seen with B-endorphin, were relevant to
the euphoric component of drug self-ad-
ministration, then the indirect excitatory
effects on hippocampus merit further ex-
amination.
W. ZIEGLGANSBERGER™*
E. D. FRENCH, G. R. SIGGINS
F. E. BLoom
Arthur V. Davis Center for Behavioral
Neurobiology, Salk Institute,
La Jolla, California 92037
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Sensitization in Aplysia: Restoration of Transmission in

Synapses Inactivated by Long-Term Habituation

Abstract. Long-term habituation of a simple withdrawal reflex in Aplysia leads to
an inactivation of synaptic transmission between identified sensory and gill motor
neurons that persists for more than 3 weeks. A single sensitizing stimulus rapidly
reactivates both the depressed behavioral response and the inactivated synaptic
transmission. Thus sensitization, a simple competitive form of learning, provides a
mechanism whereby changing environmental demands can rapidly override the long-

term memory of habituation.

Recent investigations of the neural
mechanisms of memory in the marine
mollusc Aplysia californica have shown
that long-term habituation training of the
defensive withdrawal reflex produces a
profound depression of synaptic trans-
mission leading to functional inactivation
of the synapses between identified sen-
sory neurons and gill motor neurons.
This depression persists for more than 3
weeks (/). A variety of studies in both
vertebrates in invertebrates indicate that
sensitization, a simple competitive form
of learning, can rapidly counteract the
short-term memory for habituation (2,
3). We were therefore interested to know
whether sensitization can override the
long-term memory of habituation and if
so, whether it leads to a functional reac-
tivation of the synapses between the sen-
sory and motor neurons.

Using a combined behavioral and cel-
lular approach, we find that a single sen-
sitizing stimulus reactivates both reflex
function and synaptic transmission be-
tween sensory neurons and gill motor

neurons. Thus, even long-term memory,
which normally requires more than 3
weeks to recover, can be rapidly coun-
teracted by a competitive short-term
learning process.

We used 43 Aplysia californica,
weighing 100 to 300 g (Pacific Bio Marine
Co., Venice, California). All animals
were housed individually in a 200-gallon
aquarium for at least 5 days before an ex-
periment.

In behavioral experiments, we first ex-
amined the effects of a single sensitizing
stimulus on the reflex response of ani-
mals that had received long-term habit-
uation training. Twenty-three animals
were given ten trials of habituation train-
ing per day for 5 days ). The animals
exhibited a significantly habituated re-
flex response (P < .01) on day 5 com-
pared to that on day 1 (5). This training
procedure produces long-term habit-
uation that persists unchanged for 1
week and is only partially recovered af-
ter 3 weeks (6). On day 5, the habituation
scores of that day were ranked and the
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animals were assigned alternately to ex-
perimental (sensitized) (N = 12) or con-
trol (habituated) (N = 11) groups. Two
hours after the training session, each ex-
perimental animal was placed in a sepa-
rate small aquarium and was given a
single strong sensitizing electrical stimu-
lus to the neck region (20 mA, 60 Hz for
2 seconds, delivered through Ag-AgCl
bipolar electrodes). The stimulus in-
variably triggered inking (7) and a pro-
nounced, overall contraction (‘‘balling
up’’) of the animals. The animals were
then returned to their home cages. Two
hours later, both experimental and con-
trol animals were given a test habituation
training session (ten stimuli) using a
blind procedure (/, 6). Experimental ani-
mals showed a significantly elevated re-
flex response during the test session
compared to controls (P < .001) (Fig.
1A). Moreover, the control animals were
still significantly habituated as indicated
by comparison with their day 1 scores
(P < .01), but scores of the experimental
animals were no longer significantly dif-
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(sum of trials 1-10)
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ferent from those on day 1. Thus, the
single noxious stimulus delivered to the
long-term habituated animals produced a
significant sensitization [dishabituation
3)] of the defensive withdrawal reflex;
this indicates that the long-term depres-
sion of reflex responsiveness could be
rapidly overridden.

We next examined whether the pro-
found long-term synaptic depression that
accompanies long-term habituation (/)
could also be counteracted by the sensi-
tizing stimulus. Twenty animals were
given habituation training for at least 5
days before the cellular experiment (§).
To assure a uniform baseline perform-
ance for both groups, only animals that
showed at least 60 percent reduction of
reflex responsiveness after 5 days of
training were used. Approximately 70
percent of animals met this requirement.
Each day, two animals (an experimental
and a control) were matched on the basis
of their habituation scores and studied.
The experimental animal was given a
single electrical stimulus to the neck re-

A Controls

gion as in the first experiment, 2 hours
after the training session. The pair of ani-
mals was then immediately coded and
prepared for the cellular experiment (9)
with their prior treatment unknown to
the experimenters. The amplitude of the
monosynaptic excitory postsynaptic po-
tentials (EPSP’s) between the sensory
neurons and the gill motor neuron L, in
both control and experimental animals
was then measured (9). As in previous
studies (/), we found that in control
(habituated) animals (N = 10), the inci-
dence of detectable synaptic connections
was very low, 9 =4 percent (mean *
standard error of mean). However, in the
experimental animals (N = 10), the inci-
dence of such connections was high,
68 + 11 percent. The difference between
groups was significant (t =4.92, P <
.005) (Fig. 1B). The major difference be-
tween experimentals and controls was in
the incidence of detectable connections,
as evidenced by synaptic potentials of
greater than 50 wV, the limit of our
resolution in these experiments. The
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Fig. 1 (left). Sensitization of long-term habituated animals and restora-

tion of synaptic transmission in long-term depressed synapses. (A)

20

Behavioral scores of control (open bars, N = 11) and experimental

animals (shaded bars, N = 12) on days 1 and 5 of habituation training

10

and after a single sensitizing stimulus to the experimental animals.
Both groups of animals exhibited significant habituation on day 5 com-
pared to day 1. After the sensitizing stimulus to the experimental ani-
mals, they exhibited significant dishabituation, whereas the long-term 0
habituation of the control animals was unchanged. Data are expressed

as medians = interquartile ranges. (B) Summary

of 20 experiments in

which the number of detectable EPSP’s was determined in control
(long-term habituated) animals (N = 10, 55 connections sampled) and in long-term habituated animals that were sensitized (N = 10, 54 con-
nections sampled). Data were expressed as the ratio of the number of detectable EPSP’s to the total number of connections sampled. Each animal
contributed a single ratio. Sampling was obtained 1 to 2 hours after the experimental animals were given shocks. A blind procedure was used
throughout the cellular experiments. Control and experimental animals were treated in exactly parallel fashion. Data are shown as the mean

percentage (= S.E.M.) of detectable connections.

(Habituated + sensitized, N= 54
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Fig. 2 (right). Histogram of EPSP amplitudes from control animals (long-term habituated,

55 cells from ten animals) and from experimental animals (long-term habituated and then sensitized, 54 cells from ten animals). All sampled
connections of the experiment summarized in Fig. 1B are shown. Detectable EPSP’s include all potentials above 50 uV. There is a clear trend
toward detectable connections in animals receiving a sensitizing stimulus. The insets show a typical nondetectable EPSP from an habituated
animal, and a typical detectable EPSP from a sensitized animal. The sensory neuron (SN) was depolarized intracellularly to trigger a single action
potential and evoke a monosynaptic EPSP in the gill motor neuron L,.
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amplitude distribution of all sampled
EPSP’s (with nondetectable EPSP’s in-
cluded as 0 to 50 wV) (see Fig. 2)
shows a clear trend toward detectable
EPSP’s in animals that have received
the single sensitizing (dishabituating)
stimulus.

Our results indicate that the profound
and long-lasting synaptic inactivation
that accompanies long-term habituation
can be rapidly overridden by a single
sensitizing stimulus. This is surprising,
since normal (spontaneous) recovery
from long-term synaptic depression re-
quires more than 3 weeks (/). Also sur-
prising is the good correspondence be-
tween the environmentally induced alter-
ations of the reflex behavior and the
concomitant alteration of the efficacy of
the monosynaptic connections between
the sensory and motor neurons. This
correspondence is probably due to two
factors: (i) the simplicity of the neural
circuit of the behavior and (ii) the fact
that the memory for habituation (and its
ability to be counteracted by another
simple form of learning, sensitization)
does not seem to reside in the properties
of a complex network, but in the changes
in efficacy of a single locus: a set of iden-
tified monosynaptic sensory connec-
tions. That the modulatory capability
of sensitization is exerted at this locus
seems particularly adaptive, for it allows
the profound depression of sensory in-
flow induced by habituation to be rapidly
overriden by changing environmental de-
mands.

The ability of sensitization to rapidly
reactivate inactivated synaptic con-
nections sets limits to the possible mech-
anisms underlying long-term habit-
uation. In particular, it tends to exclude
drastic alteration in synaptic morpholo-
gy, such as complete anatomical dis-
connection between sensory and motor
neurons. An anatomical reconnection re-
quired by the restoration of transmission
would likely take more time than 2
hours. The results are more consistent
with either a subtle ultrastructural or
even submicroscopic rearrangement,
whereby some aspect of the transmitter
release process is depressed yet is ca-
pable of rapid restoration.

Sensitization in Aplysia has com-
parable effects on short- and long-term
habituation, which suggests that these
two forms of plasticity may share a com-
mon underlying mechanism. Klein and
Kandel have found that the enhanced
transmitter release produced by sensiti-
zation at the sensory-to-motor synapses
results from a facilitation of voltage-sen-
sitive Ca?' current in the sensory neu-
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rons (/0). Habituation seems to be medi-
ated by an inverse process, a reduction
in the Ca?*" current (I/1). If the cellu-
lar mechanism of long-term memory for
habituation simply reflects a long-term
inactivation of voltage-sensitive Ca?*
current in the sensory neurons, it could,
in turn, serve to explain how a single
sensitizing stimulus, acting to enhance
Ca?t current, could produce a rapid
restoration of synaptic transmission.
THOMAS CAREW
VINCENT F. CASTELLUCCI
Eric R. KANDEL
Division of Neurobiology and Behavior,
Departments of Physiology and
Psychiatry, College of Physicians
and Surgeons, Columbia University,
New York 10032,
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Appetitive Learning in 1-Day-Old Rat Pups

Abstract. One-day-old rat pups learned to probe upward into a terry-cloth-covered
paddle when they were rewarded with small infusions of milk into their mouths. In
the presence of two paddles, discriminable on the basis of odor and position in the
test container, the pups learned to probe into the paddle that provided them with
milk. These experiments demonstrate (i) that milk may serve as a reinforcer to de-
prived rat pups and (ii) that pups as young as 1 day are capable of appetitive learn-

ing.

Recent studies of the development of
learning and motivation have revealed
unexpected capabilities of infant rats (/-
5). The immature brain appears to be an
adequate substrate for many functions
previously thought to emerge only later
in an animal’s development. For ex-
ample, infant rats can show long-term re-
tention of early aversive odor condi-
tioning (/) and inhibition of learned re-
sponses (2, 3). We now report that 1-day-
old rats can learn an appetitive response
and, further, can use this response in
making (and later reversing) a two-
choice discrimination.

The basis of this demonstration was
the finding that rat pups could feed inde-
pendently of the mother (¢). Newborn
rats deprived of food and water for 24
hours ingested large quantities of milk
placed in a puddle in front of them or in-
fused into their mouths through an intra-
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oral cannula. This intake of milk was ac-
companied by a significant behavioral
activation, characterized by mouthing,
probing, rolling, locomotion, and .up-
ward reaching, all suggesting that milk
had an arousing and possibly rewarding
effect. In the present study, we attempt-
ed to determine whether milk would
serve as a reinforcer for the deprived
newborn rat, and at the same time to
evaluate the learning capabilities of the
pup. Recently, there have been several
convincing demonstrations of early ap-
petitive learning in rats as young as 1
week of age. Such pups will increase
their runway running speed or learn a Y-
maze discrimination for the opportunity
to suckle from a nonlactating mother (2,
5). Unfortunately, such paradigms are
only suited to pups at least 7 days old be-
cause younger animals do not locomote
readily. Another approach was required
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