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Abstract

When shown prawns in a glass tube, cuttlefish promptly learn to inhibit their predatory behavior and retain this ability for a long time. The

cellular and molecular mechanisms of this long-term memory (LTM) are not yet known. In this study, we analyzed the dependency of LTM

on de novo brain protein synthesis. Cycloheximide (CXM), a protein synthesis inhibitor, is injected intravenously immediately, 1 h, 3 h, 4 h

or 6 h after the training. Retention is tested 24 h posttraining. The injections of CXM revealed one period of memory sensitivity to

pharmacological intervention. CXM administered immediately or 6 h after training has no effect on LTM. Conversely, injections given

between 1 and 4 h posttraining resulted in amnesia. Taken together, findings of this study establish for the first time in Sepia officinalis that de

novo protein synthesis is an essential and time-dependent event for LTM formation of this form of associative learning.
D 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

Cephalopods show complex behavioral abilities imply-

ing the emergence of elaborate cognitive capacities that are

remarkable for an invertebrate. This agrees with the fact that

they possess a well-developed nervous system. Cephalo-

pods have the largest brains of all invertebrates and their

behavior is comparable in many respects with that of the

lower vertebrates (Packard, 1972). For many years, studies

have been carried out on instrumental learning and memory

abilities in Octopus vulgaris (Boal et al., 2000; Fiorito and

Scotto, 1992; Moriyama and Gunji, 1997; for review, see

Sanders, 1975) and Sepia officinalis (Agin et al., 1998;

Chichery and Chichery, 1992; Dickel et al., 1997, 1998,

2000, 2001; Messenger, 1971, 1973, 1977). Surprisingly,

cellular and molecular studies of behavioral plasticity are

scarce in cephalopods (Agin et al., 2001; Fiorito et al.,

1998).
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During the last decades, a number of studies have

revealed that long-term memory (LTM) formation requires

a de novo brain protein synthesis. Indeed, pharmacological

experiments have shown that administration of inhibitors of

protein synthesis around the time of training impairs LTM.

This technique was successfully used for a variety of tasks

in vertebrates and more recently in invertebrates (for review,

see Davis and Squire, 1984; Stork and Welzl, 1999). In

contrast, short-term memory is based on transient changes in

synaptic morphology (for review, see Stork and Welzl,

1999).

Cuttlefish, which capture prawns by a rapid strike with

the paired tentacles, can learn not to strike at prawns visible

behind glass over a 20 min period. They will not strike

when the prawns are presented again a few minutes after-

wards, and they show no recovery of the predatory response

24 h later. This learning appears to be associative: the

striking of the tentacles against the glass is supposed to be

painful. Furthermore, it was clearly demonstrated that the

rate of waning can be influenced by changes in the level, or

type, of reinforcement and that the decrease in number of

strikes is not the result of motor fatigue or a temporary

incapacity to make a tentacular ejection (Messenger, 1973).

When using this training procedure, with various retention
ed.



Fig. 2. Feeding motivation. The figure shows the number of tentacle strikes

during the first 3 min of the training phase. Saline or CXM was injected

either immediately (Experiment 1), 1 h (Experiment 2), 3 h (Experiment 3),
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times (between 2 min and 2 days), a biphasic retention curve

was obtained. Messenger (1971, 1973) has considered this

curve as a product of two memory stores as in other animals:

a labile short-term memory lasting minutes and a LTM

lasting at least 2 days.

In the current study, we investigated the role of protein

synthesis in long-term retention of training experience in

the cuttlefish (S. officinalis). We used cycloheximide

(CXM) that inhibits translation of mRNA (initiation, trans-

location and steps of elongation processes) (Gale et al.,

1981).

4 h (Experiment 4) or 6 h (Experiment 5) after training. Vertical bars

indicate S.E.M.
2. Materials and methods

The life cycle of the cuttlefish in the English Channel is

characterized by a succession of relatively homogeneous

population cohorts (Chichery and Chichery, 1992). The

adults aged between 21 and 22 months migrate towards

coastal waters from the beginning of April to the beginning

of May for reproduction. These animals then have a very

rapid phase of senescence, which leads to their death at the

end of June or the beginning of July. The maximum peak of

egg laying is in May and the maximum peak of hatching is

at the end of July or the beginning of August. The young

cuttlefish then grow quickly and leave the cold coastal

waters at the end of October. On the following spring (at

the end of May or the beginning of June), these cuttlefish

return to the coastal waters and undergo a new phase of

extremely rapid growth. Then, the animals once again leave

the coastal waters before the winter. At this stage, they

average 16 months in age. Thus, according to the size of the

animal and the date of its capture, an age can easily be

assigned to it. Because of practical difficulties of transporta-

tion and housing, cuttlefish used in this study came from

five batches. Animals (body weight between 700 and 1200

g) of both sexes were collected by a trawler several miles off

Ouistreham (France) coast in August –October 2001

(� 12–14 months old) for the first three experiments and
  
 

Fig. 1. Schematic representation of the experimental procedure. The figure

shows the training phase (20 min duration), the resting interval (24 h

duration) and the testing phase (3 min duration). Arrows indicate

administration of either saline or CXM immediately (E1), 1 h (E2), 3 h

(E3), 4 h (E4) or 6 h (E5) after training. (A and B) First and last 3 min of the

training phase, respectively. (C) Three minutes of the testing phase.
in August–September 2002 (� 12–13 months old) for the

last two experiments. They were, thereafter, housed in

individual tanks with circulating seawater at 15 �C. They
were daily fed ad libitum with live shrimps. Animals

showing external scars or not eating regularly were dis-

carded. After acclimatization (3 days), animals from each

batch were randomly assigned to two treatment groups:

saline (CONTROL) and CXM (Sigma, St. Louis, USA).

Each tested animal was naive at the outset and was used

only once.

Cuttlefish were injected, for CXM groups, with 10 mg/

kg body weight of CXM dissolved in physiological saline

(10 mg/ml) or, for CONTROL groups, with an equivalent

volume of physiological saline. This dose of CXM pro-

duced no incidence of obviously abnormal behavior up to

1 week following injection. Conversely, higher doses were

left out because of their lethal or toxic effects. For

instance, injections between 13 and 15 mg/kg caused a

positive buoyancy, which impaired the animal’s behavior

(prey catching, body patterns and general motor activity).

The injections were made through the side of the neck.

Earlier experiments indeed have shown that the substances

administered into this area with dense vasculature diffuse

rapidly into the blood circulation (Chichery and Chanelet,

1972).

A schematic view of the experimental procedure is

given in Fig. 1. A transparent glass tube filled with

seawater and containing five shrimps was placed in the

experimental tank. The glass tube was introduced into the

tank 12 h prior to the start of the experiment, during which

time the prey were concealed behind an opaque plastic

cylinder placed around the tube. The glass tube containing

the prey was opened to the view of the cuttlefish for a

single session of 20 min (training phase). During this time,

the number of strikes that a cuttlefish exhibited was

counted. The exact time at which training was considered

to have commenced was the moment of the first tentacle

strike on the glass. Cuttlefish that did not make any

attempt to capture a shrimp within the first minute were

eliminated. To insure that feeding motivation was high, we

only considered animals that made six or more capture

attempts during the first 3 min of the training phase. At the



 

 

Fig. 3. Acquisition and retention curves. The figure shows the number of tentacle strikes during training and testing phases. Saline or CXM was injected either

immediately (Experiment 1), 1 h (Experiment 2), 3 h (Experiment 3), 4 h (Experiment 4) or 6 h (Experiment 5) after training. (A and B) First and last 3 min of

the training phase, respectively. (C) Three minutes of the testing phase. *Indicates significant difference between (B) and (A) or between (C) and (A) for

CONTROL animals (Wilcoxon test for matched paired data; **P<.001, *P<.005). #Indicates significant difference between (B) and (A) or between (C) and (A)

for CXM animals (Wilcoxon test for matched paired data; ##P<.001, #P<.005). Indicates significant difference between CONTROL and CXM groups

(Mann–Whitney U Test; P<.001, P<.05). Vertical bars indicate S.E.M.
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end of the training phase, the opaque cylinder was again

placed around the glass tube (in 3–4 s) and left for 24 h,

during which time the cuttlefish were not fed. The injec-

tions of saline or CXM were made immediately [Experi-

ment 1: n = 25 (25)], 1 h [Experiment 2: n = 20 (23)], 3 h

[Experiment 3: n = 16 (17)], 4 h [Experiment 4: n = 18

(18)] or 6 h (Experiment 5: n = 14 (15)] after training. At

the end of the resting interval (24 h), the opaque cylinder

was removed again and the number of strikes during a

single 3 min session (testing phase) was counted to

determine the level of memory recall of the animals for

the inhibition of their predatory behavior. The injections

and the testing phase were conducted using blind proced-

ure.

To evaluate the feeding motivation between groups, the

number of tentacle strikes observed during the first 3 min of

the training phase was counted (Fig. 1A). The statistical

significance of differences between CONTROL and CXM

groups was evaluated using multiple comparisons based on

Mann–Whitney U Tests (Siegel and Castellan, 1988).

To evaluate the acquisition performances within groups,

the number of tentacle strikes observed during training

phase was compared with the number observed during the

last 3 min of the training phase (Fig. 1B). To evaluate 24 h

retention performances within groups, the number of tent-

acle strikes observed during training phase was compared

with the number observed during the 3 min of the testing

phase (Fig. 1C). The statistical significance of differences

between the two time periods was evaluated using a

Wilcoxon Signed Ranks Test for matched samples (Siegel

and Castellan, 1988).

To compare acquisition and retention performances

between groups, the number of tentacle strikes during

acquisition (Fig. 1B) or retention (Fig. 1B) was compared

between CONTROL and CXM groups. The statistical

significance of differences between the two groups was

evaluated using multiple comparisons based on Mann–

Whitney U Tests (Siegel and Castellan, 1988).
3. Results

In order to verify the possible effects of the individual

experience of animals collected directly in the sea and aged

between 12 and 14 months, the feeding motivation levels

and acquisition performances were first evaluated.

Cuttlefish from all five experiments showed a high

number of capture attempts during the first 3 min of the

training phase and no statistical difference resulted between

CONTROL and CXM-injected groups (Experiment 1:

U = 313, P>.05; Experiment 2: U = 228.5, P>.05; Experi-

ment 3: U = 115.5, P>.05; Experiment 4: U = 123.5, P>.05;

Experiment 5: U = 78.5, P>.05; Fig. 2). This means that the

motivational state in groups is homogeneous.

CONTROL and CXM-injected cuttlefish from all five

experiments made significantly less tentacle strikes during
the last 3 min of the training phase when compared to their

initial scores (Experiment 1: CONTROL Z =� 4.376,

P>.001, CXM Z =� 4.377, P>.001; Experiment 2: CON-

TROL Z =� 3.924, P>.001, CXM Z =� 4.203, P>.001;

Experiment 3: CONTROL Z =� 3.519, P>.001, CXM

Z =� 3.623, P>.001; Experiment 4: CONTROL Z =� 3.73,

P>.005, CXM Z =� 3.725, P>.001; Experiment 5: CON-

TROL Z =� 3.303, P>.005, CXM Z =� 3.417, P>.005; Fig.

3). Thus, the waning of the strikes during the training clearly

shows that the animals inhibit their predatory behavior

towards the shrimps enclosed in the glass tube. Moreover,

acquisition did not differ significantly between CONTROL

and CXM-injected groups (Experiment 1: U = 323.5, P>.05;

Experiment 2: U = 255, P>.05; Experiment 3: U = 120.5,

P>.05; Experiment 4: U = 153, P>.05; Experiment 5:

U = 78.5, P>.05; Fig. 3). Taken together, these results argue

against spurious differences in group composition and allow

us to study the retention performances.

In Experiments 1 and 5, CONTROL and CXM groups

made significantly less tentacle strikes during the reten-

tion test when compared to their initial scores (Experi-

ment 1: CONTROL Z =� 4.376, P>.001, CXM Z =� 4.307,

P>.001; Experiment 5: CONTROL Z =� 2.991, P>.005,

CXM Z =� 3.070, P>.005; Fig. 3). These results show a

good retention of the learning task at 24 h. Moreover,

retention did not differ significantly between CONTROL

and CXM-injected groups (Experiment 1: U = 217.5, P>.05;

Experiment 5: U = 82.5, P>.05; Fig. 3). Thus, applied imme-

diately or 6 h after conditioning, CXM does not impair long-

term retention.

In the other three experiments (Experiments 2–4),

retention at 24 h was significant for all cuttlefish (Experi-

ment 2: CONTROL Z =� 3.924, P>.001, CXM Z =� 4.08,

P>.001; Experiment 3: CONTROL Z =� 3.518, P>.001,

CXM Z =� 3.437, P>.005; Experiment 4: CONTROL

Z =� 3.726, P>.001, CXM Z =� 3.578, P>.001; Fig. 3).

However, retention was significantly better for CONTROL

group than for CXM-injected group (Experiment 2: U = 129,

P>.05; Experiment 3: U = 73.5, P>.05; Experiment 4:

U = 61.5, P>.001; Fig. 3). Thus, applied 1, 3 or 4 h after

conditioning, CXM impairs long-term retention.
4. Discussion

Cuttlefish given an injection of CXM 1, 3 or 4 h

(Experiments 2–4) after a single training phase (which

normally leads to a significant LTM) showed impaired

long-term retention performances compared to CONTROL

animals when tested 24 h later. This deficit cannot be

explained in terms other than drug-induced amnesia because

no sign of discomfort (such as increase/decrease of motor

activity level or physiological abnormalities) was recogniz-

able in treated animals (e.g., Flood et al., 1973); in other

words, they were indistinguishable from controls. There-

fore, the deficit cannot be due to sickness induced by the
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inhibitor. Furthermore, no significant difference in acquisi-

tion and feeding motivation levels could be found between

CONTROL and CXM-injected groups. Gale et al. (1981)

reported that CXM inhibits translation of mRNA (initiation,

translocation and steps of elongation processes). This study

establishes for the first time in S. officinalis that de novo

protein synthesis between 1 and 4 h posttraining is an

essential event for LTM formation of this form of associat-

ive learning. Our results are consistent with earlier research

in various species in which it has been shown that LTM

formation requires the production of new gene products that

are normally expressed in a time-dependent manner after

training (Grecksch and Matthies, 1980; Hermitte et al.,

1999; Rose, 1995; Tiunova et al., 1998a,b; Wüstenberg et

al., 1998).

Treated cuttlefish in Experiments 2–4 showed that CXM

did not completely abolish the conditioned passive avoid-

ance. This may be due to some memory consolidation

occurring despite protein synthesis inhibition as has been

suggested by Rosenblum et al. (1993) in rats or more likely

to a moderate degree of cerebral protein synthesis inhibition.

Indeed, we chose to inject a weak dose of CXM to avoid

any toxic and side effects of the drug. Therefore, the

intensity and duration of protein synthesis inhibition was

likely insufficient for a complete blockage of LTM in our

experimental conditions.

We show that CXM injected immediately after training

was not able to disrupt a memory trace after 24 h. This result

might be related to immediate early genes (IEG) (Guzowski,

2002). In fact, there are numerous reports indicating that the

IEG is the first group of genes to be expressed following a

synaptic activation. IEG is operationally defined as those

RNA expressed in the presence of protein synthesis inhib-

itors and therefore do not require de novo protein synthesis

for expression. Their induction is rapid, transient and

protein synthesis independent (Anokhin et al., 1991;

Cochran et al., 1984; Greenberg et al., 1986; Guzowski et

al., 1999, 2000, 2001; Herdegen and Leah, 1998). Such an

early expression of IEG can be easily considered given the

duration of the training phase used in our study (20 min) and

the high level of inhibition of the predatory behavior

acquired by cuttlefish as early as 10 min after the training

phase. Thus, after this initial protein synthesis-independent

step of memory consolidation, the protein products of the

IEG would act as transcriptional regulators by mediating the

downstream expression of ‘‘late’’ genes sensitive to protein

synthesis inhibitors and involved in long-term and stable

changes occurring in neurons in response to learning

(Guzowski, 2002; Sheng and Greenberg, 1990). When

CXM is injected immediately after training, it is possible

that the effective concentration of the drug becomes insuf-

ficient to disrupt this later protein synthesis-dependent step

of memory consolidation.

Experiments performed in rats and chicks suggested the

existence of two or three waves of protein synthesis during

memory consolidation (Grecksch and Matthies, 1980; Rose,
1995; Tiunova et al., 1998a,b). In our study, injections of

CXM between 1 and 4 h posttraining resulted in amnesia for

the task, but injection at 6 h after training did not. This delay

could represent the end of a time window of susceptibility to

interference with protein production. It remains to determine

whether other waves of protein synthesis after 6 h could be

crucial in this passive avoidance task for LTM formation in

cuttlefish.

In cephalopods, two important structures seem to be

involved in learning and memory: the vertical lobe complex

and the optic lobes (for review, see Sanders, 1975). We

provided metabolic evidence in cuttlefish for the involve-

ment of the superior frontal lobe (a structure of the vertical

lobe complex) in these processes (Agin et al., 2001).

Injections made directly into these regions at different times

could give us more information in terms of specific location

of LTM processes in this learning task. Such experiments

have been done in mammals and have shown (e.g., for

avoidance learning) that the amygdala is one of the primary

sites of memory blocking effects of CXM (Bailey et al.,

1999; Berman et al., 1978; Kesner et al., 1981).

In conclusion, the findings of this study establish for the

first time in S. officinalis that de novo protein synthesis is an

essential and time-dependent event for LTM of this form of

associative learning. This process appears to be highly

conserved in the course of evolution throughout the animal

kingdom. We are now performing differential display poly-

merase chain reaction (PCR) as originally described by

Liang and Pardee (1992) in order to determine the nature

of proteins involved in the establishment of LTM in Sepia.
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Secours des Amis des Sciences.’’ We are grateful to Mrs.

Chantal Marais for her technical assistance and to Dr. Sigurd

von Boletzky for helping to correct the English translation.
References

Agin V, Dickel L, Chichery R, Chichery MP. Evidence for a specific

short-term memory in the cuttlefish, Sepia. Behav Processes 1998;

43:329–34.

Agin V, Chichery R, Chichery MP. Effects of learning on cytochrome

oxidase activity in cuttlefish brain. NeuroReport 2001;12:113–6.

Anokhin KV, Mileusnic R, Shamakina IY, Rose SPR. Effects of early

experience on c-fos gene expression in the chick forebrain. Brain Res

1991;554:101–7.

Bailey DJ, Kim JJ, Sun W, Thompson RF, Helmstetter FJ. Acquisition of

fear conditioning in rats requires the synthesis of mRNA in the amyg-

dala. Behav Neurosci 1999;113:276–82.

Berman RF, Kesner RP, Partlow LM. Passive avoidance impairment in rats

following cycloheximide injection into amygdala. Brain Res 1978;158:

177–88.

Boal JG, Dunham AW, Williams KT, Hanlon RT. Experimental evidence

for spatial learning on octopuses. J Comp Psychol 2000;114:246–52.



V. Agin et al. / Pharmacology, Biochemistry and Behavior 75 (2003) 141–146146
Chichery R, Chanelet J. Action de l’acétylcholine et de diverses substances

curarisantes sur le système nerveux de la seiche. C R Soc Biol Paris

1972;166:273–6.

Chichery MP, Chichery R. Learning performances and aging in cuttlefish

(Sepia officinalis). Exp Gerontol 1992;27:233–9.

Cochran BH, Zullo J, Verma IM, Stiles CD. Expression of the c-fos gene

and of a fos-related gene is stimulated by platelet-derived growth factor.

Science 1984;226:1080–2.

Davis HP, Squire LR. Protein synthesis and memory: a review. Psychol Bull

1984;96:518–59.

Dickel L, Chichery MP, Chichery R. Postembryonic maturation of the ver-

tical lobe complex and early development of predatory behavior in the

cuttlefish (Sepia officinalis). Neurobiol Learn Mem 1997;67:150–60.

Dickel L, Chichery MP, Chichery R. Time differences in the emergence of

short- and long-term memory during post-embryonic development in

the cuttlefish, Sepia. Behav Processes 1998;44:81–6.

Dickel L, Boal JG, Budelmann BU. The effect of early experience on

learning and memory in cuttlefish. Dev Psychobiol 2000;36:101–10.

Dickel L, Chichery MP, Chichery R. Increase of learning abilities and

maturation of the vertical lobe complex during postembryonic develop-

ment in the cuttlefish, Sepia. Dev Psychobiol 2001;39:92–8.

Fiorito G, Scotto P. Observational learning in Octopus vulgaris. Science

1992;256:545–6.

Fiorito G, Agnisola C, d’Addio M, Valanzano A, Calamandrei G. Scopol-

amine impairs memory recall in Octopus vulgaris. Neurosci Lett 1998;

253:87–90.

Flood JF, Rosenzweig MR, Bennett EL, Orme AE. The influence of dura-

tion of protein synthesis inhibition on memory. Physiol Behav 1973;

10:555–62.

Gale EF, Cundliffe E, Reynolds PE, Richmond MH, Waring MJ. The

molecular basis of antibiotic action. 2nd ed. London: Wiley; 1981.

Grecksch G, Matthies H. Two sensitive periods for the amnesic effect of

anisomycin. Pharmacol Biochem Behav 1980;12:663–5.

Greenberg ME, Ziff EB, Greene LA. Stimulation of neuronal acetylcholine

receptors induces rapid gene transcription. Science 1986;234:80–3.

Guzowski JF. Insights into immediate-early gene function in hippocampal

memory consolidation using antisense oligonucleotide and fluorescent

imaging approaches. Hippocampus 2002;12:86–104.

Guzowski JF, McNaughton BL, Barnes CA, Worley PF. Environment-spe-

cific induction of the immediate-early gene Arc in hippocampal neuro-

nal ensembles. Nat Neurosci 1999;2:1120–4.

Guzowski JF, Lyford GL, Stevenson GD, Houston FP, McGaugh JL,

Worley PF, et al. Inhibition of activity-dependent Arc protein expres-

sion in the rat hippocampus impairs the maintenance of long-term

potentiation and consolidation of long-term memory. J Neurosci

2000;20:3993–4001.

Guzowski JF, Setlow B, Wagner EK, McGaugh JL. Experience-dependent
gene expression in the rat hippocampus after spatial learning: a compar-

ison of the immediate-early genes Arc, c-fos, and zif268. J Neurosci

2001;21:5089–98.

Herdegen T, Leah JD. Inducible and constitutive transcription factors in the

mammalian nervous system: control of gene expression by Jun, Fos and

Krox, and CREB/ATF proteins. Brain Res Rev 1998;28:370–490.

Hermitte G, Pedreira ME, Tomsic D, Maldonado H. Context shift and

protein synthesis inhibition disrupt long-term habituation after spaced,

but not massed, training in the crab Chasmagnathus. Neurobiol Learn

Mem 1999;71:34–49.

Kesner RP, Partlow LM, Bush LG, Berman RF. A quantitative regional

analysis of protein synthesis inhibition in the rat brain following local-

ized injection of cycloheximide. Brain Res 1981;209:159–76.

Liang P, Pardee AB. Differential display of eukaryotic messenger RNA by

means of the polymerase chain reaction. Science 1992;257:967–71.

Messenger JB. Two stage recovery of a response in Sepia. Nature 1971;

232:202–3.

Messenger JB. Learning in the cuttlefish, Sepia. Anim Behav 1973;21:

801–26.

Messenger JB. Prey-capture and learning in the cuttlefish, Sepia. Symp

Zool Soc Lond 1977;38:347–76.

Moriyama T, Gunji YP. Autonomous learning in maze solution by Octopus.

Ethology 1997;103:499–513.

Packard A. Cephalopods and fish: the limits of convergence. Biol Rev

1972;47:241–307.

Rose SP. Cell-adhesion molecules, glucocorticoids and long-term-memory

formation. Trends Neurosci 1995;18:502–6.

Rosenblum K, Meiri N, Dudai Y. Taste memory: the role of protein syn-

thesis in gustatory cortex. Behav Neural Biol 1993;59:49–56.

Sanders FK. The cephalopods. In: Corning WC, Dyal JA, Willows AOD,

editors. Invertebrate learning. Volume III. New York: Plenum Press;

1975. p. 1–101.

Sheng M, Greenberg ME. The regulation and function of c-fos and other

immediate early genes in the nervous system. Neuron 1990;4:477–85.

Siegel S, Castellan NJ. Nonparametric statistics for the behavioral sciences.

2nd ed. New York: McGraw-Hill; 1988.

Stork O, Welzl H. Memory formation and the regulation of gene expres-

sion. Cell Mol Life Sci 1999;55:575–92.

Tiunova A, Anokhin KV, Rose SP. Two critical periods of protein and

glycoprotein synthesis in memory consolidation for visual categoriza-

tion learning in chicks. Learn Mem 1998a;4:401–10.

Tiunova A, Anokhin KV, Schachner M, Rose SP. Three time windows for

amnestic effect of antibodies to cell adhesion molecule L1 in chicks.

NeuroReport 1998b;9:1645–8.
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