15.
16.
17.
18.
19.

20.
21.

22.

23.
24.

25.
26.

27.
29.
30.
31.

32.

33.
34.

35.

References and Notes

. J. Glowinski and J. Axelrod, Nature (London)

204, 1318 (1964).

S. B. Ross and A. L. Renyi, Acta Pharmacol.

Toxicol. 36, 395 (1975).

. D. F. Klein and J. M. Davis, Diagnosis and
Drug Treatment of Psychiatric Disorders (Wil-
liams & Wilkins, Baltimore, 1969).

. S. B. Ross, A. L. Renyi, S. O. Ogren, Life Sci.
10, 1267 (1971); I. C. Campbell and A. Todrick,
Br. J. Pharmacol. 49, 279 (1973); A. S. Horn,
Postgrad. Med. J. 52 (Suppl. 3), 25 (1976).

. W. E. Fann, J. M. Davis, D. S. Janowsky, J. S.
Kaufmann, J. D. Griffith, J. A. Oates, Arch.
Gen. Psychiatry 26, 158 (1972).

. R. M. Post, J. Kotin, F. K. Goodwin, Am. J.
Psychiatry 131, 511 (1974).

. K. Ghose, R. Gupta, A. Coppen, J. Lund, Eur.
J. Pharmacol. 42, 31 (1977).

. W. E. Fann, J. M. Davis, D. S. Janowsky, J. S.
Kaufmann, J. H. Cavanaugh, J. A. Oates, J.
Nerv. Ment. Dis. 158, 361 (1974); K. Ghose and
A. Coppen, Psychopharmacologia 54, 57 (1977).

. W. J. Poeldinger, Curr. Dev. Psychopharmacol.
3, 181 (1976).

. S. B. Ross and L. Renyi, Acta Pharmacol. Tox-
icol. 36, 382 (1975).

. C. M. Bradshaw, M. H. T. Roberts, E. Szabadi,

Br. J. Pharmacol. 41, 394 (1971); ibid. 52, 349
(1974).

. J. L. Bennett and G. K. Aghajanian, Life Sci.

15, 1935 (1974); J. P. Bennett and S. H. Snyder,
Brain Res. 94, 523 (1975).
. G. K. Aghajanian, M. J. Kuhar, R. H. Roth,
Brain Res. 54, 85 (1973).
. M. Palkovits, J. M. Saavedra, D. M. Jacobo-
witz, J. S. Kizer, M. J. Browstein, ibid. 130, 121
(1977).
B. E. Jones, A. E. Halaris, M. MclIlhany, R. Y.
Moore, ibid. 127, 1 (1977).
H. J. Haigler and G. K. Aghajanian, J. Pharma-
col. Exp. Ther. 188, 688 (1974).
R. C. Thomas and V. J. Wilson, Nature (Lon-
don) 206, 211 (1965).
M. A. Simmonds, Neuropharmacology 13, 401
(1974).
All five drugs tested by iontophoresis consist-
ently induced a depression of the firing rate of
neurons recorded. The Cj, value was calculated
from the current used (range: 1 to 20 nA) and the
time (T5,) required to obtain a 50 percent de-
crease in firing rate. This charge Cy, carries a
number of moles (M;,) which can be determined
by the following equation: My, = N Cs/zF
where N is the transport number of the solution
used, z is the equivalent per mole, and F is Far-
aday’s constant. Since similar electrodes and
the identical solutions were used in treated and
control animals, N, z, and F can be considered
as constant. Then, M5, a Cs,. Hence, the more
sensitive a neuron is to a given solution the
smaller will be Cs,.
D. T. Wong, J. S. Horng, H. P. Bymaster, K. L.
Hauser, B. B. Molloy, Life Sci. 15, 471 (1974).
J. Buus Lassen, R. F. Squires, J. A. Christen-
sen, L. Molander, Psychopharmacologia 42, 21
(1975).
A. Raskin, J. G. Schulterbrandt, N. Reatig, C.
Chase, J. J. McKeon, Arch. Gen. Psychiatry 23,
164 (1970).
A. S. Horn, J. T. Coyle, S. H. Snyder, Mol.
Pharmacol. 7, 66 (1971).
S. Fiszer de Plaza and E. de Robertis, J. Neuro-
chem. 25, 547 (1975); Gottesfeld and A. C. El-
liott, ibid. 18, 683 (1971); L. L. Iversen and G.
A. R. Johnston, ibid., p. 1939; E. J. Peck, Jr., J.
M. Schaffer, J. H. Clark, Biochem. Biophys.
Res. Commun. 52, 394 (1973).
G. K. Aghajanian, Neuropharmacology 15, 521
(1976).
L. Lemberger, H. Rowe, R. Carmichael, S. Old-
ham, J. S. Horng, F. P. Bymaster, D. T. Wong,
Science 199, 436 (1978).
A. R. Green, Br. J. Pharmacol. 59, 367 (1977).
. B. L. Jacobs, Life Sci. 19, 777 (1976).
M. Davis and G. K. Aghajanian, unpublished
observations.
S. B. Ross and A. L. Renyi, Life Sci. 6, 1407
(1967).
J. Vetulani, R. J. Stawarz, J. V. Dingell, F. Sul-
ser, Naunyn Schmiedeberg’s Arch. Pharmacol.
293, 109 (1976).
A. Frazer and J. Mendels, Am. J. Psychiatry
134, 1040 (1977); M. J. Schmidt and J. F. Thorn-
berry, Arch. Int. Pharmacodyn. Ther. 229, 42
(1977).
J. Schultz, Nature (London) 261, 417 (1976).
P. D. Kanof and P. Greengard, ibid. 272, 329
(1978).
B. Shopsin, S. Gershon, M. Goldstein, E. Fried-
man, S. Wilk, Psychopharmacol. Commun. 1,

1306

239 (1975); B. Shopsin, E. Friedman, S. Ger-
shon, Arch. Gen. Psychiatry 33, 811 (1976).

E. Jequier, W. Lovenberg, A. Sjoerdsma, J.
Mol. Pharmacol. 3, 274 (1967).

V. Y. Cremata, Jr., and B. K. Koe, Clin. Phar-
macol. Ther. 7, 768 (1966); K. Engelman, W.
Lovenberg, A. Sjoerdsma, N. Engl. J. Med.
277, 1103 (1967); W. T. Carpenter, Ann. Intern.
Med. 73, 607 (1970); F. Sicuteri, B. Anselmi, M.
Fanciullacci, Headache 10, 124 (1970).

36.
37.

38. W. E. Bunney, Jr., R. M. Post, A. E. Andersen,
R. T. Kopanda, Commun. Psychopharmacol. 1,
393 (1977).

We thank N. Margiotta and A. Lorette for tech-
nical assistance. Supported by PHS grants MH-
17871 and MH-1449 and the Medical Research
Council of Canada (Centennial Fellowship to
C.deM.) and the State of Connecticut.

39.

16 February 1978; revised 26 July 1978

Cellular Analysis of Long-Term Habituation of the
Gill-Withdrawal Reflex of Aplysia californica

Abstract. Long-term habituation training in Aplysia californica produces a pro-
Sfound depression in the efficacy of synaptic transmission between mechanoreceptor
neurons and gill motor neurons. This depression persists for more than 3 weeks. Thus
a critical synaptic site for plasticity underlying long-term habituation is the same as
that for short-term habituation. For this simple form of learning, short- and long-
term memory share a common locus and aspects of a common mechanism: synaptic

depression.

An unresolved question in the study of
learning is the relation between short-
and long-term memory. Some behavioral
and pharmacological studies suggest that
short- and long-term memory are two
different processes having different loci
and different neural mechanisms (/).
Other studies suggest that memory con-
sists of a single trace which changes in
character with time and with processing
[for a review, see (2)]. This question can
be directly approached by examining the
loci and cellular mechanisms of both
short- and long-term memory in a given
behavioral system and by determining
the interrelation between them. To ac-

A
Fig. 1. Detectable and non-
detectable connections. (A) De-
tectable EPSP from a control
abdominal ganglion, and a non-
detectable EPSP from an experi-
mental animal that received
long-term habituation training
and whose synaptic connections
were examined 24 hours after
the last training session. The

i

complish this end, we have studied the
retention of habituation of the gill-with-
drawal reflex in Aplysia californica; this
reflex involves both short- and long-term
memory in habituation training 3, 4).
The neural circuit of the reflex to stim-
uli of weak and moderate intensity is
well understood in terms of individual
nerve cells and their interconnections (5,
6). We have found that in this reflex,
short- and long-term habituation share a
common locus: the synapses made by
the sensory neurons on their central tar-
get cells. Moreover, both the short-term
and long-term memory involve aspects
of a common mechanism: homosynaptic
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the gill motor neuron L7. (B)
Summary of the first experiment
in which the ratio of the number
of detectable EPSP’s over the
total number of connections
sampled was determined in con-
trol animals (N = 10) and in
habituated animals 1 day
(N = 20), 8 to 10 days (N = 6),
and 24 to 32 days (N = 5) after
their last training session. Each
animal contributed one ratio,
and the graph indicates the
mean percentage (= standard
error) of detectable con-
nections.

80 |-

60 -

40

20 =

Mean percentage of detectable connections

0036-8075/78/1222-1306$00.50/0 Copyright © 1978 AAAS

Control

100 frmm o e e o s et e s Tt e o S IS T e S S

Habituated
1 day 8 to 10 day 24 to 32 day
retention retention retention

SCIENCE, VOL. 202, 22 DECEMBER 1978



Fig. 2. Summary of the second experiment in which a blind 20}
procedure was used. (A) Histogram of EPSP amplitudes
from control (52 cells from ten preparations) and experi-
mental animals (52 cells from ten preparations). All sampled
connections are included. Detectable EPSP’s include all po-
tentials above 50 uV. There was a clear trend toward non-
detectable connections in animals receiving long-term hab- 10+
ituation training. Histograms of EPSP amplitudes for con-
trol and experimental animals (1-day retention) from the ex-
periments shown in Fig. 1 were virtually identical. (B) 5+
Ratios of detectable EPSP’s over the total number of con-
nections sampled. The percentage of detectable con-
nections was significantly greater in control (N = 10) com-
pared to experimental (N = 10; P < .005) animals.

depression of excitatory synaptic trans-
mission.

After a single training session in which
10 to 15 tactile stimuli are applied to the
siphon skin, habituation is retained for
only a few minutes to a few hours (3).
But, if several (four or more) training
sessions are given at intervals of 1.5 or
24 hours, habituation is retained for days
or weeks (4).

A first attempt to analyze the mecha-
nism underlying long-term habituation
revealed that repeated electrical stimula-
tion of the siphon nerve, at rates that
produce long-term habituation in the in-
tact animal, could produce a profound
and long-lasting (at least 24 hours) de-
pression of the complex excitatory post-
synaptic potential (EPSP) in one major
motor neuron of the reflex, L7 (7). Since
the monosynaptic EPSP produced by a
single sensory neuron connecting with
the same motor neuron can also be dra-
matically depressed with repeated stimu-
lation (6), the same synapses might be
the locus of both long-term and short-
term habituation. We tested this hypoth-
esis by analyzing the synaptic con-
nection between the sensory neurons
and gill motor neuron L7 in control ani-
mals and in trained animals that exhib-
ited long-term memory of habituation.

We used 61 Aplysia californica, each
weighing 100 to 250 g. After a minimum
of 5 days of individual housing [see )],
the reflex responsiveness of the animals
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A Habituated

30

o
I

Control

EPSP frequency
)
1

B ~N=10 N =10
(52 cells) (52 cells)

» o ©
o o o
T T T

Mean percentage of
detectable connections
T

N
o
T

Habituated
1 day
retention

Control

W%memwmwl

5-
ol /.l,
0 1 2 3 4 5 6 7

EPSP amplitude (mV)

was assessed by delivering two tactile
stimuli (jets of seawater) to the siphon by
means of a Water Pik (3, 4). Unrespon-
sive animals were rejected (8); the scores
of the accepted animals were ranked and
animals were alternately assigned to con-
trol and experimental groups.

In the first experiment, intact animals
were given habituation training and the
sensory-to-motor connections were ex-
amined in isolated abdominal ganglia, ei-
ther 1 day (N = 20), 1 week (8 to 10
days; N = 6), or more than 3 weeks (24
to 32 days; N = 5) after training. During
a habituation training session, ten tactile
stimuli (interstimulus interval, 30 sec-
onds) were applied to the siphon skin
with a Water Pik; all animals received at
least 5 days of training (9). All 31 animals
showed significant habituation when
the score on the last day of training
was compared with the score on day 1
(0).

To maximize the difference between
experimental and control animals, we
initially used experimental animals that
exhibited pronounced long-term habit-
uation, and control animals if they
showed a brisk reflex response to siphon
stimulation 1 hour after dissection. Sub-
sequent experiments showed that this se-
lection procedure was unnecessary and
had no effect on the experimental re-
sults.

We measured the amplitude of the
monosynaptic EPSP’s between sensory

neurons and the gill motor neuron L7 in
controls and in the three groups of habit-
uated animals. In control animals, al-
most all of the connections sampled re-
vealed detectable (> 50 V) mono-
synaptic EPSP’s of short latency (less
than 10 msec), and constant shape (/7).
In contrast, trained animals displayed a
marked depression in the amplitude of
the EPSP, such that the occurrence of
detectable monosynaptic EPSP’s in mo-
tor neuron L7 was significantly reduced
(Fig. 1).

In view of the magnitude of this de-
pression, we analyzed our data using the
ratio of detectable EPSP’s to the total
number of sampled connections in each
animal (Fig. 1B). Three to ten con-
nections were sampled in a given experi-
ment and each animal contributed a
single ratio. In control animals (N = 10)
the mean percentage of detectable con-
nections was 89 * S percent (+ standard
error). By contrast, in habituated ani-
mals tested, 1 day and 8 to 10 days after
their last training, the incidence of de-
tectable connections was only 30 = 8
and 28 = 8 percent, respectively. From
24 to 32 days after training the effect
had diminished somewhat; 58 = 8 per-
cent of the cells showed detectable con-
nections. An analysis of variance showed
that there was a significant difference
in the percentage of detectable connec-
tions among the groups (F;s; = 10.7;
P < .01). Subsequent planned com-
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parisons showed that there was a signifi-
cantly greater percentage of detectable
connections in control animals compared
to the percentage of connections of ex-
perimental animals tested 24 hours after
training (P < .005), 8 to 10 days after
training (P < .005), and 24 to 32 days af-
ter training (P < .01).

To assure that the selection proce-
dures imposed in the first experiment did
not influence the outcome, we repeated
the first experiment by examining synap-
tic connections 24 hours after training,
using no selection criteria. All habituated
animals (N = 10) and all controls
(N = 10) were used and were matched in
terms of the length of time they were
kept in aquaria. In addition, to assure
that experimenter bias was not a factor,
we also used a blind procedure ({2). The
results of this experiment were essen-
tially identical to those of the first experi-
ment (Fig. 2B). The percentage of de-
tectable connections was significantly
greater in the control, 87 * 5 percent,
compared to experimental, 31 = 9 per-
cent, animals (P < .005).

In both experiments (Figs. 1B and 2B),
the major change was in the incidence of
detectable EPSP’s; there was no signifi-
cant difference in the amplitude of those
EPSP’s that were detectable. The rates
of depression of the detectable EPSP’s
from control and experimental animals
were also similar. However, in the histo-
gram of EPSP’s, the amplitudes of all
sampled connections, detectable and
nondetectable, there was a clear trend
toward nondetectable connections in an-
imals receiving long-term habituation
training (Fig. 2A). These data suggest
that, as habituation training is extended
from short- to long-term, the con-
nections of most sensory neurons are
progressively depressed until they finally
become undetectable. On the other
hand, the connections of a few neurons
are not significantly affected. We do not
know whether the residual connections
represent neurons whose connections
are resistant to long-term habituation
training or neurons whose receptive
fields are not activated by the tactile
stimuli used in our training procedure.

Our data indicate that the locus of
plasticity which underlies short-term
habituation of the gill-withdrawal reflex
is the same as that which underlies long-
term habituation: the monosynaptic con-
nection between the mechanoreceptor
neurons innervating the siphon skin and
their central target cells. There is a strik-
ing parallel between long-term depres-
sion of synaptic efficacy as indicated by
the incidence of detectable connections
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and long-term habituation of the reflex
response (/3).

These results also lead to two other
conclusions. (i) These findings provide
what we believe is the first evidence that
an instance of long-term memory can be
accounted for by long-term changes in
the effectiveness of previously existing
synaptic connections. (ii) In critical syn-
apses of pathways capable of being mod-
ified by learning, relatively few stimuli
are required to produce a rather pro-
found plastic change.

Short-term habituation is due to a pre-
synaptic mechanism: less transmitter is
released per impulse in the terminals of
the sensory cells (6). Our results do not
allow us to distinguish between a pre-
and postsynaptic mechanism for long-
term habituation, but the question can be
readily examined. If the change is also
presynaptic, it would be helpful to know
if the change in synaptic efficacy at the
sensory-to-motor synapse during long-
term habituation is accompanied by any
observable ultrastructural changes, such
as a change in the volume of the synaptic
terminals of the sensory neurons, in the
distribution of the synaptic vesicles in re-
lation to active release sites, or in the
number of active sites. Electron micro-
scopic and morphometric analysis of la-
beled sensory neuron terminals (/4)
could answer these questions.
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