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the temporal convergence of electrical - 

activity in the visual and statocyst (ves- 
tibular) sensory pathways upon optic 

Membrane Changes in a Single Photoreceptor Cause 
Associative Learning in Hermissenda 

Abstract. Single type B photoreceptors in intact, restrained Hermissenda were 
impaled with a microelectrode and exposed to either paired or unpaired presenta- 
tions of light and depolarizing current to simulate natural stimulus efects during 
conditioning with light and rotation. Paired, but not unpaired, stimulus presenta- 
tions produced cumulative depolarization and increased input resistance in type B 
cells. These membrane changes are similar to those observed after pairings of light 
and rotation are administered to either intact animals or isolated nervous systems or 
when light is paired with electrical stimulation of the vestibular system in isolated 
nervous systems. One and two days after treatment, pairing- and light-speciJic 
suppression of phototactic behavior was observed in recovered animals. These 
jindings indicate that the membrane changes of type B cells produced by pairing 
light with current injections cause acquisition of the learned behavior. 

Previous research with the nudibranch 
mollusk Hermissenda crassicornis has 
demonstrated striking correlations be- 
tween the associative suppression of 
phototaxis and biophysical changes in- 
trinsic to two of the three type B photo- 
receptors in the animal's eyes during 
both acquisition and retention of associa- 

tive learning (1-8). We now report that 
membrane changes of type B cells are 
causally related to the associative modi- 
fication of phototaxis that occurs with 
pairings of light and rotation. 

During acquisition of associative 
learning, type B cells undergo a cumula- 
tive depolarization (2, 3) and probable 

ganglion cells and statocyst hair cells and 
is responsible for cumulative depolariza- 
tion of the type B cell (3). 

During retention of learning, type B 
cells from conditioned animals exhibit 
enhanced light-induced generator poten- 
tials and impulse activity frequencies, as 
well as increased input resistances in the 
dark, both immediately (7) and for sever- 
al days (8, 9)  after training. Type B cells 
both encode (change during acquisition) 
and store (exhibit changes during reten- 
tion) information concerning pairings of 
light and rotation (10, 11). 

Despite these relatively invariant cor- 
relations between phototaxic behavioral 
changes produced by learning and elec- 
trophysiological changes of type B cells, 
it remains to be demonstrated that the 
membrane changes in type B cells pro- 
duced by pairing light with rotation are 
causally related to the learned change in 
behavior. We sought to establish such a 
relation by (i) substituting depolarization 
of a B cell induced by an intracellular 
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Fig. 1. Membrane changes in type B cells produced by paired light and depolarizing current. (A) 
Training procedures for paired and unpaired treatment conditions. Five minutes after the 
conclusion of training, membrane potential (right) and input resistances (Table 1) were 
measured. The paired treatment condition resulted in a cumulative depolarization of 9 mV for 
this particular cell (top right), whereas the unpaired treatment resulted in a 2 mV hyperpolariza- 
tion (bottom right). (B) Cumulative depolarization of type B cells. For trials 1 through 4, 
depolarization was measured 2 seconds before the onset of the subsequent trial (2 minutes after 
the beginning of the previous trial). For trial 5, the value was obtained 5 minutes after the final 
trial, once the cell had reached a steady-state membrane potential. 
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microelectrode for the synaptic depolar- 
ization of the B cell normally produced 
by rotation and (ii) subsequently testing 
animals for long-term reductions in pho- 
totaxis. By synthesizing the changes in 
the B photoreceptors that have previous- 
ly been correlated with learning and re- 
stricting our stimulation to a single neu- 
ron, we arranged a strong test of the 
hypothesis that training-induced mem- 
brane changes in type B cells are suffi- 
cient to cause long-term associative sup- 
pression of phototaxic behavior (12). 

Baseline phototaxic and negative geo- 
taxic latencies were first measured for 
intact animals (N = 66) by methods de- 
scribed previously (8, 13). A single type 
B cell in a restrained intact animal (14) 
was then impaled with a single micro- 
electrode (30 to 60 megohm; 3M KCl); 
after stabilization of recording condi- 
tions and measurement of input resist- 
ance (R,) (15), the cell was exposed to 
one of three treatment conditions (Fig. 
1A). In one, the B cell was exposed to 
five successive pairings (at 2-minute in- 
tervals) of 30 seconds of light (5.0 x lo3 
erg cm-2 sec-') followed by 30 seconds 
of depolarizing (15 mV) positive current 
presented through the balanced bridge 
circuit (16). In the second condition, the 
type B cell was exposed to five explicitly 
unpaired presentations (at 2-minute in- 
tervals) of 30 seconds of light and 30 
seconds of positive depolarizing current. 
The unpaired presentation trials differed 
in only one way from paired trials: a 
delay of 30 seconds, as opposed to no 
delay, intervened between the offset of 
light and the onset of current stimula- 
tion. For a third, sham treatment, intra- 
cellular penetration of type B cells lasted 
for less than 5 minutes, with no stimula- 
tion delivered. Measurements of changes 
in membrane potential (V,) and R, were 
then obtained 5 minutes after the conclu- 
sion of paired and unpaired training con- 
ditions. Animals were removed from the 
bath and allowed to recover in individual 
aquaria. Subsequently, they were retest- 
ed for changes in phototaxis. 

P U P S  P U P S  P U P S  

Fig. 2. Phototaxic mean (f standard error) 
latency before (Baseline) and after (24 and 48 
hours) paired (P), unpaired (UP), or no (S )  
conditioning treatment. 

Pairings of light and positive current 
produced a cumulative depolarization 
(Fig. 1B and Table 1) in type B cells that 
was significantly greater [t(44) = 3.55; P 
< 0.0011 than the negligible change that 
occurred for cells exposed to the un- 
paired treatment. Input resistance was 
also significantly increased for the paired 
[t(23 = 2.05; P < 0.011, but not unpaired 
[t(18) = 0.091 treatment condition by 48 
percent (Table 1). These results demon- 
strate that pairings of light and depolariz- 
ing current in type B cells reproduce the 
essential acquisition-related electro- 
physiological changes in these cells that 
occur with pairings of both light with 
rotation (2) and light with positive cur- 
rent stimulation of the caudal hair cell 
(3). 

Tests of phototactic behavior for the 
animals that recovered (17) revealed a 
pairing-specific suppression of phototac- 
tic behavior (Fig. 2). One and two days 
after electrophysiological training, all an- 
imals exhibited phototactic latencies 
longer than initial baseline values. Be- 
tween-group comparisons of phototactic 
behavior revealed significantly longer 
test latencies for paired than unpaired (P 
< 0.01) and sham (P < 0.01) treatments, 
which did not differ from each other (18). 
The pattern of electrophysiological 
changes in type B cells for the subset of 
animals that recovered was essentially 
identical to that of the larger population 

Table 1. Membrane changes (mean f standard error) In type B cells produced by five 
presentatrons (palred or unpaired) of l~ght and depolarlzat~on 
- - - --- - -- 

Membrane Input resistance (megohm) 
Category N potentla1 changes 

(Amv) Before After 

All preparations 
Paired 24 5.48 k 0.78* 31.6 t 1.37 47.05 t 2.25t 
Unpaired 22 0.66 t 1.00 38.53 t 1.13 39.65 k 1.69 

Recovered animals 
Paired 13 4.82 * 1.21* 29.4 k 7.58$ 46.24 t 12.53t 
Unpaired 8 1.42 rt 0.80 42.19 t 9.607 36.58 t 15.74 

.- - 
*P < 0.05; one-tailed r-tests, independent samples, paired versus unpaired. t P  < 0.05; one-tailed t-tests, 
correlated samples, before versus after. $N - 10. TIN = 6. 

(Table 1). These data therefore indicate 
that the production of electrophysiologi- 
cal changes in a single type B photo- 
receptor is sufficient to cause a retained 
suppression of phototactic behavior (19). 

A limited case might also be made for 
the causal necessity of these B cell 
changes as well. Since unpaired presen- 
tations of light and positive current did 
not differ from sham treatment in their 
effect on phototactic latency, since they 
produced no sustained membrane changes 
in B cells, B cells must change if the 
normal associative training is to result in 
phototaxic suppression. 

Electrophysiological correlates of var- 
ious associative training procedures 
have been reported in a number of inver- 
tebrate (20) as well as vertebrate (21) 
preparations. Moreover, lesions that 
specifically interfere with the associative 
learning component of a classically con- 
ditioned response-and that therefore 
may implicate brain regions causal for 
learning-have also been described (22). 
To the best of our knowledge, our results 
represent the first direct demonstration 
of a causal relationship between mem- 
brane changes of an identified class of 
neurons and associative learning for any 
preparation in which a neurobiological 
"nderstanding and memory is currently 
being pursued. 
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Selective Recording and Stimulation of Individual 
Identified Neurons in Freely Behaving Aplysia 

Abstract. A neuroethological technique is described for selective recording and 
stimulation of an individual neuron in freely behaving Aplysia by means of afine wire 
glued into the connective tissue sheath above the identiJied cell body. A whole-nerve 
cuff electrode simultaneously monitored functionally related multiunit axon activity. 
For biophysical analysis the soma was impaled with a microelectrode when the 
ganglion was subsequently exposed. The technique is illustrated for several identi- 
fied neurons involved in different behaviors. 

Three criteria are currently used to 
establish the behavioral importance of an 
identified neuron (I). To establish that a 
cell is "necessary" for a given behavior, 
it must be selectively destroyed (or pre- 
vented from firing) in an intact animal to 
show that the normal behavior is abol- 
ished or severely disrupted (2). To estab- 
lish that a cell is "sufficient," it must be 
selectively stimulated in an intact animal 

to show that the behavior is elicited. 
However, a cell could be both necessary 
and sufficient by these criteria but not 
fire appropriately during a normal behav- 
ior. To establish that a cell is "appropri- 
ate," its normal pattern of activity must 
be recorded when the behavior occurs 
spontaneously, which also specifies the 
appropriate pattern of stimulation to es- 
tablish the sufficiency criterion. Thus, a 

Fig. 1. Dorsal abdomi- 
nal ganglion of Aplysia 
californica during sur- 
gical implantation of 
fine wire electrode to 
selectively stimulate 
and record from an 
identified neuron dur- 
ing normal behavior. 
The ganglion is pinned 
to a subilluminated 
stage. The fine wire, 
loosely sutured to the 
right connective (top 
right), extends caudally 
across the surface of 
the ganglion; the unin- 
sulated tip is inserted 
into the connective tis- 
sue to lie directly above 
the large, darkly pig- 
mented cell body of a 
giant neuron, cell R2 
(diameter, 600 km). 
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