
increased in amplitude and prolonged 
(Fig. 1 and Table 1). Accumulation of 
this depolarization, measured instanta- 
neously at 20 and 60 seconds. after the 
light step, was apparent when these 
paired sensory stimuli were repeated 90 
seconds after the first paired stimulus 
presentation. Cumulative depolarization 
after two stimulus pairs was greater than 
that after two lights alone (at 90-second 
intervals) or that after light and rotation 
in an explicitly unpaired sequence (Fig. 1 
and Table 1). The same number of ex- 
plicitly unpaired stimuli were presented 
over the same total time period as for the 
paired stimulus regimen. For the caudal 
orientation, with repeated stimulus pair 
presentations the cumulative depolariza- 
tion progressively increased (Fig. 2A) 
and persisted for many minutes after the 
stimulus pairs (Fig. 2B). Cumulative de- 
polarization after stimulus pairing did 
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Fig. 1 (left). Intracelluiar voltage recordings of Hermissenda neurons during and after light and rotation stimuli. (A) Responses of a type B 
photoreceptor to the second of two succeeding 30-second light steps (with a 90-second interval intervening). The cell's initial resting potential, 
preceding the first of the two light steps in (A), (B), and (C), is indicated by the dashed lines. Depolarization above the resting level after the 
second of the two light steps is indicated by shaded areas. (A) Light steps (- 104 erg cm-2 sec-') alternating with rotation (caudal orientation) 
generating - 1.0 g. The end of the rotation stimulus preceded each light step by 10 seconds. (B) Light steps alone. (C) Light steps paired with 
rotation. By 60 seconds after the first and second light steps, paired stimuli cause the greatest depolarization and unpaired stimuli the least. The 
minimal depolarization was in part attributable to the hyperpolarizing effect of rotation. Depolarization after the second presentation of paired 
stimuli was greater than that after the first. Fig. 2 (right). (A) Increase of type B membrane depolarization with repetition of the stimulus pairs. 
Membrane potential was measured instantaneously 20 seconds (filled circles) and 60 seconds (open squares) after successive presentations of light 
steps paired with rotation. (B) Decrease of type B membrane depolarization after repeated presentation of stimulus pairs as described in (A). 
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Table 1. Mean [? standard deviation (S.D.)] depolarization (in millivolts) of type B cells 60 
seconds after light and rotation. 

Orientation 

Training Caudal Cephalic 

N X S.D. N X + S.D. 

Unpaired 
Trial 1 6 -0.417 + 1.20 3 0.833 + 1.04 
Trial2 6 -0.167 + 1.169 3 1.33 + 3.215 

Paired 
Trial 1 6 3.58 ? 2.29 4 0.250 + 0.289 
Trial2 6 6.833 + 4.107 4 -1.0 + 1.080 

Light alone 
Trial 1 6 0.5 + 0.632 4 0.125 + 0.25 
Trial2 5 1.800 + 0.570 4 0.625 + 0.75 

not occur (Table 1) when the circum- 
esophageal nervous system was oriented 
with its cephalic pole away from the cen- 
ter of rotation (cephalic orientation). 

To quantitatively compare the depo- 
larization of the B photoreceptors for 
each combination of orientation and 
stimulus pattern conditions, the data in 
Table 1 were subjected to an analysis of 
variance (10). Photoreceptors receiving 
paired presentations of light and rotation 
with caudal orientation were more de- 
polarized (- 7 mV) than cells of all other 
conditions (10). Moreover, depolariza- 
tion of B photoreceptors significantly ac- 
cumulated with repeated presentation of 
light and rotation for caudal orientation 
(from 3.6 to 7.0 mV). For the cephalic 
orientation, unpaired training (trial 2) 
produced more depolarization than 
paired (trial 2), whereas the reverse was 
true for the caudal orientation. This im- 
pression was confirmed statistically 
through Scheffe multiple comparison 
tests of the interaction means (a = .05); 
no other differences between pairs of 
means were significant. The triple inter- 
action of orientation, stimulus pattern, 
and trials was also significant; the depo- 
larization of the B photoreceptors accu- 
mulated with repeated paired presenta- 
tions of light and rotation for the caudal 
orientation (Table 1). Scheffe com- 
parisons of the triple interaction means 
indicate that depolarization was greater 
after two versus one pairing for the caud- 
al orientation-paired group. 

These observations are predicted by 
our previous knowledge of those neural 
system features (2, 11-13) responsible 
for rotation-induced enhancement of the 
LLD. Type B photoreceptors inhibit 
type A and other type B cells, optic gan- 
glion cells, and caudal hair cells of the 
ipsilateral statocyst. Type B cells are in- 
hibited by type A photoreceptors and ip- 
silateral caudal hair cells. Type B pho- 
toreceptors are excited by at least one ip- 
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silateral optic ganglion cell (14). Caudal 
hair cells also receive synaptic inhibition 
(from the ipsilateral optic ganglion), 
which is blocked during a light step. The 
result of these interactions [compare 
with figure 1 in (15)] is prolonged synaptic 
excitation of the type B cell after a light 
step. By turning the circumesophageal 
nervous system 180? with respect to the 
center of rotation-from the caudal to 
the cephalic orientation-the type B 
photoreceptor does not receive this syn- 
aptic excitation after stimulus pairing. 
The synaptic excitation cannot then fa- 
cilitate the light-induced depolarization 
(and vice versa) of the type B cell, as has 
already been described for the associa- 
tive learning model (2). Thus, the synap- 
tic organization of these sensory neural 
systems provides clear specificity of the 
stimuli necessary to produce cumulative 
depolarization. 

The cumulative depolarization shown 
in this report to be specific to stimulus 
pairing is probably the beginning of a 
long-term neural change that occurs dur- 

ing acquisition of the associative behav- 
ioral change. If cumulative depolariza- 
tion is causally related to acquisition of 
this associative behavior change retained 
by Hermissenda, we would predict that 
restricting the animal to the cephalic ori- 
entation would prevent the training ef- 
fects and may even reverse them. Re- 
stricting the animal to the caudal orienta- 
tion should not prevent the training 
effects and may even exaggerate them. 
These predictions were in fact confirmed 
by the behavioral experiments of the ac- 
companying study (15). 
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