
For Dudai's lecture ("Remembering"), please read the enclosed Review chapter + the 
following entries from the book "Memory from A to Z" (Dudai 2004) – all of them on 
the following pages: 
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Acquisition 

and in certain cases an obligatory role of ACh, acting 

either via muscarinic or via nicotinic receptors, in a 

variety of learning situations and of neuronal *plastic

ity mechanisms that *model attention and learning 

(Auerbach and Segal 1996; Gray etal. 1996; Picciotto et 

al. 1998; Berman et at. 2000; Mansvelder and McGehee 

2000; Nail-Boucherie et at. 2000; Rasmusson 2000; 

Shulz et at. 2000). For example, in many preparations, 

ACh enhances transmitter release, and in some it sup

ports *long-term potentiation. Stimulation of the basal 

forebrain cholinergic input was shown to enable the 

reorganization (*plasticity) of cortical sensory *maps, 

and hence possibly *internal representations, in 

response to modality-specific input (Bjordahl et al. 

1998; Kilgard and Merzenich 1998); a caveat is, how

ever, appropriate regarding such an approach, because, 

as noted above, the basal forebrain is also a source of 

noncholinergic innervation to the cortex. Another 

report that made it to the headlines was that transplan

tation into the brain of cells engineered to release ACh 

alleviates cognitive deficits in rats with a cholinergically 

denervated cortex (Winkler etat.1995). 

A good deal of support for the role of the cholinergic 

system in cognition stems from human pharmacology. 

Drugs that increase the availability of ACh, mostly 

inhibitors of acetylcholinesterase, have beneficial effects 

on cognitive function at the early stages of dementia. 

Furthermore, to the understandable dismay of non

smokers, nicotine appears to be moderately beneficial to 

attent"ion and memory (Di Carlo et at. 2000). It thus 

appears that cholinergic drugs establish themselves as cog

nitive boosters (*nootropics) before the exact and task

specific roles of ACh in cognition and memory are fully 

understood. This, of course, is not unique to the choliner

gic drugs; if understanding the mechanism of action was a 

*criterion for the introduction of a drug, many of our 

most effkient medications would not be in use. 

1. The initial *phase in the formation of a 

*memory trace. 

2. The process by which new information is 

converted into a memory trace. 

Acetylcholine 
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learning and memory. As is the case with other neuro

transmitters and neuromodulators, the physiological 

roles of ACh in brain should be judged not only by its 

independent activation of specific cellular receptors and 

their downstream intracellular signal transduction cas

cades, but also by its contribution to the activation and 

cross-talk of webs of signalling cascades induced by 

coactive sets of neurotransmitters and neuromodulators 

(*coincidence detector, *context). Similarly, at the cir

cuit *level, the function of the cholinergic system must 

be assessed in the context of the concerted activity of 

multiple neurotransmission and neuromodulatory path

ways on the target circuit (Decker and McGaugh 1991). 

ACh was portrayed as a cellular code for saliency (*sur

prise), *attention, *state dependency, and even as a direct 

'storage signal' that instructs the appropriate circuits to 

encode novel information as lasting *internal representa

tions (Mishkin and Murray 1994; Naor and Dudai 1996; 

Everitt and Robbins 1997; Wenk 1997; Shulz et at. 2000). 

All the above functions could actually be different mani

festations of similar cellular and circuit mechanisms, with 

the specific role of the cholinergic function in a given 

cognitive and behavioural situation being dependent 

upon the task, the context, and the identity of the brain 

areas involved. At the *algorithmic level, brain ACh, 

similarly to other neuromodulators such as *noradrena

line, was proposed to enhance the signal-to-noise ratio in 

the target circuit (Barkai and Hasselmo 1997). 

In recent years, the function of ACh in the mam

malian brain has been scrutinized by a variety of novel 

*methodologies, techniques, and preparations. Not all 

the data so obtained fit smoothly into the hypothesis 

that ACh is indeed obligatory for learning, certainly not 

in all types of learning, but the overall picture favours 

the idea that it does play an important part in many 

learning situations. A somewhat surprising finding 

was reported by several laboratories following the 

introduction of a powerful experimental tool, the 

chimera-immunotoxin I92IgG-saporin. This toxin is 

a synthetic chimera between the toxin saporin, that 

kills cells, and an antibody to a subtype of a receptor 

for nerve growth factor that resides on most types 

of cholinergic neurons in the basal forebrain. The 

compound guides itself to these cholinergic neurons 

and destro)'s them selectively, while leaving other neu

rons, the majority of which are noncholinergic, intact. 

In disparity with the effect of less selective lesions of 

basal forebrain cholinergic nuclei, in several prepara

tions, the guided toxin had onl)' a small effect if at all on 

memory (e.g. Baxter et al. 1995; but see, for example, 

Power et aI. 2002). In contrast, a variety of other new 

experimental manipulations did support a correlative 
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3. The change in *performance during training 
that is taken to represent the progression of 
*Iearning. 

Memories are like people-they are born, live, and 

die. Acquisition is their moment of birth. The other 
major phases in the Life history of a memory are 

"consolidation (if it is ever to become a long

term memory), storage, "retrieval, and extinction 

("experimental extinction, "forgetting). Depending on 

the context of discussion, 'acquisition' implies a tempo

ral phase (definition 1, e.g. Stillings et at. 1987); or a 

process that takes place during this phase (definition 2, 

e.g. Tulving 1983); or a change in "performance that 

reflects this process (definition 3, e.g. "behaviourism). 

This change in performance is quantified by an 

'acquisition curve' or 'learning curve', in which 

performance is plotted against the amount of practice 

(e.g. Skinner 1938; e.g. Figure 41, p. 144). Commonly, 

the "subject is said to have completed the acquisition 

of the task if its performance has reached a preset 

"criterion, such as time to reach the goal in a "maze or 

a certain probability of success on a discrimination 

problem (e.g. "delay task). The process of acquisition 

was termed 'engraphy' by Semon (1904), meaning the 

engraving of an "engram, but 'engraphy' has never 

caught on. 'Acquisition' is sometimes used as a synonym 

for '''learning', but the latter term has a broader mean

ing and usage. 

Acquisition is composed of subprocesses. The first is 

'encoding', which in general refers the conversion of a 

message from one language, or code, to another. 

'Encoding' is frequently used in the learning literature 

as a synonym for 'acquisition', but this is unsatisfactory, 

because there is more to 'acquisition' than 'encoding'. 

In neuronal encoding, information is transformed into 

the neuronal codes used in computation and represen

tation (Churchland and Sejnowski 1992). This infor

mation arrives from either the external or the internal 

\vorld. In the first case, the electromagnetic, mechani

cal, or chemical information is converted via the sense 

organs into neuronal activity. In the second case, 

information from the body itself is conveyed by special

ized neuronal circuits, or via body fluids in the form of 

chemical messages (hormones) that evoke neuronal 

activity. No information can be handled by the central 

nervous system without first being encoded into the 

appropriate neuronal code. Encoding is thus involved 

in brain activities that do not necessarily culminate in 

the acquisition of a memory, such a on-line processing 

of information ("attention, "percept), or control of 

ongoing physiological routines. For a memory to be 

Acquisition 

born, an additional process, of initial 'registration' 

(,recording'), is also needed. This permits the "internal 

representations of transient "stimuli, once formed, 

to become or induce an engram. From what we know 

from physiology and psychophysics, the decay time 

of transient representations is in the subsecond 
range (Dudai 1997b, see also 'encoding time' in Ganz 
1975; "cell assembly, "percept, "phase). The registration 

mechanisms hence differentiate transitory from lasting 

internal representations, where 'lasting' is anything 

that is significantly longer than the aforementioned 

decay time. 

How much time does acquisition require? This 

depends on the learning "paradigm and protocol. 

It is convenient to distinguish 'instant' from incre

mental ('repetitive', 'rote') acquisition. Instant acquisi

tion refers to single-trial learning. This takes place 

in certain situations of intense aversive conditioning 

("conditioned taste aversion, "fear conditioning); in 

some types of "imprinting; in the formation of "flash

bulb memories; and probably in some other situations, 

in which acquisition curves have a step-function shape 

(e.g. "insight). In contrast, incremental acquisition 

refers to situations in which information accumu

lates over multiple experiences to construct the 

memory (Pavlov 1927; Skinner 1938; Hebb 1949; Dudai 

1989). Gradual acquisition of "habits and "skills is 

such a case. The repetitive practice is expected to 

involve gradual modification of internal represen

tations over hours, days, even months. But does 

incremental acquisition involve accumulative modi

fications that are restricted to the original representa

tion formed at the beginning of training? This 

assumption might be naive. Internal representations 

are expected to form dynamic distributed networks 

("cell assembly). Therefore, a more realistic view is 

that recurrent discrete events of acquisition and con

solidation, that stem from each accumulative experi

ence, alter existing internal representations that encode 

the information in question, but at the same time 

generate new representations and link them to the old 

ones ("palimpsest). 

Ample data, supported by learning theory, indicate 

that whatever happens in acquisition, in terms of 

perceptual "cues and cognitive processes, deter

mines not only the lifespan of the resulting memory, 

whether short or long (Craik and Lockhart 1972; 

Baddeley 1997), but also how efficiently will this 

memory be "retrieved in due time. Two influential 

concepts that reflect this notion will be mentioned here. 

One is the 'encoding-specificity principle' (Tulving 

1983). It states that memory performance is best when 
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Acquisition 

the cues present at retrieval match those present in 

acquisition. The other is termed "transfer-appropriate 

processing' (Morris et al. 1977). It states that memory 

performance is best when the cognitive processes invoked 

at retrieval (say, semantic as opposed to phonetic pro

cessing in verbal tasks) match those used in acquisition. 
Multiple approaches are used to investigate the 

neurobiology of acquisition. Cellular physiology, 

neuropharmacology, neurochemistry, and molecular 
biology are all applied to dissect the molecular and 
cellular mechanisms involved. Candidate 'cellular acqui

sition devices' are 'ion channels and membrane 'recep

tors on synaptic terminals that receive the teaching 

input, itself encoded in ion currents and 'neurotrans

mitters ('Aplysia, 'long-term potentiation). A substan
tial amount of information is also available on the 

processes downstream from the synaptic membrane, 
that involve activation of 'intracellular signal transduc
tion cascades, and couple acquisition to consolidation. 

We even seem to start to understand in molecular terms 

why is it that in many learning situations, distributed 

training with intercalated intervals between repetitive 

acquisition trials, is more efficient than massed, contin
uous training, in which acquisition mechanisms are 

expected to function nonstop ('spaced training). 

Brain areas and neuronal circuits that subserve 
acquisition have been identified in 'habituation, 'sensi

tization, 'classical, and 'instrumental conditioning in a 

variety of 'simple or less-simple 'systems (e.g. 'Aplysia, 
'classical conditioning, 'conditioned taste aversion, 

'Drosophila, 'fear conditioning, 'honeybee). In recent 

years, 'functional neuroimaging has made a remark

able contribution to the identification of brain systems 
that subserve acquisition in the human brain (e.g. 

Nyberg et al. 1996; Fletcher et al. 1997; Tulving and 

Markowitsch 1997; Buckner and Koutstaal 1998; 

Epstein et al. 1999; Fernandez et al. 1999). The circuits 

that acquire information about a memory vary with the 
type of memory, but a few general conclusions emerge 
from the studies so far: (a) acquisition of 'declarative 

memories engages widely distributed areas, which 
include modality specific 'cortex, and in addition 

supramodal areas, particularly in the mediotemporal 

lobe ('hippocampus, 'limbic system); (b) these areas 
partially overlap brain areas that later retrieve the 

learned information; and (c) in some studies it was 

possible to show a correlation between the activation 

of an identified brain region during the training 

experience and the subsequent ability to remember this 
experience. For example, the ability to remember verbal 

information could be predicted by the magnitude of 

activation in the left prefrontal and temporal cortex 

during the training (Wagner et al. 1998b). It is not yet 

known, however, which of the activated areas is indis

pensable for acquisition ('criterion), which area is 

causally related to the strength of the engram, and what 

are the specific roles of each of the areas in the encoding 

and registration of information in the first milliseconds 

and seconds after engraphy has been triggered. 

Selected associations: Consolidation, Experimental 
extinction, Retrieval, Transfer 

Algorithm 
A procedure for solving a problem or achieving a 
goal in a finite number of steps. 

'Begin at the beginning', said the King of Hearts, 'and 

go on till you come to the end: then stop'. He thus 

provided White Rabbit with an algorithm (Carroll 

1865). The term 'algorithm' is derived from Latiniza

tion of the name of one of the most creative mathe
matician in medieval Islam, AI-Kwarizmi (780-c. 850; 

Boyer 1989; Colish 1997). In modern times algorith

mics is a field fundamental to the science of computing 

(Harel 1987). In the neurosciences algorithms are 

encountered in multiple contexts (Marr 1982; 

Hinton 1989; Churchland and Sejnowski 1992). One 

of these is in 'models of biological learning. It is note

worthy that in discussion of such models the terms 
'law', 'rule', and 'algorithm' are sometimes intermixed. 
It is therefore useful to distinguish among them. A'law' 

is a scientifically proven formal statement with theo

retical underpinning that describes a quantitative 

relationship between entities. Strictly speaking, there 

aren't yet bona fide 'laws' specific to the discipline of 
biological memory. It is sensible, therefore, not to 

misuse the terrn. 'Rule' describes a standard procedure 

for solving a class of problems. It is hence close to 
'algorithm'. However, they are not equivalent. 'Algorithm' 

is a formal term referring to a detailed recipe, whereas 

'rule' may be vaguer. Furthermore, a 'rule' may connote 

knowledge by the executing agent of the input-output 

relationship, 'algorithm' does not. A 'system can execute 

algorithms perfectly without having the faintest idea 

what it is doing, why it is all done, and what the out

come is likely to be. As there is no 'a priori reason to 

assume that biological learning at the 'synaptic or cir

cuit 'level is governed by a knowledgeable supervisor 

('homunculus), it does not make a lot of sense to claim 
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Algorithm 

a reader might have concluded from their own expe

rielKe, the amount of learning is proportional to the 

amount of *surprise (see also *attention). Here again, 

each step in the algorithm is a computation of the 

aforementioned type, and the algorithm consists of 

proceeding step-by-step over time. The Rescorla

Wagner model can explain multiple behavioural 

phenomena in conditioning, including cases of 'cue 

revaluation (Dickinson 1980; Wasserman and Miller 

1997; *c1assical conditioning). 

Over the years multiple attempts have been made to 

account for the operation of selected brain regions by 
proposing identified synaptic and circuit algorithms 

(For notable examples, see MalT 1969; Albus 1971; 

Zipser and Andersen 1988). At the current state of the 

art in brain research, synapses and model cirCLIits 

still provide a more suitable arena than whole reaJ-life 

circuits to identify and test learning algorithms, because 

the input-output relationship of real-life brain circuits 

is seldom understood in reasonable detail, if at all. 

Still, advances are being made at more global levels 

of brain function as well; for example, Schultz et al. 

(1997) report that in the course of multitrial instrumen

tal training, *dopaminergic activity in the primate brain 

encodes expectations and prediction errors for reward. 

The dopaminergic neuro-modulatory system may thus 

be part of a circuit that performs computations of the 

type AR- Vl; in the Rescorla-Wagner model. 

New classes of algorithms are expected to emerge 

at the cellular, circuit, and system levels with the 

intensification of the mechanistic revolution in 

biology. One of these days, much of descriptive neuro

biology is bound to give way to a science of biological 

engineering, in which algorithms and quantitative 

relations will become the rule rather than the excep

tion. This has profound implications concerning 

the proper education of future neurobiologists (e.g. 

Alberts 1998). 

Selected associations: Leaming, Models, Level, Plasticity, 

Synapse 

Amnesia 
1. The loss or absence of memory. 

2. The amnestic syndrome: A marked, chronic 
impairment in memory in the absence of other 
major cognitive deficits. 

Amnesia is 'forgetfulness' in Greek (*mnemonics). The 

adverse effect of certain types of brain injury and 

mental trauma on memory was recognized long ago. 

But the systematic analysis of amnesia started only in 

the nineteenth century, with Ribot (1882) and 

Korsakoff (1887). Till the introduction of *functional 

neuroimaging, the study of amnesia has been the 

only practical approach to the investigation of brain 

substrates of memory in humans. Some information 

could be also obtained from electrical stimulation of 

patients undergoing brain surgery, but this was very 

limited in scope and controversial in interpretation 

(*engram). The investigation of amnesia is still a very 

powerful, unique approach to the analysis of human 

memory: whereas the application of functional 

neuroimaging could identify correlmion5 between the 

activity of distinct brain regions and the *performance 

on memory tasks, the study of amnesiacs could poten

tially identify those brain structures that are obligatory 

for normal memory (*criterion, *method).' 

Amnesia is not a unitary syndrome (VVhitty and 

Zangwill 1966; Parkin 1987; Mayes 1995). A 'taxon

omy based on etiology distinguishes among 'organic 

amnesia', 'substance-induced amnesia', and 'functional 

amnesia'. These subtypes of amnesia are also known by 

other names, as explained below. 

I.	 Organic amnesia is a consequence of damage to the 

brain inflicted by injury, disease (e.g. tumour, 

stroke, viral infection), or surgical intervention 

(DSM-IV 1994). 

2.	 Substance-induced amnesia results from the intake 

of poisons, drugs of abuse, or medications with 

amnestic side-effects (for example, certain anxiolyt

ics, *Iotus). Chronic excessive consumption of alco

hol could result in vitamin deficiency and 

encephalopathy (brain inflammation), which is 
manifested in Korsakoff's amnesia, at which stage it 

is also categorized as organic amnesia (Shimamura 

etal.1988). 

3.	 Functional anmesia develops after severe mental 

stress or trauma, or as a result of certain affective 

disorders. This type of amnesia is also termed 

'psychogenic', or 'dissociative' (,dissociative disorders' 

in general are disruptions in the integrated 

functions of *consciousness, perception, persona] 

identity, or memory). 

The amnestic syndrome impairs learning and memon' 

while leaving other cognitive faculties relatively intact. 

It is hence distinguished from *dementia, whjch 

involves multiple cognitive deficits, and from delirium, 

which impairs consciousness. Whereas some amnesia 
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Amnesia 

Collateral sulcus \ Hippocampus 
Entorhinal cortex 

progressively from the unstable to the stable'; 
Ribot 1882). 

The 'c1assical, most widely cited case of a global 
amnesia is that of H.M. He became amnestic in 1953 

at the age of 23, following 'a frankly experimental 
operation' (ScoviUe and Milner 1957) to alleviate 
uncontrollable epilepsy. The operation removed bilat
erally the medjal temporal polar *cortex, most of the 
'amygdaloid complex, the entorhinal cortex, and 
approximately half of the rostrocaudal e}.1:ent of the 
intraventricular portion of the 'hippocampal forma
tion (Corkin et al. 1997). The operation reduced the 
frequency of seizures, but produced a severe, penna
nent anterograde amnesia, with only a limited effect on 
memory of events prior to the operation (and no effect 
on more remote events). Postoperationally, H.M. scored 
above average on a general intelligence test, showed no 
decline on immediate memory ('capacity), but was 
unable to store any new 'declarative information. He 
was, however, capable of learning new *skills. Thus even 
in this severe case, the amnesia was not really 'global'. 

The study ofH.M., as well as of many other amnesics 
since then, gave rise to major insights concerning 
human memory (Squire and Zola 1997; Milner et al. 

1998). These studies have demonstrated that the brain 
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Fig. 2 The missing parts in the brain of H.M .. removed in the operation that had resulted in global amnesia. (a) The surgeon's estimate after the 
surgery (Scoville and Milner 1957). (b) The outcome of the surgical resection as unveiled by magnetic resonance imaging (MRI) 40 years later 
(Cork in et al. 1997). The upper diagrams depict ventral views of the brain, the lower ones depict coronal sections. Athrough Din the ventral views 
mark the planes of coronal sections in the original drawings, but only plane Bis shown here. The operation was bilateral but in the drawing one 
hemisphere is shown intact for comparison. Adapted from Corkin et al. (1997). The case of H.M. drew much attention to the role of the medial 
temporal lobe in general, and the hippocampus in particular, in long·term memory. 
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are modality specific (e.g. Rubin and Greenberg 1998), 

the 'amnestic syndrome' is 'global' and independent of 
sensory modality. Global organic amnesia is chronic; 

some improvement may be observed over time, but the 
patient does not regain normal memory. There is also a 
separate syndrome termed 'transient global amnesia'. 
This is a benign neurological syndrome in which the 
onset of amnesia is sudden and the recovery fast (usu
ally < I day). Transient amnesia could also folJow head 
trauma or electroconvulsive therapy. 

An additional *criterion used to classify amnesia is the 
temporal window to which the memory loss refers. Here 
a distinction is made between 'retrograde' and 'antera

grade' amnesia. Retrograde (premorbid) amnesia affects 
memory from the onset of the pathology backward. 
Anterograde (postmorbid) amnesia affects memory from 
the onset of the pathology forward. For example, in a 
typical case of the amnestic syndrome, there is dense 
anterograde amnesia and usually only a partial, graded 
retrograde amnesia. Memory of the recent past is com
monly affected more than memory of the distant past; 
this observation is termed 'the law of regression', or 
'Ribot's law' (it is noteworthy that Ribot regarded the 
phenomenon as the manifestation of a Darwinian 
principle, in which 'progressive destruction advances 
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Amnesia 

contains distinct declarative (explicit) and nondeclara
tive (implicit) memory systems; and that long-term 

declarative memory is dependent on medial temporal 

lobe structures. Additional research has shown that 

nondeclarative amnesia could result from damage to a 

different, corticostriatal system (Mishkin et al. 1984; 

Knowlton et al. 1996; 'skill). Support for the above 

conclusions has also emerged from studies of circum

scribed brain lesions in 'monkey 'models of human 

amnesia (e.g. Mishkin et al. 1984; Ridley and Baker 

1991; Meunier et al. 1993; Zola-Morgan et al. 1993; 

Gaffan J994; Leonard et al. 1995). Indeed, the neuro

science of amnesia is characterized by a remarkable 

degree of integration of human and animal research. 

Despite the impressive advances in our understand

ing of amnesia, many outstanding questions still await 

resolution (Warrington and Weiskrantz 1982; Mishkin 

etal. 1997; Nadel and Moscovitch 1997; Squire and Zola 

1997; Weiskrantz 1997; Milner et al. 1998; Aggleton and 

Brown 1999). Among these: Is amnesia due to impair

ment in the *acquisition, *consolidation, storage, or 

'retrieval of memory? Although most authorities con

sider acquisition of information to remain intact in 

global amnesics, because of the good performance on 

the immediate memory tasks (see H.M. above), still, 

even subtle deficits in the way information is encoded 

and registered could markedly affect later retrieval. 

Another question is what is the specific contribution of 

medial temporal lobe structures (such as the hip

pocampal formation and adjacent cortici), and medial 

diencephalic structures (such as the medial thalamus 

and the mammillary bodies), to different manifesta

tions of the amnestic syndrome, such as anterograde vs. 

retrograde amnesia, or 'recall vs. *recognition deficits? 

And what is the contribution to amnesia of other brain 

areas, such as the basal forebrain (*acetylcholine, 

*dementia), or the frontal cortex and its interconnec

tions with the diencephalon? 

Each amnestic *subject is a unique individual, and 

probably in none are the lesions confined to a single 

well-circumscribed functional location in the brain. 

This makes the research inherently difficult. Animal 

models do help a lot, but still, it must be proven that 

what is considered amnesia in a monkey, even more so 

in a rodent, is sufficiently similar to the human amnesia 

to warrant adaptation of the conclusions from the ani

mal to the human. Solutions are expected to emerge 

from the systematic analysis of additional cases of 

amnesia (e.g. Reed and Squire 1998), using universally 

accepted batteries of memory tests; from a greater 

sophistication of such tests in humans, primates, 

and rodents; and possibly also from a more extensive 
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integration of novel functional neuroimaging methods 

in the study of amnestic brains. 

Selected associaions: Conscious awareness, Declarative 

memory, Episodic memory, Dementia, Infrmtile amnesia 

1 Reversible disruption of activity by transcranial magnetic stimulation 
(TMS) might also be used to identify brain areas obligatory for learn
ing and memory (e.g. Grafman et al. 1999; Rossi et al. 2001), but it 
has not yet been widely employed. 

Amygdala 
A heterogeneous collection of nuclei and cortical 
areas in the temporal lobe, considered to sub
serve emotional and social behaviour, learning, 

and memory. 

The amygdala (alias the amygdaloid or amygdalar com

plex), first described and named by the German 

anatomist Burdach in the early nineteenth century 

(Meyer 1971), is so called because in the primate brain 

its shape resembles an almond (amugdale in Greek). 

About a dozen different nuclei and specialized cortical 

areas are currently discerned in the amygdala, and 

many intra- and extra-amygdalar connections have 

been identified (Amaral et at. 1992; Pitkanen et al. 1997; 

Swanson and Petrovich 1998; Aggleton 2000). Indeed, 

the heterogeneity of the nuclei, areas, and pathways 

raised some doubts whether 'amygdala' as a whole is a 

discrete anatomical entity in situ, or only an artificial 

construct of the human mind (e.g. Kirkpatrick 1996; 

Swanson and Petrovich 1998; de Olmos and Heimer 

1999). Whether a well-defined natural kind or merely a 

convenient concept, judging by its connectivity, the 

amygdaloid complex fits well to serve as a central 

processor for some facets of sensory and supramodal 

*representations. This is because sets of amygdaloid 

nuclei interconnect heavily with the unimodal and 

polymodal 'cortex, as well as with subcortical struc

tures. Some of these pathways are asymmetrical (more 

extensive in one direction, e.g. from amygdala to 

hippocampus), and the information flows into one 

amygdaloid nucleus but comes out at another. 

The peculiar behavioural effects of bilateral lesions 

of the temporal lobe, including the amygdala, were 

noted over a century ago in *monkeys (Brown and 

Schafer 1888), and later further characterized (Kluver 

and Bucy 1938) and termed the 'Kluver-Sucy syn

drome'. The overall impression was that the lesion 

produced 'a 
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Ig. 27 Genetic dissection has unveiled multiple 'phase, in the 
'acquisition and the' consolidation of memory in the fruit fly. (a) Four 
· nC\lonally dislinct phase, are proposed 10 underlie the memory 
"IVe obserJed in normal flies trained 10 avoid a shock·associated 
:.dour: STM, short·term memory; MTM, middle·telm memory; ARM, 
--emory that is resistant to anaesthesia; LRN, learning; LIM, long
'enT\ memory. STM decays the faslest and LIM the slowest. (b) A 
_ctJeme shOWing where in the pathway different mutants and phar

cological manipulations exerl their pflmary disruptive effects: 
"Otte, a mutant defective In a putative' protein kinase; dunce, a 
utant defe<tive in a fOlm of the enzyme thai degrades cAMP. cAMP· 
pendent phosphodiesterase; rutabaga. a mutant defective In the 
m of the enzyme that produces cAMp, adenylyl cyclase (Ihis form of 

·~e enzyme is sensitive to •calCium and may selVe as a •coincidence 
Jetector of the •neurouansmitter and calCium signals); amnesiac, a 

utant defcalve in the producllon of a peptide that stimulates cAMP 
:f!ltheSlS; radish, the product of which is yet unidentified; dCREB2-b, 
· ieg engineered 10 express an antagonist of the uanscliplion lactor 
'CREB; CXM, flies treated vlith the' protein synthesis inhibitor cyclo· 
heximide. The figure is adapted lrom Dubnau and Tully (1998). Fellhe 
molecular deferu in the indicated mutants, see Dura el al. (1995; 
inoUe). Byers el al. (1981; dunce), Dudai el at (1983), Livingstone 

el al. (1984) (rutabaga), and Waddell el al. (2000; amnesiac). 

ot Drosophila (Corfa, and DlIdai 1990: Davis 1993; 
Waddell er Ill. 2000; I,ars cr al. 2000; Dubnau er 11/. 
2001). This search for th~ 'engram i, not 100 easy, for 
reasons including the fact that the hrain and the lho
racic ganglion of the fruit fly arc small and compacr. 
'Functional neuroimaging methods, similar to lhose 
already in usc in the' honeybee, may facilitale the task. 

Se/ecced l1S50C;llliOIlS: CREB, Itllrl/cellillar 5igllal 1«1115

dllct ;011 cascade, Nel/rogelletic>, Simple syslem 

'On the virtues of working with flies in general, see Dethiec (1962). 

-The accumulative body of kno·,..,ledge, procedures, lIaditions, and 
rituals of the drosophilim provides an imelesting example of 
scientific sub'(ulture (KohleI1994;Weiner 1999). 

Engram 

Engram 
The physical record of a *memory; the memory 
trace. 

The notion that 'stimuli produce enduring physical 
changes in the brain, and that these changes are the 
basis for memory. has been \\'ith us since early times 
(e.g. sec ['Iato's etched wa.\: tableL~ of memory, Theaetc
(fL.';;' metaphor). About 1U0 years ago," German scholar, 
Richard Semon, termed the material record engraved 
by a stimulus in living tissue as the 'engram' (Semon 
1904). The etymological roots of rhe term are Greek, 
and it means 'something converted into writing'. Semon 
had in mind a rather general theory of ....xpnience
dependent records in living organisms, \\'hich induded 
not only nemal but also '(kvdopment'll and gmetic 
memory ill all types of tissue. In his book, '1'111' IIIl1cmc, 
'ernon suggested two mnemic 'Jaws'. Tlte IIrst is the 'law 
of engraph}". It states t}wt 'ail simultaneous excitations 
within an organism form a coherent simultaneous exci
tation compkx which acts engraphically; that is, it te.wes 
behind a connected engram-complex cunstituting a 
coherent unit)" (ibid.. p. 273). The second is the 'law of 
ecphoT)': 'Ecphory' according to Semon is the: process 
that 'aw.-tken(s) the mnemic trace ur engram Ollt of its 
latelll state into ontO of the manifested activity'. The dy
mological roots of'ecphory' arc also Creek, and it means 
'to be made known'. The la\\' of ecphory states that 'the 
partial recurrence of th~ excitation complex, which left 
behind thc engram complex, acts ecphoriGllly on this 
simultaneous engram complex, whether the recurrencc 
be in the form if an original or of 3 mnemic excitation: 
(ibirL, p. 274). Elements of$ernon's writings ,H'e nowadays 
echoed in the discussions oi 'cell assemblil's, . models of 
neural network." and ·retrieval. Unfortunately, Semon 
and his book were almost forgotten (Schaeter 19S2). 

Most of the popularity of 'engram' stems from a 
notcd paper by lashley l1950}, entitled 'In search of the 
Engram'. Though seemingly an epitome of the cross
talk of scholarly ideas (Semon's chapter V in Tile 1I11/('II1C 

is entitled 'The Localisation of Engrams'), typicall)' of 
emon's fate, Lashley did not cite Semon even once ill 

this paper. I Lashley aimed at identifying 'habits of the 
conditioned reflex type' in the brain. t:ollowing the path 
of Flourens, Franz, and others (Gomulicki 1953; 
Herrenstein and Boring 1965; Brazier 1988), Lashley 
llsed the' methodology of inference of function from 
dysfunction. He inflicted anatomical lesions on various 
parts of the' rat or' monke>' brain, ,md tested the effect 
of the intervention on brightness discrimination and 
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effector-affector connections could not be consider 

as building blocks of high brain function. This notio 

was inlluential in shaping later distributed 111odel, o' 

bram and memori', for e:xample, those of Lashley's st"
dent, Hebb ('a1goritnm,'cell asselUbly, ·'classic). 

What is the current status of the search for the 

<'ngram, a centur}" after Semon and half a centLlf)' after 

lAIshle)'~ The picture is 1I0t si.mple. At this stage, it could 

be useful 10 resort 10 the basic issul~s. 

I. Thl' e_~is{el1ce of the engram. 1s there an engram? 

The qut:Stion where the engram is should not bc 

confounded with the question whether an engram is 

"I all necessar)'. The answer in a lIutshell is defll1iteh

yes, there must be some type of engram to ensure 

'pcrsistence of memory. Whether the term should 
apply to tile entire circuit that encodes the item. or only 

to those nse-dependent changes in the circuit, is alrcady 
a malter of convention or taste. Even i.f we consider 

cCflaill t)'Pt"s of memor)' as sdective reactivation 

(' retrieval) of endogenous spatiotemporal pattt:fIl 

of neuronal activity (-a priori, 'cell ass~rnbly). u~e· 

depcndent alte'rations must leave a material tag at one 

'k"cl or anoth~r of the neural tissue. This tag. however. 

might be minute, and in some cases ('v.:n hide a, modi

fication in an index of internal representations in J 

brain area (~r remote from the area in which the 

n:triewd representJlion rcside,. 

2. The lomlc of the engram. The question is hcnce 

not whether there is an engr'lm to search (or, but r'llher 

"'hether the engram is localized to a single loca
tion, "'hether this location is stable over time, and 

whether the combil1~tion of locale and stability permits 

us to put our hands on it. This becomes a quantitative 

rather than a qualitative issue, interwoven with method

ological and technical difficulties. In a nutshell, it is 

likely thai the engram of modified rcOt'xes in 'simple 

s}'stl'ms will be found in a dedicaled pathway, whereas 

that of complex memories in humans will be highly 

distributed ('cell ass.:mbl)'). Further, some types of 

engram; ma}' shifr from one locale to another; this, for 

example, seems to occur roulindy in lhe 'consolidation 
of -declarative memories, in which with lime thc 

engram becomes independent of the' hippocampus, 

Engram 

"maze learning (lAIshley 1929, 19:>0). After many year 
of research, Lashley came to the conclusion that no 

cortical ,uea, except the relevant primary sensory areas. 

is obligatory for learning and memory. He summarized 

his findings in two principles: (a) the eql<ipotemi<l/it)' 
principl(', which states that cortical areas are equipoten

tial for learning, and can generaJly substitute for <'ach 

other in learning. and (b) the mn5S <lctioll principle. 

which states that the reduction in learning and memory 

"performilnce is roughly proportional to the amount of 

tissue destroyed, rather to its position. Odler conclu

sions wert" also drawn from rhe data. e.g. lilat the effeet 

of a lesion is proportional ill magnitude to the 

complexity of the task. 'This series of experiments: 

concluded Lashle}', 'has yielded a good bit of informa
tion ,lbollt what and where the memory trace is not ... 

I sometim('s iceJ. in reviewing the ('vidence on the local

izarion of the memory tracc', that the necessary conclu

sion is thai karningjusr is not possible:". Neve:rthdess. 

in spitt, of such ~vidence ~g~inst it.lt'urning docs sOllle

times o,cur' (Lashley 1950). 

L<\sh1<')"s conclusions about the engram ,,,ere ~Iread}' 

criticized at thc time of thdr publication (I hillier 

1930). The: main objections were. first, th~t tilt' beha"
ioural lasks we:re nol well defined in terms of Ihe 

sensory inputs ~nd the behavioural 'trntegies required 

for successful performance, and therefore a' subje,t 

with partial brain damage could still succeed in the task 
by using the ulld,lmaged ~reas; second, the Ic-~ions were 

nol delicate enough to differentiate' the contribution of 
distinct functional divisions in the brain. Disappoinl('d 

with Ihe search for the engr~m. Lashle)' came to favour 

tlcld theories of brain function, which reg~rded sensa

tions and memories as patterns of excitations being 

reduplicated throughout the cortical surface like 

spreading waves in a liquid surface (Lashley 19:>0). This 

view was compatible with the Gestalt theories.1 In the 

later parr of his care:er, Lashlc-y put this idea to cxperi

melllaJ le.'1. He placed pie'<es of gold Oll the visllJI 
cortex of the monkey. The metal was eX'pected \0 short

circuit the cortex and therefore disrupt visllal perc.ep

tion, This did not happen (Lashley et ai, 1951). Similar 

conclusions were reached at about the same timc by 

other investigators. Not surprisingly, lAIshley himself 

remarked that he had destroyed all theories of beha,,

iour, including his own (Hehb 1959). Lashley's seminal 

contribution to the study oflcarning was 110t, however, 
in his ad-Izocexperimental conclusions. Rather, it was in 

3. The differelltiatioll of function in the engram, [n 

spite of tht expected multiplicity of locations, and the 

potential uncenaint)' in the localization of complex 

engrams over lime, discrete anatomical pans of the 
brain are dearly implicated by the available data in 

site to another. Again, in the 

le,'d, there might be .l core 

of mechanisms Ihat encode 
-ions (Berman and lJudai 

In conclusion, ",hate\ 

expect the search for the 
brain to end up in the iden 

naive. And eVC11 if a can 

important in maintaining: 

speciiic t }rpes o( memor)'. For example, it is now evident 

(hal the primate rnediotemporal lobe subserves 

'declarative memory. the conicostrialal system 'skill 

memory, and the prefrontal' cortex "working memory. 

the methodolog}' and the concepts. On the method

ological side. he was a pioneer in combining careful 

lesion techniques with behavioural analysis. On the 

conceptual side, he came to argue that dedicated 
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-didatc engrams have also been identijied in classical 

-:<iitioning in mammals, in lower vertebrates ("'bird

-;; , and in invertebrates (. Aplysia, • Drosophila). [n 

cases, the question of what are the precise func

of the identified regions in retaining the trace over 

• remains, however, unresolved. First, the fact that a 

-~mscribed brain region is necessary for a certain 

~ of memory does 1101 entail that this region is suffi
t to encode the memor)', even more so exclusive in 

ng SQ ('criterion). Second, some areas in the candi

engram might be required for only some 'phases 

memory but 1I0l fur other phases. And third, the 

- ~al1ll1lay have a 'core: responsible for the per~istence 

r time of th" essential amibutes of the item, and 

~iliary compon"nts thaI either encode additional 
men~ions of the item, or are recruited only in the 

:oding or the rxpression of Ihe n1<'111or)'. AJI thes" 

,ues resurfacr in the renewed attempts to identif)' 

_. ,gr.lms by means of -functional nemoimaging. 

4. The tl'l1l1s[orl11a1'iOIl of the engram. In addition to 

e differential function of identified brain arc.'as and 

h"'ays in a particular experimental protocol, the 
-Iative contribution of distinct areas and path\l'a)'s to 

c engram could change dramaticall)' wh"n tht 

-acquisition or retrieval parameters of the IJsk arc 
teredo This is the ca,e even in relatively simple form 

ilearning, for example, in classical conditioning, "'hen 
a shift is made from delay to trac.: conditioning, or from 
1"I11<:11talto •contextual conditioning (Thompson and 

:1ll1 1996; N'lder and LeDoux 1997; Desmedt ('/ "I. 
1998). This again calls for the depiction of l'ngral11s as 
muiticolllponent •systems, the individual component 

oj which arc recruited and expressed in a permUlable 

manner depending on the specific task demands. 
5. The level of the engram. Traditionally, the search 

for the engram rerer~ to an anatomical expedition. lIut 

nowadays it is abo cellular and molecular. Problems 

similar to those concerning the neuroanatomical search 

haunt the moltcular and cellular search. Synapses and 

nl'umns modified by experience should carry sOllle 

type or 'Hlother of a physical record of the experience 

(Dudai and i\'lorris 2000). Bur the change could be 
minute, distributed, and alternate over time from one 

site to anOther. Again, in the molecular like in the circuit 

level, there might be a core engram and additional tiers 

of mechanisms that encode additional stimulus dimen

sions (Berman and Dudai 2001). 

[n conclusion, whatever the level of analysis, to 

expect the search for the engram in the mammalian 

brain to end up in the identification of a single locale is 

naive. And even if a candidate area is identified as 

important in maintaining the engram, the problem 

Enigma 

becomes that Mblllh resolution and'reduetion: Where 

is it within that area? In a dedicated circuit? In identi

fied neurons? In synapses? To what size of circuit do we 

hope 10 nail it down? What answer will finally satisfy 

our urge III localize things in the world? And if we keep 

reducing the area, or the number of units in Ihe area

where will the transition be from an engram, to a 

fragment of that engl'llm, or to a non-engram?) 

These problems could appli' to simple brains as well 
(Glanzman 1995). 

And as to ttTm 'engram' per se, lllany experillwJlters 

use it, others think that it carries the risk of spilling into 

purple prose. and prefer the term 'trace'. Most authors, 
however, simply use 'tr,ICc' and 'engram' intl'fchangc

abl), (e.g. Thompson and Kim 1996). 

.,elected associatiolls: Criterioll, lvlelllory, tvleU/pllOl', 
I'ersis/ellee, Pllrellology 

He was, however. well aware of Semon's writings (Lashley 19B}. 

For what the Gestalt was. SeE 'insight. 

JThis is another example of the claSSICal somes paradox, whkh is 
explained under' insight: see also' reduction. 

Enigma 
An open problem, a mystery. 

cienc" is driven bl' the unknown as much as b)' the 
known, and therefore, nOling enigma, is often as useful 

as lisling facts (ail/OS, Greek ror 'fable: nil/igllln, 'to spe"k 

in riddles'). Below is a list of 10 enigmas of memory. 

ollle refer to baffling concept~, others 10 technological 

shortcoming, and most to both. Although Illany inves

tigators mal' agree with milch oi the choice, some 

Illay not. Scientillc enigmas tend to reflect the 'bias 

of their compiler. The reader is fully encouraged to 

expand or shrink the list unabashedly. But at least, it is 

a starting point. 

1.	 \-Vhat are the neuronal codes of . internal represen

tations? This is a central issue not only in memory 
research, bUI in neuroscience at large. Without 

knowing in delail how models of the world are 

encoded in the brain, there is little hope in provid

ing answers to many of the questions that follow. 

2.	 ""hat are the computational and physical change" 

that lake place in internal representations in 'acqui

sition and 'consolidation of memory? \-"hich of 
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-<leered associatiOTls: Cltlssic, Critr:rioTl, Cllhure, Dimell
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Episodic memory 
.The *conscious mental reenactment of
 
personally experienced past events.
 

2. The *recall or recognition of a unique event 
and the spatiotemporal 'context in which it 
was experienced. 

3. The *internal representations that are accessi
ble to such mental reenactment or recall. 

4. The brain 'system that endows the *subject 
with the capacity to perform 1,2 above. 

Episodic recollection i~ conscious time travel into the 

,ubjectivc past l , This is considered by many a~ the most 
sophisticated faculty uf memory, and the one most 

characteristic of humans, Further, a minorit), of 

.luthors <.'ven usc the term 'mernaI')" :ll1d 'episodic 
memory' a, s)'110n)'l11s. These authors would usuall)' 

concede that the •d<.'c1arative memory of impersonal 

acts is also 'memor)': but refuse to consider many otht'r 

types of IIs,,-dependent change in behaviour, such as 

'c1assical conditioning, 'habit and • skill, as bOlla fide 
memor)'. This is evidently not the stand taken in this 
book ('memory). 

The term \'pisod<.'· i, from the Greek epi-, on. at, -I 

cisodios, entering; epl'isodioll meant a parenthetic 

narrative. Indeed an episodic memor)' item is only 

one scene in the individual's accumulative personal 

narrative l . That there is memory \vhich is <.'pi,odic, 

as opposed to automatic responses. or to the recall of 

impersonal facts (' taxonomy), was discussed alread)' b)' 

Greek philosophers if not earlier. A clear description of 

this distinct type of memory was given by Agusutin<.' 
(400; 'classic): '. __ I encounter myseli and recaJ1m)'seIt~ 

and what, and when, and where I did some did, and 

how J was affected when I did it'_ The term 'episodi 

memory' was, however, introduced into the scientific 

discourse much later, by Tulving (1972). This was on 

the background of intensi\'e developments in cogniti\'e 

Episodic memory 

research on the different categories of human knowl

edge. The new computer era opened new vistas for 

understanding the storage and 'retrieval of knowledge, 

which infiltrated human memory research, In the mid

1960s, Quillian proposed a method by which meaning 

could be stored optimally in a computer program, and 

his postulates were adapted by psychologists in their 

attempt to account for the storage of knowledge in real 

brains (Collins and Quillian 1969; Tulving and Donald

son 1972). This type of knowledge encoding was 

termed 'semantic memorr' ('declarative mt'mory. "tax

onomy). Tuh-ing (1972, 1983) went on to distinguish 

emantic memory, \"hich he dubbed 'menwl thesaurus', 

irom another type of knowledge that humans have 

about the world, which is abtllll temporally dated 
events, describable in terms of their perceptible attrib
Illes. and the spatioternporal relations of the~e events to 

each other. This memory he termed 'episodk~ The term 

is now U5cd, depending on the cont('xt of discussion, 10 

denote a t)'pe of mental act or experience (definitions 

1,2), a type of memor)' items (definition 3), or a type of 

memory system (definition -I) '. 

Here are a iew things to remembt'" about "pisodi 
memor)': 

L.	 It is not only about W/IIII, IrOIl' and wlh're, but alsl) 
about when; the abilit)' to place unique expl'rienced 

evems on the temporal axis of personal histof)', b<.' it 
di>toned and poorly re~ol\'cd, is characteristic of 
episodic memory. 

2.	 It refers to unique cxrerience~, hence each epi>odic 
item is the outcome of'singk trial'learning {'acqui

sition}. Recalled 'r<',II-life episodes, howl'ver. refer 

each to diff<.'rent time windows of experi<.'nce. FlIr

ther recollection effort may dissect amalgam,ued 

episodes into dementary events, 

3.	 In humans, it involves ,lutonoetic aWMene,s, i.e., 

the conscious rellcxive ex-perience of private phe

nomena '. Wnethe[' non-human specie., are also 

capable o( experiencing snch 'mental time travcl~ 

and if so, what kind of awareness is involved, is an 
open question (see below). Definition 2 docs nol 

posit awareness and therefore fits particularly to be 
used in animal research; this definition. however, is 

considered by many authors to reier to 'episodic

lik<" rather than to gt'nuinc cpisodic memory. 
-I,	 Whereas retrieval of memoq' is comlTlonly oriented 

toward the present or the immediate iuture, i.e. 

application of knowledge for onguing needs, 

rerrieval of episodic memory is oriented toward 

the past, i.e. the past evel1ls arc recognized as such 

(Tulving and Markowitsch 1998). The retrieved 
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information, however, might thell be harnessed for 
identifying and 'litaining future goals (Conway and 
l'leydell-Pearce 2000). 

5. The retrieval of episodes is expected to involve mul
tiple sleps, or components, which ultimalely differ 
in the specific.it y of lhe information retrieved, such 
as the recollection of specific information about the 
taf!'lel item ('what') and ab()U1 its source (\vhere; 
'w11en; as well ,1S the sequence in which the elements 
of the episode umolfed), and the recognition orthe 
f11miliarity (If each of these items (e.g., YoneLinas 
2001 ; sec also 'remembering' vs. 'knowing' in 
'recognition). 

6. Many types of lests could be Ilsed to tap into 
episodic nh'1ll0ry, including frt'e reC<llf, cued recall. 
target and source recognition" (;'tc. But not all the 
tests refe!T(;'d to in the literature as paradigmati( 
tests of ('pisodic memor)', ar(;' indicatiw I hat such 
memoq' has indeed been (,!lcoded ('criterion). 
Paired associates learning is hut (lne (·xample.ln this 
type ofJearning, the sulljc(t is presented in training 
with a pair of .<timuli. 'Ind then, in the test, prt'
scnted with onc member of the pair aJld requested 
to retrieve the memory of the other. \Vord pairs ;lre 
commonly used in humans (e.g. \Vinocur and 
VVciskrant"- 1~7(i: Shallice 1.'1 nl. 1994). non-wrbaJ 
stimuli in other species (e.g. Saunders and 
VVeiskrant"- 1~S9; Sakai and Mil'ashit;l 199 J; see also 
pp. 74-75). The task is sensitive to mcdiolemporal 
d:lm'lge ('amnesia). substantiating its declarative 
nature. Paired associates are considered 'episodic' 
tests because, when the pairs used arc unique, their 
recall unveils the memorl' formcd in a single 
episodc of exverienGe. Yet, depending on Ihe 
protocol used and particularly when the memorr 
of 'lI'hen' is not taxed, success on such tasks 
might he construed ,IS the outcome of the formation 
of a semantic association, including sometimes 
"priming, independent of mellla) time' travel. 

Where i, il i,/ Ihe brain? Being a declarative type of 
memo!"}', episodic memory is subserved by 'cortical cir
cuits, including dependence on the mecliotemporal 
lobe for acquisition and 'consolidation, and on the 
frontal lobe, among others, tor retrieval (e.g., Fll'tcher 
1.'1 III. 1997: Eldridge et III. 2000; Kirchhoff et al. 1000; 
Lep'lge et II/. 2000; for more on functional differentia
tions i11 (hese areas by t}'pes of tasks and memory 
'phases, see ~aequisition, 'declarative memory, 
•consolidation,' retrieval). A prominent question is 
whether the brain circuits that subserve episodic mem
of)' differ from those that subserve semantic memol"}";. 
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NO consensus answer is available to this question. 
The data that reed the debate stem from the study of 
brain lesions and from • functional neuroimaging. 
Whereas functional Muroimaging cau unveiJ correla
tion of activity in identified brain areas with th(' per
f(lrmance on <'pisodie tasks, currentl}'. onJy the study of 
brain lesions could pinpoinr candidate ubligalory cir
cuits. In some types of 'dementia, the deterioration of 
semantic and episodic memory is differential, suggesl
ing that the biological substr.ues of thcse rwo lypes of 
memory difier (e.g. Hodges,;r al. 1999: it is nOlelvorthy 
that normal ageing is often assQciatt'd as wdl with pref
erential impairment of episodic memory, e.g. Nilsson 
cr al. 1997). Studies of amnesic patients provide mixed 
evidence (reviewed in 1\'lishkin 1'1 al. 1997; sec Tul\'ing 
1'1 nl. 1988 for a case of 'semantiC"' amnesia: alsu :'::ola
Morgan er al. 1983 for some I1lnhodologiC"al caveats). 
A particularly interesting t}'pe of informalion has 
been provided by the stud)' of patients with al1Jn ..sia 
due to hippocampal damagt' sustained very ..arly in 
life (Vargha-Khadem 1'1 al. 1997). TheS(' patients were 

capable of developing normal language and socidl 
C"Oll1p<:tence. and acquire new faeilial knowledge, in 
spite of displaying severe loss in ('pisodic memor}'. 
Based on thes(' data. a suggestiQIl was made that the 
'hippocampus and the SlIbhippocamp~l! cortici form 
,\ hierarchiC<111y organized sj'stelll for tht' registration 
of declarative knowledge. Episodic memory, so goes 
the id(':I, which depends on rich associations, is encoded 
in the hippocampus itself, the lOp processing level in 
the hierarchy, whereas semantic memory, less depend
em on intricate associ,\[ions. can be ""pported b} 
the subhippocampal cortici, lower on tht, hicrat'chy 
(Mishkin f( (11.1997,1998). Alternative interpretation 
of the data, "'hich do not support such a '1ualitf\li\" 
distinction between the sem'lntic and the episodic 
systems, were also raised (Squire and Zola 1998). 

Do alfil/ltl!s liMe it' If one posits autonoetic :lw,ue
ness as a critical criterion for episodic memory, the 
issue of whether animals go on mental lime travel 
becomes complicated indeed and by some aCWLlnlS 
insolv:lble. Investigators who address the problem in 
non-human species almost always set a more modest, 
yet stili admirable, goal: to prove that the animal 
has 'episodic-like' memory, which docs not presup
pose conscious awareness as a defining cri terion. 
An interesting Strategy, which is actually recommended 
as a general strategy ill l1lel11Mi' research, is to look 
for the behavioural ecology of the species, and search 
(or natural situations which could benetir fTOm 
episodic-like memory. Clayton er al. (2001) list a 
number of potential candidate sj'stems. One is brood 

;-asitism: brood parasitic 
?<lsit eggs in the nests of ~ 

• later cared for by the 
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O'SS the problem in 
;et a more modest, 

e that the animal 

does not presup

:lefining criterion. 

ialIy recommended 
~earch, is to look 

;pecies, and search 

J..Id benefit from 

al. (2001) list a 

ms. One is brood 

asitism: brood parasitic birds such as the cuckoo 

.='Osil eggs in the nests of other species and the young 

-~ later cared for by the host species. A successful 

'od parasite must remember where potential victims 

'e started their nests, and return to u1at place at 

-~ right time to add the egg to those already laid in 

-~ nest. This could involve where, what, and when 

Cormation of a single event. Another potential 

didate is a polygynous mating system, such as in 
-.e meadow vole, in which a male mates with multiple 

.males that are distributed over a wide area and 

_ ,me into estrus at different times. Successful mating 

this case could greatly benefit from remembering 

ho, where, and when. These candidate systems 

-e somewhat difficult to investigate systematically in 

laboratory. But another type of suitable behaviour 
as found amenable to systematic, controlled analysis: 

. d caching in the scrub jay (Clayton and Dickinson 

.998; Clayton et al. 2001). Scrub jays cache perishable 

ects and seeds in multiple locations, and it may 

adaptive for them to remember what has been 

.:ashed where and when. Clayton et al. (1998) have 

rained scrub jays to appreciate that worms, which the 

<>irds like a lot, are perishable and therefore degrade 

over time. They then allowed the birds to recover the 

,erishable worms, or non-perishable peanuts, which 

the birds had previously cached in distinct sites. 

The birds searched preferentially for fresh worms, 

their favorite food, when allowed to recover them 
;hortly after caching, but learned to prefer searching for 

the less-favorable (but still tasty) peanuts and avoid 

searching for the worms after longer intervals in which 

these worms decayed. (Birds that did not have an 

opportunity to learn that worms degrade over time, 

continued to search for the cached worms even long 

after caching; and needless to say, measures were 

taken in the experiment to prevent odor cues of the 

degrading food.) This use-dependent modification in 

the food search strategy was taken to imply that the j,lyS 

remembered not only what was deposited where, but 

also when it was deposited there-hence fulfilling 

the behavioural criteria for episodic-like memory 

(definition 2). 

The story of the scrub jays shows that the demon

stration of episodic-like memory in non-human 

species is possible, given the investigators are smart 

enough to match the right species with the right 'assay 

(for an example of a different kind of approach, which 

attempts to identify primitives of episodic memory in 

the rat, see Fortin et al. 2002). But is episodic-like 

memory a rudimentary form of what we humans 

experience as episodic memory? And will it ever be 

possible for us to identify the conscious awareness 

of mental time travel, if it ever exists, in other species l 

Can we ever come to know how is it like to be a bat 

(Nagel 1974), particularly, a nostalgic bat? Some say 

that we will never be able to do this, But there might 

be another, though admittedly remote and less satis

factory solution. Suppose we identify in the human 

brain a characteristic functional tag of mental travel, 

e.g. a distinct activity pattern unveiled by functiomll 

neuroimaging of the behaving subject. This might be 

analogous, say, to the identification of candidate 

dream states by recording brain waves (e.g. Dave and 

Margoliash 2000). Suppose then that we identify this 

unique functional tag in the brain of animals when they 
perform a task that involves episodic retrieval in 

humans. We may then be able to say that there is a 
reasonable probability that the non-human subject 

performs a mental time-travel. Not' enough to firmly 

conclude that this animal feels the same as we do when 
we recall our private past, but still, a hint that this mjght 

indeed be the case. 

Seleaed associations: Amnesia, COl'/Scious awareness, 
Declarative memory, False memory, Recall 

1This past is assumed by the subject to be veridical, but is not neces· 
sarily accurately recalled (see 'false memory). 'Confabulations and 
hallucinations are excluded. 

I How many scenes are there all together is an interesting question; 
probably less then most of us would predict intuitively ('capacity; 
Dudai 1997a). 

3 'Autobiographical memory' is often used interchangeably with 
'episodic memory'. It might be preferable to distinguish between the 
two. Whereas 'episodic' refers to distinct individual episodes, 'autobi· 
ographical' connotes the narrative formed from the combination of 
such episodes (see also Conway 2001). 

'Autonoetic ('self·comprehending') awareness is regarded in the sci· 
entific 'culture as the highest form of conscious awareness; certain 
Eastern philosophies use other 'taxonomies, with higher resolutions 
(e.g., Harvey 1990; Keown 2000). 

s 'Source information' is a term used in human memory research to 
refer to the time and place in which the target item was acquired; see 
also 'context. 

6 The question can be posed at various 'levels of analysis: is the 
functional system monolithic? Are the 'algorithms the same 7 

And is the hardware implementation identical) The question as 
posed here refers to the hardware implementation at the cirCUit 
level but clearly reflects on the algorithmic and computational levels 
as well. 
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, in the future (e.g. Saksida et al. [997), and we had 
-.•ter find the way to teach them efficiently and, what's 
en more important, the right things only. The neuro
logy of instrumental conditioning is, however, still 
gmentary. At the system level, brain circuits have 
n identified that perform selected types of computa
ns in instrumental conditioning. Special interest 
dedicated in recent years to those circuits that 

_~.::ode the reinforcement and the A-O associations. 
~ese include *cortico*limbic-striatal-pallidal circuits 
"obbins and Everitt 1997), with specific structures 
;-umed to play distinct roles such as anticipation of 
-~"ard, computing the deviation of the actual from the 

pected outcome, control of response and its adaptive 
- rrection, and possibly also representation of A-O 

usality (Schultz et al. 1997; Trembley and Schultz 
-f)9; Balleine and Dicki I1son 2000; Baxter et al. 2000; 

":orbit and Balleine 2000; Corbit et al. 200 [; see also 
•dopamine, *habit, *reinforcer). As to the cellular, 
"naptie, and molecular mechanisms of instrumental 

.:mditioning-their study could benefit from the use of 
•,imple systems and, although the analysis of trial-and
.rror learning in simple systems is so far less developed 
lan that of classical conditioning, some promising 
-eparations are already available (Cook and Carew 
- ~9; Chen and Wolpaw 1995; Nargeot et al. 1997). We 

;ht expect the molecular mechanisms of instrumen
~onditioning to be similar to those of classical condi
ning and many other forms of learning; the 

• .aracteristic instrumental contingencies are probably 
_~.::oded at the circuit level. 

eaerl associations: Associative learning, Classical con
.;olling, Maze, Uein!orcer, Skill 

:'<:Iuding, of course, consequences that eliminate the opportunity to 
_~":orm this behaviour again. 

:"Jerant conditioning is sometimes distinguishec from instrumental 
-:-jitioning in that the latter involves distinct responses within a 
-:-_clUred task, whereas the former refers in addition to repeated 
=- ssion of spontaneous behaviour that results in obtaining the goal. 
-- sdistinction, however, is not systematically honoured in the litera
_'0 and will not be further elaborated here. 

Jperant behaviourism aspired to explain all types of behaviour, 
-;Iuding human language (Skinner 1957). This was belligerently con
-_;ed by linguists and cognitive psychologists alike (Chomsky 1959). 
:: the way, Skinner's methods found their way even into top-secret 

3r projects: during the Second World War he was engaged in an 
~:lempt to train pigeons to guide missiles by operating problem boxes 
- '"e warhead (Skinner 1960). 

')n precedents of Thomdikes' law, and on its place in the his
:Jry of the behavioural sciences, see Cason (1932) and Wilcoxon 
'969); see also 'reinforcer. The empirical 'generalization that the 

Internal representation 

consequences of the response is an important determiner of whether 
this response will be learned, is called 'the empirical law of effect', 
and can be used independently of Thorndike's theoretical assump· 
tions ('reinforcer). 

sThe relevance of c1assical- to instrumental conditioning has multiple 
facets and all should be taken into account in the interpretation of the 
data. One is the postulated processes shared by these two types of 
learning. Avery different facet is the possibility that conditioning that 
is considered instrumental is actually Pavlovian. Consider, for exam
ple, a pigeon trained to peck an illuminated disk in a Skinner box to 
obtain food. The classical interpretation is that food delivery is contin
gent upon pecking, i.e. an operant conditioning situation. However, 
if the experimenter simply illuminated the disk before each food 
delivery, irrespective of the pigeons' behaviour, the pigeons still 
pecked at the light as if there were an instrumental contingency 
(Jenkins and Moore 1973). Pecking is a component of the pigeon's 
consummatory response, and the contingency was probably between 
a conditioned stimulus (illuminated disk) and an unconditioned one 
(food). Hence, in this case, Skinner's famous pigeons were disguised 
Pavlovian dogs. 

Internal representation 
1. A *map of event space in neuronal coding 

space. 

2. Aneuronally encoded structured version of the 
world which could potentially guide behaviour. 

'Representation' and 'internal representation' are used 
in multiple senses in philosophy, linguistics, and the 
cognitive sciences. The meaning of'internal representa
tion' as used here deserves, therefore, careful clarifica
tion, especially as it is ardently *reductionistic. Generally 
speaking, 'representation' is the expression of things in 
one language transformed into another. 'Language' is 
any set of symbols with rules for putting them together 
(Marr 1982). We are not engaged here, however, in the 
formal treatment of representations at large, but rather 
in the application of the concept to memory research. 
In the context of brain sciences, 'representation' means 
encoding of things in the world, such as objects, events, 
and processes, in nemonallanguage(s). This encoding 
is done in a way that enables the nervous system to 
manipulate the representations, modify and transform 
them, while maintaining: (a) parsing, which is the dis
tinctiveness of things represented, and (b) strucwral 
relationships between the things represented. Both are 
needed for useful interaction with the world. 

'Representations' have a long and rich history in the 
philosophy of mind, referring to some kind or another 
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of 'mental images', or elements of an inner 'private 

language' or a 'language of the mind'. Some aspects of 

this usage can be traced back to 'phantasia', which 

meant 'appearance' or 'perception' in Greek philoso

phies (Irwin 1991; Long 1991; Annas J992). A limited 

yet highly varied selection of notable examples includes 

treatments by British *associationism (Hobbes 1651; 

Warren 1921), Kant (Kant 1781; Caygill 1995), Bergson 

(1908), Wittgenstein (McGinn 1997), and more recent 

philosophers and cognitive theorists (Stich and 

Warfield 1994; Markman and Dietrich 2000). In mod

ern discourse, it is useful to distinguish between two 

*levels of treatment of'representation'. One is cognitive, 
mental, 'semantic', or 'symbolic'. 'Mental representa

tions' in this sense are theoretical postulates invoked to 
account for 'propositional attitudes'. The latter are 

regarded as 'mental sentences' characterized by a spe

cific content, being about something in the world 

(,intentional'), and conditions that call satisfy the 

proposition. For example, believing that x, being angry 

at y, or desiring z are all 'propositional attitudes'. The 

other level ofanalysis in which 'representations' are cur

rently used is the computational or implementational 
level, which some philosophers of the mind refer to as 

'subsymbolic'; here representations are activated vec

tors in neuronal coding space (e.g. Cooper 1973; 

Churchland and Sejnowski 1992; definition I). The rel

evance of 'symbolic' representations to 'subsymbolic' 

ones is a matter of heated debates (e.g. Fodor and 

Pylyshyn 1988). Phylogenetic considerations as well as 
*Ockham's razor lead to the assumption that 'subsym

bolic' and 'symbolic' representations are the micro- and 

the macrolevels of the same brain and men tal faculty. 

This is clearly a case in which interlevel translation via 

'correspondence rules' is badly needed (*reduction). 

For our purpose, we should also note that often, even 

computational neuroscientists who manipulate 'sub

symbolic' representations do hope to explain complex 

mental states at the end of the day. 
The stand taken here is strictly reductive. The tenet is 

that nervous systems, even the most primitive of them 

all, had evolved to encode knowledge about the world. 
'Knowledge' is used in the most elementary sense and is 

devoid of *anthropomorphic connotations of aware

ness and *consciousness. It refers to structured bodies 

of information possessed by the organism about the 

world, and capable of setting the organism's reaction to 
the world. 'World' means both the external milieu and 

the external states of the organism, and the organism 

means, specifically, the nervous system. These neu

ronally encoded structured versions of the world that 

could potentially guide behaviour are the 'internal 

representations' (definition 2). Representation is hen. 

an inherent and fundamental function of all nen" 

systems. Therefore, internal representations a~. 

expected to vary tremendously in their complexi:

Some are very simple, for example, a neuron 

circuit subserving withdrawal in response to 

(e.g. *Aplysia), encodes a representation of 'no pain' 

various intensities of pain. and the appropriate 1110 

response programme. l Other internal representatiQ 

are far more complex, and many, for example repres 
tations of propositional attitudes, are highly comr _ 

However, regardless of their complexity, all inter

representations as considered here: (a) are encode.: 

some way or another in neuronal systems; (b) de:. 
mine the behavioural output to an input; and (c) ,,4-__ 

altered, may modify the potential to react rather .l

immediate action or reaction to an input (Dudai I 

1992; *Iearning, *memory). 

In computational neurosciences, a further distinc 

is sometimes being made, between 'representations' 

'internal representations~ This stems ti'om *models 

associative networks. The simplest associative networ. 

composed of two layers, input and output. A set of inr 

patterns arriving at the input layer is mapped dire,-: 

into a set of output patters at an output layer. Un.::. 

these conditions, the *system is said to lack 'internal re: 
resentations', because the coding provided by the c-'l.'te-

nal world suffices to generate the output. In contr", 

when the number of layers increase and intermedia:. 

'hidden' layers are added, the representation is said to 

'internal' (Rumelhart et al. 1986c). However, this distir.:
tion does not hold water when real nervous systems ar_ 

considered. In even the simplest nervous systems, 

sory information is recoded and manipulated in n 

ronal language, be it at the level of cells or ci rCill' 

(*percept). Therefore, any representation of informati 

by the nervous system should be considered 'internal: 

'Internal representation' is thus a generic term, refe:

ring to the most fundamental functional propert)' 

nervous systems. Indeed, with evolution, it becam. 

manifested in many forms and realized in a variet)' ~ 

codes. But as an umbrella term, it is highly valuable._~ 

the conceptual level. it focuses our attention on 

essence of brain function. At the practical level, it guid 

us to search for representational codes and look for the 
most important changes, i.e. the representational on 

in systems that learn. Admittedly, we are still short 

even a mini-dictionary that translates neuronal activi 
from representational code into behavioural change 

But that day will soon come. And from that day on, It
philosopher shall dwell with the neurobiologist, and Ih 
mutual interest in 'representations' will no doubt lea

_." .L'soc;ations: Art,',r; 
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__ - ;ce reflex circu;t :s 
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edly, we are still short of 
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ItO behavioural change.2 

Uld from that day on, the 
e neurobiologist, and the 

ions' will no doubt lead 

~~e-in-a-while to dare and attend each other's 

.l;sociations: Atrention, Binding, Learning, Map, 

.,;:: organism. even in this simple case, the representation 
,he reflex circuit is in fact but one element in a structured 

: "'TlallOn encoded by the nervous system in toto. 

:e:l selection of expeditions for the neuronal Rosetta stones 
: field this interlevel translation: see Lee et al. (1988), 

e: al. (1996l, Dan et al. (1998), Kitazawa et al. (1998), 
6 E' (1999), Miyashita and Hayashi (2000l, and Zhang and 
: :JO); see also *Aplysia, *hippocampus, and *honeybee. 

tracellular signal
 
ansduction cascade
 

f the specialized molecular pathways in the 
-nat decode extracellular signals and convert 

formation into cellular response. 

'eUular signal transduction cascades (Triinsdilcere, 

- :'or 'to transfer'), also termed 'signalling patJ1ways', 

"';.tracellular molecular pathways that decode and 

-'.::>ute within the cell specific information conveyed 

-..stinct extracellular "stimuli, such as hormones, 

1.h factors, and *neurotransmitters. (Special types 

;naltransduction cascades are activated by sensory 

~ Jli in specialized sensory receptor cells, but they 

nOl be further discussed here.) Intracellular signal 

-5duction cascades span multiple cellular compart

, from the ceil membrane via the cytoplasm to the 

~:eus. They are ubiquitous in all species and tissues, 

involved in all aspects of cellular life, from differen

"on and proliferation, via "homeostasis and "plastic

o death, 

The information in intracellular signal transduction 

-ades flows from transmembrane "receptor(s) to 

tems of interacting enzymes and regulatory pro
_~,S, which are linked to each other by adaptor and 

-;;.::iold proteins to provide the right signal channelling 
.~och et al. 1991; Niethammer et al. 1996; vVhitmarsh 

.11. 1998). Specific nodes iJ1 these cascades are linked 

a smaller diffusable substances such as cyclic 
~Jenosine-3',5' -monophosphate (cAMP), *calcium, 

;lositol triphosphate, or eicosanoids (a family of lipid 

'11olecules), whose level is modulated following the 

stimulus-receptor interaction. These substances 

Intracellular signal transduction cascade 

distribute and markedly amplify the message. They 

are termed 'second messengers; as opposed to the 

'first messengers' which are the extracellular stimuli 

(Sutherland et Ill. 1965), About 20 families of intra

cellular signal transduction cascades have been identi

fied so far. For a tiny seJection, to be used merely as an 

appetizer or an entry point to the intricate world of 

intracellular signalling cascades, see Cantley et al. 

(1991), Berridge (1993), Hunter (1995), and Seger and 

Krebs (1995). Furthermore, in real life signalling path

ways are intimately interwoven into complex networks 

(Figure 39) (Weng et al. 1999), to the point were their 

'taxonomy looks like a heroic feat. 
The first intracellular signal transduction cascade to 

be identified was the 'cAMP cascade', This was during 

the biochemical revolution that ha" swept biology 

in the mid-twentieth century (Sutherland and Rall 

1960). It so happened that the same cascade was also 

later identified as critical for neuronal plasticity mecha

nisms that arc engaged in "development and memory. 
A few words about the cAMP cascade can therefore 

illustrate not only the operation of signalling pathways 

in general, but also their role in neuronal plasticity 

in particular. Hormones or neurotransmitters that 

regulate the cAMP cascade, such as catecholamines 

(e.g. "noradrenaline), do so by binding to specific 
transmembrane receptors coupled, via a detachable 

transducer called G-protein (KnaU and Johnson 1998), 

to the enzyme adenylyl C)'c!ase. This enzyme produces 
cAMP (Sunahara et al. 1996; Tesmer et al. J999). 

Depending on the specific type of G-protein, the level 

of cAMP in the cell increases or decreases in response to 

the stimulus. Before it is degraded by the enzyme 

cAMP-phosphodiesterase, cAMP activates the cAMP

dependent *protein kinase (PKA). It does so by dissoci

ating the inhibitory regulatory subunits from the 

catalytic subunits of the enzyme. The latter alter target 

proteins in the cytoplasm and in the nucleus, by phos

phorylation, which is the addition of a phosphoryl 

moiety to proteins (phosphorylation is a ubiquitous 

'modifying tool' of intracellular signal transduction 

cascades). Some of the modified proteins are other 

enzymes, others are signalling and regulatory mole
cules, still others are transcription factors,1 which 

modulate gene expression. 
There are at least two identified mechanisms by 

which the cAM P cascade can itself sustain information 

over time, hence serving as a ceUular 'information 

storage' device and potentially contributing to the 

*persistence of experience-dependent modifications 

in neuronal circuits. One involves the experience, 

dependent degradation of the regulatory subunit of 
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Late response genes 

1998; 'development). Only little, however, is currently 

known about the identity of the late genes that are sup

posed to sllbserve these postulated remodelling and 

growth processes. The problem is that, whereas the care

ful analysis of the pattern of gene expression during the 

first hours and days after a training experience is likely to 

reveal many changes, determining the relevance of these 

changes to learning and memory is a tricky business. 

Here are a few examples of genes whose modulated 

expression following training lags after tllat of the 

immediate early genes. In 'Aplysia, BiP/GRP78, an 

endoplasmic-reticulum resident protein involved in 

folding and assembly of newly synthesized proteins 

(a type of protein termed 'chaperon'), was found to be 

synthesized in neurons 3 hours after the onset of 

long-term facilitation, which is considered the cellular 

analogue of long-term 'sensitization (Kuhl et al. 1992). 

This fits the time course expected of a delayed early gene 

product. In the same *system, calreticulin, a major *cal

cium-binding protein in the endoplasmic reticulum, 

also displayed a delayed time course of post-training 

expression (Kennedy et at. 1992). In the mammalian 

brain, 24 hours after the induction of 'LTP in the rat 

*hippocampus, a transient increase was observed in the 

expression of the messenger RNA (mRNA) of ERK-2 

and raf- B, two components of a major *intracellular 

signal transduction cascade (Thomas et al. 1994). Two 

gene products with the kinetics of late genes were also 

reported to increase transiently in the rat hippocampus 

after water *maze training (Cavallaro et al. 1997). One 

of these genes encodes the enzyme glutamate dehydro

genase (mRNA peaking at 6 h post-training), the other a 

ryanodine *receptor (an intracellular 'ion channel 

involved in *homeostasis of cellular calcium; its mRNA 

peaked at 6-12 hours post-training). 

Although it is rather straightforward to tl")' and 

incorporate the aforementioned findings and the like 

into *models of synaptic *plasticity and neuronal 

remodelling, the truth is that the real function of the 

identified late genes in consolidation and memory is yet 

unclear. Do their products fulfil a causal role in altering 

the 'internal representations in the neuronal circuits 

that encode memory? Are they ultimately stabilizing 

or augmenting the molecular machinery that is altered 

in the short term, e.g. post-translationally modified 

ion channels, enzymes (e.g. *protein kinase), or 

receptors? Are tlley required for growth processes to 

supply active neurons with sufficient synaptic space for 

future computations? Or, alternatively, are they only 

manifestations of homeostatic processes that provide 

*nutrients and restore function to the exhausted, 

stressed cells? 

In some potential scenarios. the expression of the laL 

genes could be transient, whereas in others, the ceL 

could commit itself to expressing these genes differen 

from the time of consolidation on. The distinctior 

between transient and lasting modulation reflects or 

the candidate role(s) of the late gene products in the cel· 

lular machinery of learning. If the modulation of th 

expression of the late response genes is only transiem 

the products of these genes could function as cellular 

switches that trigger the shift of the cell from one stabl 

state to another, but not as storage or 'retrieval devices. 

In contrast, if the expression of these genes itsel:: 

switches into a different lasting state, this implies tha

the products of the late genes could be storage or read· 

out components in the neuronal machinery of memor}. 

The investigation of identified neurons in ident.ified 

circuits that subserve identified behaviours, e.g. in 
Aplysia. offers significant advantages in the search for 

the concrete role of late response genes in the formation 

of persistent memories. The fast developments in 

molecular neurobiology ensures that pretty soon, rele

vant information will become available from in sin 

analysis of identified circuits in the brain of behaving 

mammals, which learn, for example. to avoid a tast 

(*conditioned taste aversion), fear a tone ('fear condi

tioning), or navigate in space (*hippocampus). 

Selected associatiol15: Consolidation. Developmelll. 

immediate endy genes, Phase, Protein synthesis 

'For what transcription factors are. see '(REB and 'immediate ea • 
genes. 

learning 
1. The act or process of induction of a lasting 

alteration in behaviour or in the behavioural 

potential, due to the individual's behavioural 

experience. 

2. The *acquisition of information, or the reor

ganization of information that results in new 

knowledge. 

3. Experience-dependent generation of enduring 

*internal representations, or lasting modifica

tions in such representations. 

The above definitions apply to smart inanimate 

'systems as well (Moravec 1988; Weng et al. 2001). We 

limit our discussion, however, to learning in biological 

=.illisms with nervous 5\ 
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:earning in biological 

~anisms with nervous systems. Definition 1 is of 

*classical, 'behavioural' type (e.g. Bower and 

-'!!.Igard 1981). The term 'behavioural experience' in it 

-~;'as to the wide gamut of sensory, motor, emotional, 

d cognitive events that take place in a lifetime; the 

-;odifier 'behavioural' is introduced to eliminate the 

-~~d to exclude specifically the experience of disease, 

~iury, and poisoning, which is not traditionally consid

••ed to result in learning. Definitions 2 and 3 are 

2riants of the 'informational' type, which refers to the 

-~havioural "performance and behavioural capacity of 

~e organism in terms of 'knowledge' (Plato; James 

.590; Squil-e 1987). Definition 3 (Dudai 1989, 1992) 

~resses information in terms of internal represen

.1tions, which are neuronally encoded structured 
-models of the world that could potentially guide 

:-ehaviour. This is the preferred definition of learning in 

's book. This definition implies that a/llearning, be it 

;] 'Aplysia or human, is alteration in an internal 

'cpresentation of some type or another. 

The pursuit of internal representations and their 

aodification by experience is thus identified as the crux 

:.i learning research, at all the ""levels of analysis of 

earning. In the "reductive analysis of learning, the 

;OCllS on representational properties is meant to guide 

'.he investigator to identify those changes in one level, 
iC.g. the cellular, that cause or reflect the representa

jonal alterations in another level, e.g. the circuit. 

Changes that do not contribute to the representational 

.alteration are irrelevant to learning per se, although, of 
:ourse, they may still be critical for other functions of 

:he nervous system, such as *homeostasis. Further, 

;he assumption in this book is that internal representa

tions are encoded in the spatiotemporal activity of 

ueuronal circuits. Hence, molecules, isolated "synapses, 

~nd in many cases even individual nerve cells, are 

"lot expected to encode independently appreciable 

.:'mIlks of behaviourally meaningful models of the 

'·;orld. In order to gain behavioural meaning, the con· 

7ribution of the molecular and cellular change must be 

:onstrued within the "context of the circuit (Dudai 
989.1994b).1 

A caveat is appropriate here. Molecular states within 

an individual nerve cell clearly have a meaning as well. 

But this meaning is at a level of organization that does 
not sujjice to guide directly behaviour and cognition. 

-~'leaning' is level-dependent, and levels transmit only 

.imited information to other levels (Simon and Ando 

196 I) 2 Therefore, although states at level L, could 

embody unique meaning at level Li' these states only 

rovide elementary building blocks. or terms, that are 

used to construct a variety of meanings at a higher level 

Learning 

L,. For example, suppose a "neurotransmitter activates 

its *receptor in a synapse. The downstream cascade 

culminates in modification of an "ion channel. The 

identity of the modified channel, determined by the 

"stimulus and its context, conveys a specific meaning to 

the synaptic state, e.g. modified channel X=+ l:1y synap

tic excitability. But this altered synaptic state could be 

employed in different ways to construct meaning at the 

circuit level; for example, it means something very dif

ferent if the synapse is inhibitory or excitatory, or, at a 

higher level, if the circuit enhances or suppresses the 

behaviour. The contribution of the molecular change to 

the representational meanings (,semantics') hence 

depends on the synaptic context, and that of the 
synapse, on the circuit context. 

Learning has multiple "dimensions. Here are a 

selected few: 

I.	 Innateness. Some types of learning involve informa

tion that is constrained *a priori by innate predispo

sitions. These types of learning are termed 'prepared 

Jearning~ They could be ubiquitous in the animal 
kingdom, for example, "conditioned taste aversion, 

or species-specific, for example, filial "imprinting, 

"bird song. Imprinting and bird-song are good 

examples for the role of "development in learning. 

Some behavioural definitions of learning explicitly 

exclude the role of rigid, autonomous developmen

tal programmes, which do not require interaction 
with the environment, in the modification ofbehav

iour. But it is doubtful whether genuine use-inde

pendent programs exist in real-life. The demarcatloll 

line between 'development' and 'learning' is inher

ently blurred. The two types of processes share 

molecular and cellular hardware (e.g. 'immediate 

early genes), and it is possible to consider learning as 

an extension of brain development. Still. the posi
tion of different types of learning on the'determinis

tic: 'preparedness' or 'developmental' axes vary. An 

example is provided by "classical conditioning. 

Some instances of classical conditioning involve only 

augmentation by experience of the response to the 

conditioned stimulus. This is called a-conditioning 

(' Aplysia). In other instances there is no significant 

pre-conditioning response to the conditioned 

stimulus. This is bona fide classical conditioning. 

These two types of classical conditioning are hence 
separable on the axis of'preparedness'. 

2.	 Strategy. There are two major strategies by which a 

'teacher' stimulus could modify internal representa

tions (Young 1979; Changeux 1985; Edelman 1987; 

Dudai 1989). First, the teacher could impose new 
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learning 

order in the system by directly instructing it to 

modify in a certain way. Secondly, it could induce 

the new structure by selecting an internal represen

tation among multiple endogenous variations, i.e. 

existing 'pre-representations'. The instructive and 

the selective mechanisms oflearning could coexist. 

3.	 Domain. Learning may involve the acquisition of 
motor, sensory, emotional, or cognitive informa

tion, or to all of the above. 
4.	 Associativity. Certain types of learning are gov

erned solely by the parameters of the uncondi
tioned stimulus. These types of learning therefore 

do not result in the association of the uncondi

tioned stimulus with other stimuli. Examples are 

provided by "habituation and "sensitization.3 Most 

types of learning involve the formation of associa

tion among stimuli or among stimuli and actions. 
Examples are provided by classical and "instru

mental conditioning. 

5.	 Specificity. Types and instances of learning differ in 

the specificity of the acquired information ("gener

alization, "transfer). 

6.	 Intention. v\le learn about the world either inciden

tally or intentionally. The term 'incidental learning' 

has come with time to acquire multiple meanings 

(Hilgard and Marquis 1940; Spence et al. 1950; 

Morton 1967; Hyde and Jenkins 1973; Craik and 

Tulving 1975; Glass and Holyoak 1986; Rugg et al. 
1997; Berman et al. 1998). These are: (a) learning 

that occurs unintentionally as a by-product of a 
sensory, motor, or cognitive process; (b) learning in 

the absence of "attention; (c) learning in the 

absence of an identified 'reinforcer; and (d) an 

experimental situation in which the "subject is not 

told that memory would be tested later. Note that in 

(c) the lack of an identified "reinforcer is used as a 

"criterion; however, in real life, the reinforcer is 
always there, only hidden, either in the context or in 

the endogenous activity of brain circuits. 

7.	 Awareness. The presence or absence of 'conscious 

awareness is a major criterion in the 'zeitgeist "tax

onomy of learning and memory. Suffice it to note 

in the present context that conscious awareness in 
learning does not entail conscious awareness in 
retention and "retrieval, and vice versa ('declara

tive memory). When information is acquired in an 

incidental manner, without awareness of what has 
been learned, the process is termed 'implicit learn
ing', as opposed to 'explicit learning' (Seger 1994; 

Whittlesea and Wright 1997). The distinction 

between 'implicit' and 'explicit' learning has been 

used extensively in tasks involving rule learning in 

humans, e.g. grammar learning. In these experi

ments 'explicit' came to mean that deliberate 

instructions are given to search for rules that 

underlie the presented material, whereas 'implicit 

is when the subject learns without such instruc

tions but acquires information about t11e underlr
ing	 rules nevertheless (Reber 1967; Berry ane 

Broadbent 1988). The term 'latent learning' is occa

sionaUy applied to either incidental or implicit 
learning (Stevenson 1954), but this is not recom

mended, because 'latency' does not necessaril~ 

imply neither incidentality nor implicitness 0; 

learning (Dudai 1989; 'insight). 

8.	 Novelty. Certain types or tokens of information 

are unexpected, others are. A useful rule of thumb 

is that the more 'surprising the information, the 

better it is learned ("algorithm). The novelty 

dimension of the stimulus to be learned shOUld not, 
however, be confused with naivete of the subject. 

Even when the role of innateness is recognized 

(I above), many investigators still err to think that 
the subject's brain enters the new experimental 

situation as a blank surface (tabula rasa, Locke 

1690). This rarely is the case; almost alwa)' 

the subject brings to the task knowledge and 

expectations ("a priori). This is now evident even 

at the cellular level. For example, whether a modest 
input induces a long-term change in t11e target 

neuron ('long-term potentiation) depends on 

what the same cell has experienced 2-3 h before 

(Frey and Morris 1998). It is hence appropriate 

to consider even new learning experiments as 
manipulations of an already opinionated brain 
("palimpsest). 

9.	 Rate. Certain types or instances of learning occur 

in a single trial, as a step function ("flashbulb mem

ory). Others are incremental and require repetitive 

training. An example for the latter is rote learning 
(Hebb ]949; Irion] 959), manifested in the acquisi

tion of "skill. The kinetics of learning is commonI)' 

depicted as a learning curve. This is the representa

tion of performance, which itself is taken to repre

sent learning, as a function of tbe amount of 
experience (e.g. Figure 41, p. 144). 

10.	 Fate. Depending on its type and on the parameters 

of acquisition, learning could result in 'engrams 

that last from seconds up to engrams that last for 

a lifetime ("percept, "consolidation, "taxonomy). 
Furthermore, in some types of learning the intor

mation is a priori intended to subserve only the 
transient task and then be 'forgotten ("working 

memory). 
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multiplicity of dimensions clearly hints at the 

=-1·llless of the computational theories, neuronal 

;orithms and their ceUular and molecular implemen

on, which one should expect to identify in neuronal 

~~uits that learn. It also implies that a master solution 

lJe mechanisms of learning is unlikely to exist. 

.<'(ted associations: Acquisition, Engram, Development, 
'.'rnal representation, Memory 

- ::cough there is no doubt that the contribution of individual neu
sto arepresentation must be evaluated in the context of the entire 

::.it, the role of single neurons in encoding representations is still 
-s~nled. In any case, this role is circuit and task dependent. Single 
O_'ans may execute meaningful computations, but it is unlikely that 
-~. encode meaningful parts of complex representations. For further 
.c~JSSion, including estimates of the number of neurons that encode 
~Jresentation, see' cell assembly. 

--~retically, one might envisage acomputational system with prac
':3!/y unlimited 'capacity that could read simultaneously all the 
':~mation in all the levels of a biological system. Such a system is 
: ~cver impractical, and, most importantly, disposes of the advan
-;~ of being able to save computational resources by using only the 
~rtant information extraded at each level. 

, s doubtfuL however, whether pure nonassociativity exists in 
o:Jre; see discussion in •habituation. 

learning set 
.Alearned tendency to follow a particular
 
cognitive strategy in response to a particular
 
type of *stimulus.
 

•. learning to learn. 

3. Progressive improvement in the rate of learn
ing of successive object discrimination prob
lems of a given type, culminating in single-trial 
learning of novel problems of that type. 

The roots of 'learning set' can be traced back to the 

. eginning of the twent.ieth century, to a group of psy

:hologists at Wiirzburg University, Germany, known 

,ollectively as 'The Wiirzburg School'. They pioneered 

experimental approaches to thought processes (Boring 
1950). In the course of their investigation they noted 

hat with proper preparation of a 'subject for a mental 

ask, upon the presentation of the stimulus the 

houghts of the subject would run off automatically to 

perform the task. This was taken to indicate that the 

particular task and the instructions that have preceded 

Learning set 

it ('Aufgabe' in German) imposed certain constraints 

on 'attention and thought, yielding a tendency to use a 

particular mental strategy. This learned tendency to 

respond in a particular manner to a type of stimulus 
was termed' Eins/ellung' (German for 'set', 'attitude'). 

For a while, the concept of a cognitive or mental 'set' 

had been used rather liberally by multiple schools in 

psychology, dealing with topics as diverse as perception, 

conditioning, volition, or neurosis. This cast some 
doubts on the usefulness of ,set; leading Gibson (1941) 

to comment that 'The concept of set or attitude is a 

nearly universal one in psychological thinking despite 

the fact that tbe underlying meaning is indefinite, the 

terminology chaotic, and the usage by psychologists 
highly .individualistic'. It was Harlow (1949) who rein

vigorated the concept by focusing on one aspect of it, 
which he termed 'learning set', and devising 'assays to 

quantify it. Harlow felt uneasy with the fact that many 

in the contemporary field of animal learning study their 

subjects in short, isolated learning episodes only. He 

called this approach tlle 'Blitzkrieg' technique. Animals, 

so ran his argument, do not learn about the world 

merely by taking isolated snapshots of it; they are 

expected to benefit from 'transfer from one situation to 
another and ultimately form some 'generalizations and 

predictive 'hypotheses' that facilitate the proper response 

to familiar types of situations. This, at least, is the way 

we humans behave, and there is no reason to assume 

'a priori that other species are radically different. 

V\That Harlow did was to place 'monke~'s in a special 
test enclosure ('Wisconsin general test apparatus; 

'delay task), and present them with a series of visual 

discrimination food-reward problems. In each prob

lem, the monkey was required to choose on a front tray 

the rewarded one of two different objects. Different 

pairs of objects were used for each individual problem, 

and the left-right position of the rewarded object was 

varied in an overall balanced manner. Eacb of the prob

lems was run for multiple trials. At the beginning, it 
took the monkeys many trials to respond correctly. But 

then, a remarkable increase was noted in 'performance, 

reaching after a while> 95% successful discrimination 

on the second trial of each new problem (Harlow 1949). 

Harlow suggested that the remarkable level of perform

ance was achieved because the monkey 'learned to 

learn'. He defUled this 'metalearning' as the formation of 

a 'learning set'. Harlow further found that the monkey 

could acquire a set that allowed for swift alternation of 
the response tendency. This was done by using 'discrim

ination reversal' problems. In this type of problem, 

the subject was first run on a discrimination problem 

for a number of trials, but then the reward value of the 
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Memory 

. ~nclosure (conformin<

" 2 above), Such ma.I<'S 

. The term 'enclos~d' or 

o dt'note defined patlb 

ronmc'nt (J (ebb and 

ionable because wiles 

ma7.e" are enclosed if' 
another, In Iheir shap 

a straightforwardl, 'I: or 

pie discrimination or 

x multiple-arm radial 

~ 'p~llial and "working 

udson /976; oce also 

:idd' typc' of maze thaI 
~:;.s and pOpularil y in 

Iso known as Ibe '/VIor

'vpe 01' maze rock-nls an' 

., 1(1 OJ hiddc'n plathmll 

uctt'd pool (for earlier 

"h wilh ddined palh;, 
rsky /954). The'Morri~ 

:-----------.... , 

r 
.. - --- ... _--\ 

has been seminal in reinforcing the notion that 

Is can form stable overall spatial maps of their 

. independent of local cues (Morris 1981). It has 
b.:en instrumental in analysing the function of the 

"'pocampus in learning and memor)', as well as the 

_ dnce of 'long-term potentiation to behavioural 

Ucil)' (e.g. Bannerman e1 ill. 1995; Wilson and lone, 

.l 199i). Many other types of ma7e are, however. 

_ th· useful as well in such studies (e.g. O'Keefe and 

~an 1987; Markus el al. 1995). 

e rapid and impressive ad\'ances in molecular 

robiology in general, and in mice' neurogenctics in 

Kular, hav," promoted the popularity of maze 

ng neurobioJogi,ls al large, because ma7es could 

- wide a seemingly simple learning' a553)'. TllU,. it has 

'ome alnwst romine for new transgenic dnd knock-

mice to be ,Io-clared cit her slllart or Mupid 01] th 

'I' of passing or flunking the' tesl in the water ma,.e. 

wewr, lhe simplicity of Ihe procc'e1ures facing the 

:rilllent<:r may mask the c.omplexities fucing the 

u,e (e.g. Banncrman <"I al. 1995;'Day cl al. 1999). It 
•W ,Ibo blur the fine~e of species-specific innate 

hJ\'iour, (Wolfe-r lOr ai, 1998). A maze is clearly not;1Il 

IJnt assay kit, and the experimellter ,hould devole 

pit- Jttention to the 'pcrformancc' of the 'subject 

d to what this performance really means. 

/ccla/associations: lIs>ay. Hippocampl/s, /I·[ap. MOl/se, 

oil, Paradig/II 

'r a beautiful disllnCllon betwecn aile,! and open Held mazes in 
don, see Borges (1949), 

Memory 
1. An enduring change in behaviour, or in the 

behavioural potential, that results from the 

individual's behavioural experience. 

2. The retention over time of *Iearned information. 

3. The retention over time of experience

dependent *internal representations, or of 

the capacity to reactivate or reconstruct such 

representations. 

~'Iemory, t-he mother of all the muses (Hesiod SC He, 
• mnemonics), resides in many types of . systems, 

including inanimates (Moravec. 1988; Weng fIlii. 2001). 

We "'ill refer here solely to memor}' in biologic<ll 

organisms with a nervous syslem. As in the case of 

'learning, the term 'behut·joural cxperience' in defini

tion I refers to the wide gamut of s('ns0l)', mOlor, emo

tional, and cognitive evenls thattakc place throughout a 

lifelime. Other tyl'~S of cxperience, suc.h as the unfold

ing of u rigid' devdopmental programlllt' independent 

f the em'ironnH'nr, or disease, injury and poisoning, 

arc excluded. The term 'enduring' meam longer th~n 

the puceptual or th~ cognitive present. which i~ a frac

tion of a second to J few 5econds at most ('phase). 

Another type of definition refers to menlor)' in terms of 

'information' (defmition 2). [t is noteworthy that brains 

and nervous systems arc not at aU mentioned ill the 

behaviour~1 or informarional types of definition5. Thi, 

I'lck of r('ferc'nc{' to lhe biological Mlbstrale oC behav

iour is the combined heritage of Illultiple schoob ill 

ps)'chologj', information, and Sy5tem theory (rc\'iewed 

in Bower and ["'lilgard 1981; Baddeley 1997). Over the 

)'ears, onl)' rnrdy were (alllplaints "xpresscd in the liter

,HUrt' that 'few dictionaries contain ~ny rcfnC:J\Cl' to 

OI('mor)' as ,I feature of J physical ,)'stcm' (Young J987). 

Definition J refer, to Illcmory a, relc'nlion over tim 

of experit,nce-dcl'endenl modific,llions in 'internal 

representations. where intern,1I repres{'nt,ltioo; arc 

ne-uronall)' {'flCoded models of the world that could 

guide beh:lviour (Dudai 1989). The foclis nn the rcpre

sentation~1 properties of neural system, b mt'ant to 

guide the identification of llw relevanc/,' 10 lllemory of 

findings at llluitiple 'levels ul' anal)'sis ('Iwluetlon). 

This auilude fits the rllultilcwlnalure of rC5eardl in the 

neuroscience. better than the attitude retlectcd in the 

behavioural and/or the informational definitions 

(Dudai 1989, 1992;C.rick 1994). 

The view taken here is that a/l memories, regardless 

of the specie, ;tnd the task, arc biological' i11lernal rep

reselllations. Similarly to 'leMning', the differenct' 

'll11ong types of memo!'}' is in the ecological function, 

compul<ltional Iheory, 'algorithm" and neu !"<l I imple' 

mentation of the internal represent;ttion. The pur,uit of 

internal representations and (heir modification hy 
experience is thus tagged as the gist of memory 

research. Internal represelllations are assumed to he 

encoded in the spatiotemporal .,tales of neural circuits 

("cell assembly, "homunculus). In eontemporaf)' neu

robiology, quile a few research progrnmmes that claim 

to target memor) concentrate soleI}' on the molecular 

and the isolated single-cell level. Such programmes 

address cellular information storage, or neuronal 

. plasticit)'. not 'memory'. This of course should not all 

belittle the huge excitcment, signal imporlance, and 

immense usefulness of the molecular and cdlular 

approach; it only means that molecular and cellular 
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Memory 

neurobiologists sh,ll1 aim at integrating their programs 
with bigher level approaches if they wish to focus on 
memory. And vice versa: 5)'stem neurobiologist> should 
tune to nlolecular and ceHular biology, and exploit its 
tuols, if they wish to understand I he nuts and bolts of 
billlogical information-storage machinery in the brain. 

'Memol")" could be subjected to muJtiple 'ta'Conomies, 
based on differellt 'dimensions, such as duration, a.~o
ciativit)" • [Ol1Scious aW'lIelleS.~, and behavioural function 
(e.g. Augustine 400; de Biran 1804; Jamcs 1890; Bergson 
1908; Hcbb 1949; Ryle 1949; Tolman 1949; Milner et al. 
1998). Such ta)(onomies arc exemplified llllder "learning 
abow. The la{ionalc and evidence for selected classifica
tions uf memury are detailed in the relevant entries in 
this bonk. At this point, it is useful to consider briefly only 
a f~w general propc:rtjes of memory. 

I. 13y definition, not aU internal representations that 
guide behaviour are memories. Internal representations 
could also be ;a priori, innate constructs, encoded by 
the gene~ and establishcd by developmental pro
grammes evell in the ab:;ence of learning. ; P"rcepts are 
also il\tcrnal represelltMions bllt not memory. Mcmo
ries are only those species of internal representation. 
that res\llt from learning. At the sam, lime, it i~ impor
tallt to n,)tc that the concept of 'learning' lIsed in Ihis 
book is comprehensive, and includes not only physio
logical or behavioural experi~nec but also rearrange
ments of internal representations rhat yield new 
knowledge. Therefore, in brains, probably also in very 
simple hrains and ganglia, even the innate internal rep
resentations arc expected to undergo il process of 
change with ell:perience and become bOIl(/jidememor)'. 

2. In contrast with what is connoted by popular 
'metaphors, memories, being spatiotemporal acti"ity 
st,1(es of rhe nervom system, are unlikel)' to be stored 
over time as such. Rather, they are probably reactivated 
or reconstructed each time ane\\'. to regain their mean
ing, content-wise, only in 'retrieval (Tulving 199J). 

Retrieval is any 'stimulus-induced or spontaneous acti
vation of the representation, whether ilccompanied b}' 
behavioural 'performance or not. So what is it that is 
stored over time' This profound issue is disC11&>ed 
under • persistence; suffice it to note here only t\\'O basic 
types of scenarios. One, that <recognition or 'recall is 
the activation of a dedicated circuit, probably identical 
to the one activated in training. One could expect to 
encounter this scenario in simple circuils that subsen'e 
simple behaviours, such a reflexes (>ApI)'sia). Another 
possibilit)' is that what is stored is only a compressed 
'core memory', or index, that permits the reactivation or 
reconstruction of a full-blown representation. The acti
vated circuit could be different from that employed in 
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leaming or previous retrieval. Further, retrieval il>elf 
cOltld induce use-dependent alterations il~ the circuit. 
including re- 'corlso!idation of the modified-anel' 
trace. Add to this the 'ilssociation ofthe 'context at the 
time of retrieval with the retrieved 'engram, and the 
result is the potential 'falsification of memory. 

3. A balance is expected in the evolution of biological 
memory between universal processes and components, 
thal subsen'e man)' types of memory systems, and par' 
ticular processes and components, tlUll subscrve only a 
particular typE' of memor)' system. Whereas economy in 
evolution could favour universals, the need to endow the 
system with new capabilities, as well as opportunism in 
evolution, could f,wour the addition of particular 
molecular, cellular, or system' algvrithms and devices. 
The poim to note is that even if two learned behav
iours se('m to share the phenomenology. or ,wo mem
o!")' cirClliL~ set'm to share algor ithms, such as the 
Hebbian, and hardware devices, such as the' glutamate 
N-methyl-v-aspartate receptor, a closer look may ull\'eil 
many p<lrticulars among tht' apparent universals. In <In)' 
ca~e, as mentor)' rcfer~ to so man)' different lypes (If 
internal representation~, neuronal sy~tems, function;" 
and beh;wiouTI>, as in the cast' oflcarning, it is unlikely to 
expc'ct a master solution to the mechanisms of memory. 

clec!<'d (/s,sooatIVIIS: Engram, (lllerlloJ rcprescllllllioll, 

Lcamillg, P(/{iJllpsc_<t, P/llSticiry 

Metamemory 
Self-appreciation, monitoring, and control of 
one's own memory, 

Although some authors consider the study of meta
memor)' a newcomer to the fidd of memory research, 
its roob arc rather ancient. Already 5t Augustine (400) 

referred 10 'Memory of memories ... I h"ve remem
bered that I have remembered'. Interest in the sdf
appreciation of one's own knowledge and performance 
was shared by introspectionists during the early (",y., of 
e:l.-perimcntal psychology, especially the so-called 
'Wiirzburg school' of 'systematic experimental jmro
pection' (Boring 1950(1).1 However, :;ystematic reports 

on' subjects' ability to predict their own learning 3bility 
had (Q await the development of more rigorous research 
•methods (e.g. Underwood 1966). Soon after, Tulving 
and Jl'lildigan (1970) noted that 'one of the truly unique 
characteristics of human memory (is) its own kllmd
edge', and added that' ... if there: is ever going to be 

genuine breakthrough in , 
-:Jemory ... it ,,,ill ... relatt' 

:1e individual's memor:' II 

'Jlowledge'. Finally, the l< 

'11/:10- Greek for 'bc)'ond','a 
~97 I). This W<lS in Ihe co 

_e\.dopment of learning ar 
teneral, and children's kn' 
-,emory in pMticu\ar. F1 

ame interested in qu-

preciate 1hat somc IYFe 
-~member than others, ar 
.ie:! of how to improve tb 

"')r example, dc' kindel'S" 
'.lSier to remember the gi,' 
:.; exact wording' In sugg 
-ad in 1l1ind the J 

language used to de",,'" 
Havell and Wellman \9-' 

igher-order' memon-, 
cult, ('metacog,nition'.• 

"n'5 cognil ivc procc"-.'t'" 
• al. 1998). Viewed th· 

a belief system tha' 
-mind'.1 
The research on rnd 

,it(vn ill devclopm 
;hneider \999), but h 

Jbdisciplines of melll 
-elS to l1\l;I'ltnen10n 

'conscious recolkct 
sdf-appreciation a 
ce, others in contr, 
helVe been used to t 

d 10 then ~nal}'$e it: 

Ease of /eOr'IJillg. r· 
hI)\\' CiISy is l he Ia...,.,., 

llldgernelil of I,', 
diction of whe 
. acquired ~ nd 
. retrieved (Mbu: 

~. Feeling of kllOIl 
iudgemcnt oi wit 
a failure to retri 
A related term 
information in 
as residing on . 
McNeill 19661. 

4. COlltrol of 1",1 
self-apprcciali 
ing strategic> 
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Synapse 

ffillllllture learning machines, such as 'acquISItiOn 
devices, 'coincidence detectors and associators, storage 
devices, etc. (Dudai 1993; 'Aplysia, •Drosophila, 'long" 
term potenti'lIion)..l The synaptic job is ca.rried out by 
webs of macromolecules in tlle presynaptic and the 
posts!~laptic teIminals. Parts of this web ex-tend into the 
.ynaptic deft as well. The macromolecular web includes 
'ion channels, . receptors, cytoskeleton, adhesi~lIlmoJe
cules, and more (KUllO 1995; Hagler and Coda 1998; 

Kim and Huganir 1999). The presynaptic terminal con
tains a h.ighly specialized apparatus for tran>min('I 
release (Kuno 1995; Schiavo el al. 1995; Geppen and 
SudflOf 1998), regulated, inter alia, by presynaptic 
receptors for the same or other transmitters (l.anger 
1997; Miller 1998). Thl;' structure and function of the 
.ynaptic machinery is a dynamic function of the stage 
in 'dcvelopment, the individual experience of the 
synapse, and the ambient extracellular and intracelluJar 
input (e.g, 'calcium; 'glutamate; Okabe el (II. 1999; 

Thomson 2000). Pla~tic changes could manifest them
selve. ill anything from gradual alterations in synaptic 
efficacy. SlIbs.'rved by pr<'", post-, or pre+ posls}'11aptic 
mechani.~l11s (jessd and Kandel 1993; Markram 1:1 (II. 
1998; Thomson 2000), to a transformation from a 
SilClll synapse to one that starts talking (Atwood and 
Wojtowicz 1999). Sonle manifestations of synaptic 
'plasticity last for a fr;lction ()f a s("Cond to a fel\' seconds 
only, but other forllls of s)'naptic plasticit)' could lasl 
Illuch lon~er ('long-term potentiation). To reshape 
itself' in Ihe long term, the synapse apparenlly take" 
adv'lIHage of luc.\1 as well as cell-wide "prott'in synthesis 
facilities (Steward 1997; Casadio <'I al. 1999: Gardiol 
"1111.1999). 

The notion that s!'naptic plasticit)' subserves devcl
opment'll and behavioural plasticity is a tenet of neuro, 
scicnce. In the neurobiology of memory as well ;I" in 
'modelling, the twentieth century Ivas in many respects 
the cent ury of the sYllap.~e. It has become the major and 
sometimes the sole focus of attention at the molecular. 
ceLlular, and circuit "levels of anal}"sis, The S}'11apse was 
also identified as the prime target for multiple types of 
neuroactive drugs, induding some that affect memory 
('Iotus, "nootropics). The popularity of the synapse 
stems from a smart choice of a domineering 'reduclive 
research prognunme, and from the ava;labilir)' of cer
tain advanced research "me.thodologies. It is tempting 
to predict that in the twent y- first cennITY, analy.';s of 
the synapse will become even further integrated into 
the amilysis of "internal representations and their 
ex-perience-dependent modification at the circuit and 
system level. The data so far do tell us that synapses are 
critical in making memories, But synapses mal' not be 

sufilcient and even more so ,~xclusivc agents in estair 
lisl1ing a memory ("criteria). Because they are so inter· 
esting and captivating, and because we find them mor, 
or les$ amenable to anal)',i" becoming immersed in 
fascinating world of the synapse could easil}' make 
forgel what the wtimale goal of memor}' rese,lrch li 
As far as memory is (:oncerned, what counts for the 
hehaving brain is not the indil'idual synap,~ but rathe 
the integrated contribution of many symlpses to tn 
coherent activit}' of the networks in which th~y operate 

Selected associcliiollS: Algorithm, [QIl challllel. LOllg-lt' 

poremill CiOIl, PlflSlicil)', Hcallclioll 

'When the term 'synopse' was intlOduced, the term 'neuron' ho.: 
itself been 0 newcomer ro rhe scientific jargon. It was coined 
Waldeyer (1891 l, on ardent supporter of (ajal's neuron doctrine, 0 

ofew years earlier, 

IBeware, however, of lhe "homunculus fallacy', which equale~ t, 
behoviour of the synapse with the behaviour of the brain or even tL 

, 

orgonism. 

System 
1. A set of units and their interrelationships. 

2. A group of related elements organized for 

a purpose. 

3. A portion of the universe selected for study. 

'System' «(rom :</111 iSlal/a i, 'to combine' in Greek) i, 
abundant in colloquial 'seientinglish'. 'Let me tell you 
about my system' Or 'did you try it in your system' 
arc only selected examples of ritualistic uuerances of 
scientitlc·culture. All experimenwl system well, 
matched to the research goal is a key to .'lccessflll 
research programmes. Prolific ,s}'sten", facilitate the 
road to academic tenure and (ame. and trend)'" ,,}'stellls 
increase the prohabilit)' of acceptance of manuscl'ipts 
into respectable scientific jOllrll:lls. The popularity 0" 
"}'stem', therefore, de.erves an attempt to put some 
order to the sYSlem. 

\ol/ilar are systems? In the most general sense all ,yslems 
arc sets of interconnected units (defInition I), These 
units may be either concrete (e.g. parts of a machine) or 
abstract (e,g. concepts in a theol")'). 1n some C<l.es the 
system is delineated on the basis of it, assumed purpose 
(definition 2), but the teleological misoll d'arc may 
exist only in the eyes of the beholder. Even lllore 
anthropocentric is the view that a system i. defined by 
its being selected for analysis (definition 3). None of" 

--esc deilnitions assume, 
n, size, semantics, an( 

CC v<lry trcmendoush 
endence on other S)',1 

,terns, function, and d, 
1; Me.arovic er III. I' 

\'ngar 1999). 

-~e existence of $y:,{el1l~. 

ds or ~artefat\s. In m 
er memory research.. 

ristic term referring 
gill)'" unlikely that .ill 
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al .ys(em. The hif1roc~ 

-,hi is a reasot1abl~ ,an.: 
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.;'"..:lic ,1dellosinc mono 
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System 

II1[ormfltioll <llld s)'slell/s. Systems encode information, 
althol1gh in our current understanding of bra ill systems 
we rarely understand for' sure what the specific infor
mation is. It is pertinent to note that 'information' has 
different meanings in different treatments. 1n everyday 
language, 'information' refers to knowledge, i.e. the 
meaning and significance ('semamics') of input and 
output. In comrast, in information thenr/" 'informa
tion' is a mathematical ab,tnlction that refers to the 
uncertainty in coding and transmitting data, irrespec
tive of the semantics (Shannon and Weaver 1949; 

Wiener 1961; Pierce 1961; 'stimulus). This efficacy of 
ramfer is measured in 'bits'. One bit (binary digit) is thc 

choice between two equallikcly possibilities. Selection 
of one of four alternatives requires two bits. and so on; 
the more alternatives, the more bits are needed to seleci 
'lmong them. The number of bits re'1uired to select 

The gel/emlit)' ofsystelllS. Systems chosen for analysis dif
fer in their claim for generality. Some are 'types: others 
'rokens'. Type is a class, or a 'ta.xonomic entity. possibly 
an abstraction only, characterized by sameness in certain 
'dimensions. Tokeus are the particulars that instantiate 
the type. For example, in the previous sentence as well as 
in thi~ present one, the word 'the' appears twice. but it is 
only one word. Hence, Ihose werc more than one(', 
tokens of the trp(' 'the: 1 The distincti(Hl between trpes 
;Ind wkens depends on the 'level of anal!'sis llnd 
discourse. "Clutam,ttergic receptors arc tokens 01· the 
type '. receptor'. but N-m~·thyl-D-aspartate (N MDA) 
rcceptor~ (NlvIDAR) are tokens of the type 'glutamater
gic receptors; and copies of the NM DAR arc tukells of 
the type N~...IDAR. Usualll' the selection 01" a system fur 
investigation (or of . models) is driven b}' u wish to 
understand the Iype b}' studying the token. For exalllple, 
declion of' Al'lysin <I, a model system f(Ir tht' analysis of 

k:lrning llnd memory, was not guided by an irresi:<tibk 
urge to comprehend the l1lentallife of a slug, but nttlll'r 
br th(' realization that it provide, conwnient advantages 
that might allo'\'unckrstanding of types of simple learn
ing. In general, defining the understanding of a type a 
the immediate objecti\'e of the rese3rch programme is 
mostl}' impractical, for the re,earch itself always boils 
down to the an,llysis of wken,. But if we were to con
clude that no tokens could illuminate anything about 
the (hypothetical) corresponding types, many investiga
tors would have lost int('rest in their systems. 

'other things being equal'). The usefulness of certain 
'simple systems derives from a focus on one or a few' 
ariables combined with adaptation of the ceteris 

pari/illS a5Sumption. 

IlOlIIldaries of systems. Systems impermeabk' to th(' 
of the uniV("r~e are termed 'closed'. Tho~e with 

-meabk boundaries arc 'opt'n'. In open systt'ms, tht' 
ables determined br cal1,es extrinsic to the system 
nput~ \\'hcreas those dependent upon Ihe action 

)'stt'1ll are 'output: In realit), absolute impermt'
, tS nonexistelll, but the levd of input and Ol1tput 
be extrcmdy IO\\'. Open system, diffc:r in their 
ness. Living systems art' open but semiperllleable, 

''lev allow ,ome inputs but not others. For example, 
""Iron is encircled by a semipermeable membrane 

allows only selective flux of materials ("ion chan' 
·recq)tor). 

'dalioll ofs)'stellls to other s)'stell/s. From the afore
~lioned description it becomes evident that consid
;. any system as truly independent of other sy,tems 

illusion. Systems always harbour other systems 
• are themselves parts of still others. A paranoiac 
-Iu,ion is that systems are everywhere, and that 
-thing is a system (for additional notes on the 
clability of systems, sec Gall 1986). The question 
>. therefore, can we deal satisf3ctorily with 

"ables in a system irrespective of variables in other 
ted ,ystellls ('control)' Luckil)'_ the prerogati"e of 

:!entist is to decide what 'satisfactorily' is in any gi,'en 
-em, so that practically we may decide that illler

ns belo\\' a certain level are ignored. The assump
that variables outside the s!'stem are held for all 

.::1cal means constal1l (and hence arc irrelel':'\nt) is 
_'~~'rred to as the ceteris paribus assumption (Latin for 

_,'xistel1ce ofs)'stcms. Systems may be either natural 
or •artdacts. In many cases the)' arc bOth. Con

r memory rese:'\rcb. 'Non-declarative memory' is a 
ri,tic term referring to an anefactual system; it is 

" unlikel)' that aU memory facullies included 
r the ulllbreUa of this term indeed comprise a nat
,,·stem. The hippocampal system (see'hippocam
is a reasonable candidate for a natural system but 
undaries are not kno\\'n for ,ure. The staLUs of the 

'·gdala as a natural system is unclear. And i~ the 
: adenosine monophosphat(· cascade ('intracellu. 
IF-nOli transduction cascades) a natural kind or an 
'act of erroneous' taxonomy! 

definitions asswnes anything about the composi
:1. size, semantics, and goal of the s~'stem. Systems 
-.ct' vary tremendously in their scale and complexity. 
=~ndenc(' on other systems, interdependence of sub
:ems, function, and dynamics (e.g. Simon and Ando 

-",I; Mesarovic <'t al. 1970; Houk 1980/7. ahalla and 
.ngar 1999). 

unculus fallacy', which equates 
ebehaviour 01 the brain or even 

,,5 Introduced, the term 'neuron' ha 

. :e sCientific jargon, It was coined 
;lOrter of Caial's neuron doctrine, (If 

'b,)whlll, [011 d/(llITld, LOrlg-lt 

&dllClioll 

universe selected for study. 
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..,d because we find them mo

.. becoming immersed in 
_"" napse could easily make 0". 

e goal of memory research " 
Deemed, what coUllts for 

-e individual synapse hut rath.
tion of man)' synapses to Lt,. 

networks in which they opernt 

n the most !:Ieneral sense all systems 
mected units (detinition I). These 
:oncrete (e.g. parts of a machine) 0 

ptS in a theory). In some cases the 
on the basis of its assumed purpos 
the teleologiCill raisoll d'errc may 

eyes of the beholder. Even more 
the view that a system is defined by 
or analysis (definition J). None of 

[,mai, 'to combinc' in Greek) i 
.11 \cienlinglish'. 'Let me tdl you 

I' 'did you try it in l'om system 
mpIe, of ritualistic utterilnces 01 

"-\n t'xperi men tal system well
arch goal is a key to successful 

Ie'>. Prolific systems facilitate the 
nure and fame, and trendy system, 
lilit)' of acceptance of manuscripts 
emif,c journals. Th(~ pOpl11aril)' of 
deserves an attempt to put some 

d their interrelationships, 

:d elements organized for 



System 

among "alt~rnativesis log,". Even if the number of bits 

is known, itteJls liS nothing about what these bits signi

fy to neither tJle sender nor the receiver. A major goal of 

the neurosciences is to decipher not onl)' the 'informa

tion' processed by 11 nervous system, but also to UI1'"<'cil 

its meaning ("capacity, 'internal representation). 

Melltal (1"d physiml s)'slems. Memory, at least in its more 

complex manifest,1tions, connote"'S mental activity. In 

discussing memoT)' sy,tems it is therefore peninent to 

ask what distinguishes mental from ph)'sical systems. 

By posing this question one does not, of course, claim 

that mmtal systems arc not physical; the issue is merely 

what turns 'mental' mental. A traditional criterion is 

that melllal systems display 'intentionality: whereas 

physical systems do not (Brentano 187'l). In philoso

ph)'. 'intentionality' is 'abolltness'; mental s)'stems exist 

in states ('intentional states') which arc ahout some

thing, [or example, belief, hope;', etc. [n fact, in most of 

the systems studied in thc:- biology of me lllO r')', tl1<' 

distinction bel\veen the mental and the physic.-11 is not 

an acutc issm', especially if the system in question is 

simple;' and the;' experimental approach highly" reduc

tive. Howevcr, when one approaches issm's snch as 

omplex 'declarative rc:-presentations, 'planning, and 

possibly even highly developed capabilities of" observa

tional kaming, the issue becomes relevant, although 

not necessarily soll'<lble. 

Scll'CliO/l ojtlsystelll, So how should one sdect a system 

for the invc:-stigation of memory? Idiosyncratic "bia 

and training background notwithstanding, several con

siderations are still notcworth)'. First, it is useful to 

choose a system that provides optimal access to the 

'methods and level of analysis that one wishes to pur

sue. In other words, as in man)' other facets of lik the 

trick is to match aspiration, capability, and availabilit), 

all together. Second, <llthough one may wish to illumi

nate a type, in practice a useful token must be se!ccted, 

which allows fragmcnting the problem into approach

able segments. Further, the ceteri, paribus prerogative 

should be exploited libenllly, yClwithout being 100 seri

ous about its validit),. And third, never lure yourself to 

think that you know everything about your system. At 

the cnd of the da)', sometimes even in its beginning, it 

will tear off its disguise and present itself as a rnetasys

tem or a subsystem of yet another unfamiliar system. 

Se/ec!efi a_'socia/iolIS: AfI!/lnJpOlllorpili'lIl, Bins, Ge/leT<ll

izatioll, Model, 5ubjecr 

lThe distinction between 'type' and 'token' goes back to the physicist 
and philosopher Peirce in the nineteenth cemuP/, but itself is a token 

244 

manifestation of a much older type distinaion 
and 'panieulars'; sec Armstlong 1989; also on 'ree -_ 
IS15' in 'Ockharn's razor 

Taxonomy 
The systematic grouping of entities j,~: 

gories according to some *method of 
ment or distribution; classification. 

The t<'cndenc-y to categorize the world into' 

'different' is fundamental to human c0t:

underlies folk knowledge sysl<:ms in orally-rc 

eties as well as sophistic,Hed taxonomies 

(Durkhein1 1912; Le"i-Straus.> 1962; Smith 

1981; Sokal 1985: Be;'rlin 1992). [I is shared 

degree ev,1l br species far remote li'omus on 

genctic scale (Giurfa c( al. 1996). The term 'ta 

itself is, however, a newcomer to language: IIL':I' 

laxollolll;e, was introduced in IS 13 into h 
denote classification of entities, and Ihc disc-ipi 

deals with such classifications (from laxi.'
meaning arrallgollcllt+ lIlelhod in Greek: i.e ~I 

1996). It then found its war into English. In t> 
'taxonomy' came to be associated predominanlJ 

the discipline that classifies biological specie 

198 I). [lut the (efln is also widely used in other du 

of kno\\'ledge to dtnote classifications of a \'an. 

natural kind" conccpts, and Mtcf.\cts. 

major bsue concerning taxonomic, oC n 

entities is whether they represent 'natural' t)'pes or 

creal ions of the human mind. Some claim that 'nat 

reflects the SWte of affairs in nature: olhers Ihat it 

reflects the capacities of the human mind; and still 

ers that both the above coincide, as the human mi 

expected to have evolved 10 equate 'natural' in na' 

wilh 'natural' in mind (Sobl !985). A potential cia 

'natural in mind' and 'natural in nature' is ithlslrale.... 

the taxonomy of biological species: early school 

taxonomy relied on the phenot)'pic similarity of or~ 

isms and therefore shared much wilh primitive 

onomies; later taxonomies alread)' rely on the n 

refined scientitlc understanding of phylogene 

(t-,layr 1981; Sokal 1985). C~rtain classifications 

appear intuitivel), 'unnatural'. Consider, for examr

the fictitious la.,onomy attributed U)' Borges (\95: 

to a Chincse encyclopaedia, Celeslial emporiulIl 
bel/evo/em kl/owledge. According to this, animals 

divided into: '(a) lhose that belong to the Emper.'
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Working memory 
,A memory 'system that holds information in
 

temporary storage during the 'planning and
 
executi on of a task.
 

. The process in which newly 'perceived infor· 

mation is combined with "retrieved informa

tion during the planning and execution of a 

task, to form and maintain short-lived • inter
nal representations that gUide the behavioural 

response. 

"orking memory' is one of the mosl important and 

cit ing concepts in modern n~urosciel1ce,.Ind righll)' 

). It refers to a cogl1iliv~ fawlty that is e~ential for 

entation and complex behaviour. This f~culty sub

·.r\'es much of our ability to interact with th~ world in; 

xibk and intelligent manner, and is e~enti:ll for 

ought, planning, and language. For example, reading 

.<·~t'lines and comhining them into a meaningful mes

ge, requirt's working memory. 11 is doublful whetber 

ithout working memoq' there would have been ,1 

lomer, a Shakespeare, a Mozart, or a Newton, and an 

dience to appreciate them. ,\ mind "'!lhout working 

-nemMy is thus cxpt'cled to be ~ rather dull place, 

The idea that there shollid be a cognitive faculty that 

.lIds things in mind' tempnrarily, probably occurred 

'g "go to thoughtful individuals while practising 

ir CMn working memory. The term 'working mem

, itself was introduced hi' Miller '"~ ai, (1960) in rel~r

~ ng to a postulaled quick-acces, brain space: wher 

- 3ns can be reiained temporarily while they are being 

mled, manipulated, and executed. Working memory 

. hence some type oi'short-term memory' (Baddeley 

'186; •phase). However, despite the overlap, 'short

_rm' and 'working' memory arc nOl the same. 

-::-nerally speaking, 'short-term memory' is a more 

prehensive term, which refers to all internal repre

'ntations that last for only a shon while. It is a univer

I faculty of nervous sy,;tems that can learn. In 

~ontrast, 'working memory' combines 'anention, 

Working memory 

short- and long-term memory, retrieval, computations 

over reprcsentatioll>, and planning and decision mak

ing,to yield goal-directed short-lived inlernal represen

tations. It is engaged in on-Line processing of data from 

sensory channels ('percepts) as well as from long-term 

,;tores, and maintains the selected representations in a 

limited' capacity store only lllltilthe task is completed, 

'111e faeulry of working memory is consid~red 10 have 

reached iL~ pinnacle in primates and especially in 

humans, where it takes years to nwture (Luciana fInd 

Ielson 1998). Species other than primates display 

rudimentary capabilities of working memory, e.g, rats 

while navigating in a 'maze or soh'iug olfactory riddles 

(Olton 1979; Staubli "I ai, 1995; Mumby 1995). 

n influential cugnitive . model of working memory 

considers tnree types of components: a 'centra' exew

tive', 'phonologic;.! loop', and 'visuospatial sketchpad' 

(lJaddele)' and Hitch 1974: Bilddeley 19S6), The 'central 

e:-.ecutivc· is an allt'ntionaJ (Ont rl)1 system. the 

'phonological loop' deals with speech-based informa

tion, and the '\'isuospatial sketchpad' with visual ,md 

spatial information. l In recent ye:lrs, many efforls have 

been devoted in an attempt to map in the br,,;n the 

poslulated central executive and its sllhordiuatt' func

tions. In the proce~, much ha~ been learned abOllt can

didate brain sub~tra(e~ of working memory in 

primates, In the "monkey, the data arc based on 

circumscribl'd brain lesions, cellular recordings, and 

[heir correlation with performance on 'dda)' task> th,lt 

are comidcred to tax working memory kg, (;oldman

Rakic 1992). In humans, the data arc ba'ed onlhe study 

of the behaviour of ~e1ecled brain-damaged patienb, ,1:> 

\\'ell as on the 'fUnCliol1allleuroimaging of patients or 

healthy voluntet'r,. llsing tests (hal (:IX viwospalia1 ur 

verbal \vorking memory (e,g. Paulesu et ,d. 1993: 

Bt'chara <?I al. 1998; E.E. Smith <"~ ,II. 1998: Ungerleicler et 
al. 1998; Pr.lbhabrall et al. 2000). 

In a nutshell, the Itl1dings indicate lhat working 

memory is ,ub,erved b)' multiple distributed systems, 

which vary in Iheir identity fTom une type of wurking 

memory task to another. In all cases, however. the 

frontal lobe plays a central part (tvliller ':1 III. 1960; 

Fuster 2000b). Within the ironta! lobe, there is division 

of labour, which appears mon: intricate as one increases 

the resolmion of the experimental techniques and the 

sophistication of their use. The dorsolateral and ventro

lateral preirontal COrle" differ in their contribution 

to various types of working memory lasb, but the 

functional determinants of the specialization and 

subspecializalion are not yet clear. These determinants 

mar relate to the type of iniormation proce$sed (e.g. 

\,jsual vs, verbal); to the role in maintaining internal 
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the doctrine that on" ~ 
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ca for a substantial ;' 
The sweeping altitude' 
minate universal prot 
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Zeitgeist 
1. The spirit of the time. 

2. Acollection of *paradi! 
ions that dominates a • 
a given period, and m 
climate against which r 
tions, ideas, and "mode 

of working memory different from those in other 
memory circuits? For example, do incoming signals in 
working memory circuits activate 'immediate early and 
'late response genes, culminating in cellular remodel
ling? If so, what is the role of these changes, provided 
that working memory is not stored in the long term? Or 
is some type of memory stored even here in the long 
term? Are fast molecular 'memory erasures' involved 
(e.g. see protein phosphatases in 'protein kinase)? Or is 
the gimmick in the unique mode of operation of the 
circuit? Studies of working memory may eventually 
affect current conceptual 'paradigms concerning the 
role of cellular change in the retention of internal 
representations. 

Finally, a note on terminology. In discussions of 
human memory, the concept of working memory is 
occasionally extended to include those situations in 
which information is being held temporarily for peri
ods much longer than just the few seconds it takes to 
execute an ongoing cognitive task. For example, 
suppose I travel to a scientific meeting out of town; 
I remember the number of my hotel room as long 
as I am there, say a day or two, and then get rid of this 
information as it becomes useless. Is this 'working 
memory'? By some accounts it is, because it is a 
piece of temporary information that is usable only for 
the purpose of a transient task, in this case, getting 
back to my room. But on a second thought, it is not. 
Essential to the original concept of working memory 
is the active use of the memof)' ('taxonomy) under 
attentional control throughout the execution of the 
task.z Clearly, my central executive, wherever it is, is 
not busy with my hotel room number throughout 
the meeting. Therefore, rememberillg the number 

Central 
executive 

Working memory 

representation over the task as opposed to selecting 
information from other brain areas; and to other attrib
utes of the computations performed over multiple 
types of information (Petrides 1995; Goldman-Rakic 
1996; 0 Scalaidhe et al. 1997; Owen 1997; Rushworth et 
al. 1997; Rowe et al. 2000). Some of the neurobiological 
findings so far can be construed within the framework 
of the aforementioned Baddeley-Hitch model (Badde
ley 1998). In addition to the dorsoventral prefrontal 
dissociations, at least in humans, laterality also counts: 
the left hemisphere plays a more prominent part in the 
proposed 'phonological loop', whereas the proposed 
'visuospatial sketchpad' is subserved primarily by the 
right hemisphere (Baddeley 1998; E.E. Smith et al. 
1998). The location of the hypothetical 'central 
executive' (Goldman-Rakic 1996; Roberts et al. 1996; 

Baddeley 1998; Carpenter et al. 2000) is also not 
yet established. It is probably embodied in the 
operation of parallel, distributed polymodal circuits 
(~homunculus). 

To the student of memory, the cellular basis of 
working memory offers a conceptual challenge 
(Goldman-Rakic 1995, 1996; ·dopamine). Working 
memory is designed specifically to hold information 
only transiently. In other memory systems, often the 
trick is to retain information over an extended period of 
time, whereas here, it is to prevent the information 
from lingering too long and interfering with subse
quent thought and action. Are the cellular mechanisms 

Phonological Visuospatia\ 
loop sketch pad 

Fig.64 The influential'model of Hitch and Baddeley depicts working 
memory in the human brain as two 'slave' systems controlled by a lim
ited 'capacity central executive. One system. the phonological loop, is 
specialized for processing language material, whereas the other, the 
visuospatia\ sketch pac, 'IS concemeo WI\\) \l\')uo')pa\\a\ 11W.\\\O(lj. I>

new version of the model adds acapacity to •bind temporary episodic 
representations in an 'episodic buffer" (Baddeley 2000; not shown). 
Attempts to map working memory into the brain. which are facilitated 
in recent years by the introduction of 'functional neuroimaging, impli
cate the prefrontal conex and its interconnections with other conices 
in multiple working memory functions. (After Baddeley 1986.) 

of a hotel room number, or the position of a car in a 
parking lot, is a type of temporary memory, which 
deserves special attention from dedicated investigators, 
but is definitely of a different kind than the bona fide 

working memory. 

Selected associatiolls: Attentioll, ["temal representation, 
Pe,jormarrce, Prospective nlemory, Retrieval 

'A revised version of the model proposes a fourth distinct component, 
or alternatively a subdivision of the central executive, termed the 
'episodic buffer', which 'binds on-line and off-line information into 
transient episodes, i.e. events integrated across space and time 
(Baddeley 2000). 

ZWhich should remind us that in animal studies as well, 'working 
memory' should be reserved to those situations in which the subject 
can be convincingly assumed to 'attend the task information over tne 
trial. or over a closely packed senes ot bnet tnals. ThiS IS unhkely to 
apply to protocols that last several nours. 
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Abstract

Memory consolidation is the hypothetical process in which an item
in memory is transformed into a long-term form. It is commonly ad-
dressed at two complementary levels of description and analysis: the
cellular/synaptic level (synaptic consolidation) and the brain systems
level (systems consolidation). This article focuses on selected recent
advances in consolidation research, including the reconsolidation of
long-term memory items, the brain mechanisms of transformation of
the content and of cue-dependency of memory items over time, as well
as the role of rest and sleep in consolidating and shaping memories.
Taken together, the picture that emerges is of dynamic engrams that
are formed, modified, and remodified over time at the systems level by
using synaptic consolidation mechanisms as subroutines. This implies
that, contrary to interpretations that have dominated neuroscience for
a while, but similar to long-standing cognitive concepts, consolidation
of at least some items in long-term memory may never really come to
an end.
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Memory
consolidation:
hypothetical process in
which a memory item
is transformed into a
long-term or remote
form
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INTRODUCTION

Those who consider In principio erat verbum (“in
the beginning there was the word”) as a biblical
aphorism only, philosophical connotations
notwithstanding, may be gratified to discover
that it applies to scientific research as well.
Occasionally, scientific practice is shaped by
terms whose original meaning has mutated

over time. The study of memory consolidation
provides an intriguing example. Since first pro-
posed by Muller & Pilzecker (1900), the term
consolidation has acquired multiple usages and
meanings. It even budded off new terminology
by acquiring a prefix (reconsolidation). Given
the recent impressive advance of research
on this topic, it seems apt to explore what
memory consolidation currently means and
the implications concerning our understating
of memory at large.

Imaginative and resourceful as they were,
Muller and Pilzecker were not the first to iden-
tify consolidation. Roman orators already knew
about it (Quintillian 1C AD/1921). Though not
yet so termed, consolidation entered the clini-
cal discourse as a consequence of observations
of amnesic patients (Ribot 1882). This and ad-
ditional findings that preceded and coincided
with the studies by Muller and Pilzecker are
not reiterated here (Dudai 2004). Many im-
pressive advances in molecular, cellular, and
systems neuroscience that relate to memory
mechanisms are also not discussed. Instead, the
present discussion focuses on selected recent
developments that have changed our view on
how memories become long-term and on their
subsequent fate.

CONCEPTS AND CRITERIA

Memory consolidation is the hypothetical
process in which a memory item is transformed
into a long-term form. It is commonly ad-
dressed at two levels of description and analysis:
the cellular/synaptic level and the brain systems
level. Synaptic consolidation refers to the post-
encoding transformation of information into
a long-term form at local nodes in the neural
circuit that encodes the memory. The current
central dogma of synaptic consolidation is
that it involves stimulus (“teacher”)-induced
activation of intracellular signaling cascades,
resulting in posttranslational modifications,
modulation of gene expression, and synthesis
of gene products that alter synaptic efficacy.
Synaptic consolidation is traditionally assumed
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Synaptic
consolidation:
hypothetical process in
which information is
transformed into a
long-term form at
local nodes in the
neural circuits that
encode the memory

Systems
consolidation:
hypothetical process in
which an experience-
dependent internal
representation is
converted into a
long-term form and
reorganized over
distributed brain
circuits

Reconsolidation:
postulated
consolidation process
initiated by
reactivation of a long-
term memory item in
the system that already
stores this item

Long-term memory
(LTM): item lasting
long after it is
encoded; in behavioral
neuroscience, “long” is
conventionally
considered more than
one day

Declarative memory:
requires conscious
awareness for retrieval,
usually classified into
memory for facts
(semantic) and
memory for events
(episodic)

Nondeclarative
memory: can be
retrieved in the
absence of conscious
awareness, for
example, habit and
skill

to draw to a close within hours of its initiation.
The stimulus that triggers it in the local node
may represent perceptually or internally driven
information. Synaptic consolidation is found
throughout the animal kingdom.

Systems consolidation refers to the posten-
coding reorganization of long-term memory
(LTM) over distributed brain circuits. The
process may last days to years, depending
on the memory system, task, and author.
The conventional taxonomy of LTM systems
(Squire 2004) distinguishes between declarative
memory, which is memory for facts (semantic)
or events (episodic) that requires conscious
awareness for retrieval, and nondeclarative
memory, a collection of memory faculties
that do not require conscious awareness for
retrieval. Systems consolidation commonly
refers to declarative memory, but may exist in
nondeclarative memory as well.

“Reconsolidation” refers to a consolida-
tion process that is initiated by reactivation of
LTM. The process is assumed to transiently
destabilize LTM.

How Is Consolidation Identified?

Although certain changes detected in the brain
may reflect consolidation, none can so far be
used as a definitive signature of consolidation.
Currently, the only accepted criterion to infer
consolidation is the existence of a time window
of susceptibility to amnesic agents. An amnesic
agent that does not exhibit time-dependent de-
crease in efficacy is assumed to affect main-
tenance or expression of memory rather than
consolidation (Shema et al. 2007).

RE-CONSOLIDATION, OR IS IT?

The traditional consolidation hypothesis
implied that, for any item in LTM, consoli-
dation starts and ends just once. Accordingly,
classical discussions of consolidation re-
ferred explicitly to the “fixation” of memory
(Glickman 1961, McGaugh 1966). Social
psychology and introspection favored a shakier

engram (Bartlett 1932), but proponents of
the consolidation hypothesis drew a distinc-
tion between the postulated immutability of
consolidated memory items and the dynamic
nature of behavior (McGaugh 1966). The
view that consolidation occurs just once per
item was, however, challenged by the late
1960s. Researchers reported that presentation
of a reminder cue (RC) rendered a seemingly
consolidated memory item labile to amnesic
agents (Misanin et al. 1968). The prototypical
experimental protocol goes like this: Training
is followed by time to complete the postulated
consolidation period. An RC, usually the
conditioned stimulus (CS), is then presented
to reactivate the memory. An amnesic agent
is administered simultaneously or immediately
afterward. LTM is then retested. Under these
conditions, LTM may be blocked. No such
effect is detected if retrieval is not followed
by the amnesic agent or the amnesic agent is
not preceded by retrieval. This reactivation-
induced reopening of a consolidation-like
window challenged the unidirectional mem-
ory maturation view (Spear 1973) and was
termed reconsolidation (Rodriguez et al. 1993,
Przybyslawski & Sara 1997).

Reservations concerning interpretations
as well as paradigmatic drives diverted the
exploration of reconsolidation away from
mainstream memory research. Although a
few groups pursued the topic (reviewed in
Sara 2000), the notion lost favor, as reflected,
for example, in the number of publications:
Of the 27,061 papers relating to “memory”
published in the psychobiology literature
from 1993 to 1999, only 6 referred to “re-
consolidation” (Thomson Reuters Science Web of
Knowledge). The notion of reconsolidation was
ultimately revitalized by a study that targeted
an identified memory circuit in the brain
(basolateral amygdala) and blocked reactivated
LTM of a well-defined task (fear conditioning)
with a widely used amnesic agent (the protein
synthesis inhibitor anisomycin) (Nader et al.
2000). This signal paper triggered a surge
of interest, data, and insights. Bibliometry
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Engram: the physical
record of a memory
item in the brain; a
memory trace

RC: reminder cue

CS: conditioned
stimulus

US: unconditioned
stimulus

again illustrates the trend: From 2001 to 2010,
of the 61,950 publications on memory, 413
referred to reconsolidation (Thomson Reuters
Science Web of Knowledge), presenting an almost
50-fold absolute increase per annum in the
scientific vox populi.

Phenomena construed as reconsolidation
have now been reported in many species and
memory protocols. They were demonstrated
mostly in synaptic consolidation but shown to
occur also in systems consolidation (Debiec
et al. 2002, Winocur et al. 2009). The res-
urrection of reconsolidation was not greeted
smoothly. Reservations were raised once again
concerning interpretations (McGaugh 2004).
Yet, it soon became a widely accepted and
stimulating observation (Dudai 2004, Nader
& Hardt 2009, Alberini 2011, McKenzie &
Eichenbaum 2011). The present discussion
refers to only a few key questions that have
gained particular attention as the field has
progressed.

Boundary Conditions
for Reconsolidation

Reconsolidation seems not to occur every time
LTM is reactivated. Understanding the condi-
tions under which it takes place is likely to cast
light on storage and retrievability of memory
in general. Among the boundary conditions for
reconsolidation identified so far, two are noted
here. The first relates to competition among
memories that are elicited by the RC. The sec-
ond relates to the role of new information upon
presentation of the RC.

When multiple associations are elicited
by the RC, the one that comes to dominate
behavior tends to reconsolidate (Eisenberg
et al. 2003). In most reconsolidation studies,
the competing associations are the original
CS–unconditioned stimulus (US) association
and the “inhibitory” CS–US association (i.e.,
the outcome of experimental extinction). If
one could identify exactly when to intervene
with an amnesic agent in the course of re-
trieval/extinction training, it would be possible
to favor or block one of the competing traces.

This appears to depend on the task and on the
kinetics of RC presentation (Eisenberg et al.
2003, Suzuki et al. 2004, Garelick & Storm
2005, Monfils et al. 2009, Perez-Cuesta &
Maldonado 2009, de la Fuente et al. 2011).
Yet, this approach has already been reported
to allow attenuation of fear memories (Monfils
et al. 2009, Schiller et al. 2010) (see below).

Another important boundary condition for
reconsolidation is the requirement of novel
information at the time of the reactivation
session. Studying fear conditioning in the
crab Chasmagnathus, Pedreira et al. (2004)
concluded that impairing reactivated LTM by
a protein synthesis inhibitor was effective only
when there was a mismatch between what the
animal expected and what actually occurred.
Such mismatch drives learning (Rescorla &
Wagner 1972). Indeed, using spatial memory
and intrahippocampal infusions of a protein
synthesis inhibitor in the rat, Morris et al.
(2006) identified reconsolidation only when the
protocol involved encoding of new information
at the time of retrieval (see also Rodriguez-
Ortiz et al. 2008). Similarly, Winters et al.
(2009) reported that, in object recognition in
the rat, the N-methyl-D-aspartate (NMDA)
glutamate receptor inhibitor blocked reacti-
vated LTM so long as salient novel contextual
information was present during memory reacti-
vation. Of relevance is also the observation that
blockade of the NMDA receptor, which is crit-
ical for encoding, blocked reconsolidation, but
not expression, of fear memory in the rat (Ben
Mamou et al. 2006). Evidence supporting the
importance of encoding in triggering recon-
solidation could also be inferred from studies
of human procedural (Walker et al. 2003) and
declarative (Hupbach et al. 2007, Forcato et al.
2009, Kuhl et al. 2010) memory. All in all, this
evidence raises the possibility that reconsoli-
dation has to do with updating old with new
information (but see Tronel et al. 2005). The
possibility should also not be excluded that the
two boundary conditions—trace competition
and need for new information—reflect a com-
mon basic requirement, as the new information
may be considered to compete with the old.
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Reconsolidation as an Opportunity
for Memory Enhancement

If reconsolidation updates memory, one
should also be able to exploit it for reinforcing
memory. Indeed, this has been demonstrated
by several studies. Tronson et al. (2006)
reported that, upon retrieval of long-term fear
conditioning in the rat, inhibiting the activity
of the enzyme protein kinase A in the amygdala
impaired memory, whereas stimulating this
enzyme enhanced memory. In humans, it is
more practical to use sensory and verbal stimuli
instead of pharmacological agents. Coccoz
et al. (2011) trained volunteers to associate
syllables in a distinct audiovisual context. They
reactivated LTM by presenting the training
context followed by one of the cue syllables, but
instead of getting the opportunity to complete
the test, the participants were instructed to
immerse their arm in ice-cold water. A day
later memory was tested, this time without
interruption. The exposure to the stressor
upon reactivation of the memory enhanced
performance on the subsequent day. Similar
results, though taxing shorter-term memory,
were reported by Finn & Roediger (2011), this
time using pairs of Swahili-English vocabulary
words as memoranda and presenting negatively
arousing pictures immediately after a cued
recall test. Performance on the subsequent
recall test was best for items whose initial
retrieval was followed by the negative pictures.

Luckily, an arm in ice or annoying pictures
are not the only ways to exploit reconsolidation
for the sake of improving memory. Both
schoolchildren and university students can
improve their memory by practicing self-
testing, because retrieval practice is a powerful
mnemonic enhancer (Karpicke & Roediger
2008). This could well be the contribution of
reconsolidation to success in the classroom
(Roediger & Butler 2011).

Reconsolidation in the Real World

That some types of memory could be en-
hanced merely by testing was known before

reconsolidation was implicated in the process,
and the practical benefit of knowing that recon-
solidation is involved is still unclear. Similarly,
reconsolidation may help in understanding why
episodic information becomes distorted over
time (Hupbach et al. 2007, Edelson et al. 2011),
but it is unlikely that this understanding could
be used to remedy false memory. In contrast,
in some other real-life phenomena in which re-
consolidation may be involved, understanding
the mechanisms may culminate in beneficial
interventions. The most salient example con-
cerns the attempt to ameliorate posttraumatic
stress disorder. Two approaches are used. In
one, investigators administer shortly before,
during, or immediately after memory reac-
tivation a drug that suppresses physiological
manifestation of emotion. A β-blocker is the
drug of choice because of its proven safety.
Following this administration, patients with
chronic posttraumatic stress disorder had
attenuated memory for one day in human
eyeblink conditioning to noise (Kindt et al.
2009), emotional enhancement of verbal infor-
mation (Kroes et al. 2010), and a physiological
response associated with imagery of trauma
(Pitman et al. 2006). Despite these results, the
clinical value of this approach is still unclear.

The other approach is nonpharmacological.
Schiller et al. (2010) adapted for humans the
procedure devised by Monfils et al. (2009) for
the rat. Monfils et al. (2009) conditioned rats to
associate tone with shock, and after 24 h, they
activated the memory by the tonal CS, followed
by extinction training within or after the recon-
solidation window, which closes within a few
hours. When tested for subsequent LTM, the
rats that received extinction training within the
reconsolidation window, but not afterward, dis-
played attenuated conditioned fear 24 h later.
There was no reversal of fear as judged by spon-
taneous recovery, renewal (testing in a different
context), reinstatement (retraining on the US
only), and saving (amount of training needed
for reacquisition of the task after extinction).

Schiller et al. (2010) exploited similarly
the extinction-reconsolidation boundaries in
humans. They trained participants to fear a
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visual CS by associating it with a mild shock
to the wrist. A day later they presented the
CS only. The participants were then trained
in an extinction paradigm after 10 min or 6
h. In the 10-min group, LTM, as expressed
in skin conductance response to the CS, was
blocked even one year later. It now remains to
be seen whether these results hold also for real-
life complex recollections. It is not expected
to be easy: Even in rats, higher-order associ-
ations are not blocked by blocking reconsoli-
dation (Debiec et al. 2006), and resilient real-
life traumatic memories in humans are expected
to be densely associated. Nevertheless, the ap-
proach provides hope for treatment.

Can blockade of reconsolidation erase
memory, or just block its expression? The
tools available to assess memory erasure in
reconsolidation are identical to those used
in the study of extinction and consolidation.
The gold standard is the lack of spontaneous
recovery, reinstatement, renewal, and saving.
Hence, demonstrating that the defect is a
storage rather than a retrieval impairment
relies on a negative finding: Memory not
found, ergo memory not there. To circumvent
the problem, researchers need new methods so
they can identify the neuronal signature of the
distinct engram (Nader & Hardt 2009).

Are Consolidation and
Reconsolidation the Same?

The types of neuronal mechanisms that sub-
serve reconsolidation are basically similar to
those that subserve consolidation. First and
foremost, inhibitors of macromolecular syn-
thesis block both processes (Nader et al. 2000).
Differential contributions of a spectrum of
receptors, intracellular signaling, and transcrip-
tion factors to reconsolidation versus consolida-
tion have, however, been described. Examples
of these differences include the obligatory
involvement of brain-derived neurotrophic
factor, but not the transcription factor Zif268,
in consolidation and vice versa in reconsoli-
dation of contextual fear memory in the rat
hippocampus (Lee et al. 2004); the recruit-

ment in reconsolidation of only a subset of
immediate-early genes that are induced in
consolidation (von Hertzen & Giese 2005); and
the requirement for the interaction between
specific initiation factors in the lateral amygdala
in consolidation but not reconsolidation of
elemental fear conditioning in the rat (Hoeffer
et al. 2011). It remains to be determined
whether a differential contribution to recon-
solidation could be identified in mechanisms
that have recently gained increased attention
in consolidation research, such as additional
growth factors (Chen et al. 2011), protein
degradation (Lee et al. 2008), and epigenesis
(Day & Sweatt 2011).

The question arises, however, whether the
molecular dissociations, once found, reflect a
fundamental dissociation between consolida-
tion and reconsolidation. Differences in the
contribution of specific molecular components
to encoding, extinction, or reconsolidation
can stem from differences in cue valence,
context, or test demands (Berman & Dudai
2001, Tronson & Taylor 2007). This probably
accounts for the lack in generalization of
molecular signatures across reconsolidation
tasks (Tronson & Taylor 2007). Hence, even if
some differences are identified in the molecular
signatures of consolidation and reconsolida-
tion, the question remains whether they reflect
genuine mechanistic differences that warrant
proclaiming these as distinct natural kinds.
The suggestion was, therefore, made that
reconsolidation is use-dependent lingering
consolidation, whose function is to update
learned information (Dudai & Eisenberg 2004,
Alberini 2005, McKenzie & Eichenbaum
2011). In that case, it might pay off to stop
updating information about events that do not
significantly change or such that lose their
relevance. This might happen in some cases
as memory ages (Milekic & Alberini 2002,
Eisenberg & Dudai 2004, Inda et al. 2011).

THE ENGRAM TRANSFORMED

If reconsolidation is lingering consolidation,
it brings us already into the time domain of
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SCT: standard
consolidation theory

HPC: hippocampal
complex

MTT: multiple-trace
theory

systems consolidation. Evidence for systems
consolidation stems from both human (clinical
and neuropsychological) and animal research
(Dudai 2004, Squire 2004, Frankland &
Bontempi 2005, Wang & Morris 2010,
Winocur et al. 2010, McKenzie & Eichenbaum
2011). In line with the early clinical obser-
vations that contributed to the emergence
of the consolidation hypothesis (Ribot 1882,
Burnham 1903), a substantial number of
studies report that “global” amnesics, i.e.,
patients with damage in their medial temporal
lobe (MTL), displayed temporally graded ret-
rograde amnesia on declarative memory tasks.
The type of memory tested, whether episodic
or semantic, is highly relevant, as explained
below. In addition, a substantial number of
studies using animal models of amnesia confirm
that the hippocampus is required for LTM for
only a limited time after encoding (Squire et al.
2001; for studies with differing conclusions, see
Winocur et al. 2010, Sutherland & Lehmann
2011). In addition, a substantial number of
functional brain imaging studies in healthy
human participants show reduced recollection-
correlated activity over time in mediotemporal
structures but increased activity in the neo-
cortex (e.g., Smith & Squire 2009; see also
Smith et al. 2010). Similar conclusions emerge
from metabolic mapping in laboratory animals
(Bontempi et al. 1999, Ross & Eichenbaum
2006).

The Standard Model
of Systems Consolidation

A dominant model that attempted to explain
graded retrograde amnesia was the standard
consolidation theory (SCT) (McClelland et al.
1995, Squire 2004; for an influential harbinger,
see Marr 1971). This model posits that the
hippocampus is only a temporary repository
for memory and that the neocortex stores the
memory thereafter. Specifically, the model
postulates that encoding, storage, and retrieval
of declarative information is initially dependent
on the hippocampal complex (HPC) and related
MTL structures as well as neocortical areas rel-
evant to the encoded stimuli. The hippocampal

trace is probably a compressed version of the
representation. Over time, the information
reorganizes by replaying (see below) the
hippocampal representation to the neocortex.
This reinstates the corresponding neocortical
memory, resulting in incremental adjustments
of neocortical connections and establishment
of a long-lasting, reorganized representation,
while the hippocampal memory decays.

The Multiple-Trace and the
Trace-Transformation Models

Over time, some evidence that seems incom-
patible with SCT has accumulated. Most
significant, the effect of MTL lesions on
subtypes of declarative memory is not consis-
tent: Autobiographical episodes are the most
severely affected, and the retrograde temporal
gradient for this type of memory is either
absent or very shallow, sparing only memories
acquired several decades earlier. Driven by
these observations and corresponding find-
ings in animal models of amnesia, Nadel &
Moscovitch (1997) proposed an alternative,
the multiple-trace theory (MTT). MTT posits
that the HPC rapidly and obligatorily encodes
all episodic information. This information is
sparsely encoded in distributed ensembles of
HPC neurons, acts as an index for neurocor-
tical neurons that attend the information, and
binds them into a coherent representation. The
resulting hippocampal-neocortical ensemble
constitutes the memory trace for the episode.
Because reactivation of the trace commonly
occurs in an altered context, it results in newly
encoded hippocampal traces, which, in turn,
bind new traces in the neocortex. This results
in multiple traces that share some or all the in-
formation about the initial episode. Over time,
having multiple related traces facilitates the ex-
traction of factual information into a semantic
representation of the gist of the episode. This
information integrates into a larger body of
semantic knowledge and becomes independent
of the specific episode. Contextual information
about the episode, which is required for
bona fide episodic recollection, continues,
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Remote memory:
lasts longer than a few
months (in animals) to
many years (in
humans)

TTT:
trace-transformation
theory

SAM: schema
assimilation model

however, to depend on the HPC as long
as the memory exists. Opponents to MTT
claimed that patients with well-characterized
MTL lesions show intact remote, including
autobiographical, memory, unless the damage
exceeds the MTL (Squire & Bayley 2007). This
argument has been challenged (Rosenbaum
et al. 2008, Race et al. 2011). It also does not
explain why functional neuroimaging identifies
in healthy individuals HPC activation in
retrieval of remote autobiographical memory
(Gilboa et al. 2004, Viard et al. 2010). Among
the open questions concerning the functional
imaging data are the following: To what
extent do cue-induced imagining processes
(Hassabis et al. 2007), as opposed to genuine
recollection, contribute to HPC activation?
Does this activation reflect processes essential
for, or just correlative to, retrieval?

An update of MTT, the trace-
transformation theory (TTT), focuses on
the proposed abstraction and transformation
of HPC-neocortical episodic information into
neocortical semantic representations (Winocur
et al. 2010, Winocur & Moscovitch 2011).
The resulting gist memories are posited to
coexist and interact with those representations
in which the context/episodicity is retained
and that remain HPC dependent. Winocur
et al. (2007) tested a TTT prediction in the
rat by using context-dependent versions of two
hippocampal-dependent tasks—peer-induced
food preference and contextual fear condi-
tioning. They tested the rats at short and long
intervals in the training context or in a different
context. According to TTT, but not according
to a conservative reading of SCT (which
predicts that HPC memories are reorganized
in a similar form in the neocortex), the change
in context is expected to affect performance at
the short but not the long interval when the
contextless schematic version of the memory is
supposed to take over. This indeed was the case.

The Schema Assimilation Model

SCT and MTT consider systems consolida-
tion as a gradual, lengthy process. The schema

assimilation model (SAM) (Tse et al. 2007)
posits that systems consolidation could be
accomplished quickly if a previously estab-
lished body of related knowledge, i.e., a mental
schema (Bartlett 1932), is available into which
the new knowledge may be assimilated. Tse
et al. (2007) trained rats using hippocampal-
dependent flavor-location associations. After
the rats learned a set of different associations
over a few weeks, a single trial learning was
sufficient to consolidate rapidly the memory of
a new association: Although hippocampal le-
sion 3 h after training disrupted subsequent
LTM, a similar lesion at 48 h was ineffec-
tive, demonstrating that LTM was no longer
hippocampal dependent. No such effect was
seen when the rats were trained with inconsis-
tent flavor-location-paired associates, indicat-
ing that formation of a postulated schema is
a prerequisite for rapid systems consolidation.
The rapid schema–dependent learning was as-
sociated with upregulation of immediate-early
genes in the medial prefrontal cortex (Tse et al.
2011), whereas pharmacological intervention
targeted at that area prevented the new learn-
ing as well as the recall of consolidated informa-
tion. These findings are in agreement with the
assertion of earlier models that initial memory
is in both the HPC and the neocortex (see also
Lesburgueres et al. 2011), but they are in dis-
agreement with the assumption that the neo-
cortex is a slow learner (on additional evidence
for fast cortical learning, see Takashima et al.
2009; on sleep and consolidation, see below).

That different systems consolidation models
coexist is a stimulating situation, as they provide
opportunities for new hypothesis-driven exper-
iments, which are likely to generate not only
new data but also new models.

WORKING AT REST

Synaptic consolidation processes take place im-
mediately after encoding and re-encoding. But
when does systems consolidation happen? Ap-
parently some of the action takes place when
we rest and while we sleep. The contribution
of rest and sleep to consolidation is one of the
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SWS: slow-wave sleep

SWR: sharp-wave
“ripples”

REM: rapid eye
movement

NREM: non-REM

most fascinating frontiers in current consolida-
tion research.

The idea that sleep enhances memory pre-
dates scientific investigation. Quintillian (1C
AD/1921) turns his readers’ attention to the
“curious fact. . .that the interval of a single night
will greatly increase the strength of the mem-
ory.” It took some time for scientific research
to reconfirm that this is the case ( Jenkins &
Dallenbach 1924). Systematic analyses of sleep
and brain mechanisms followed with the devel-
opment of functional brain-imaging techniques
(Smith & Butler 1982, Karni et al. 1994). Ample
evidence now supports the claim that memory
consolidation benefits from sleep (Stickgold &
Walker 2007, Diekelmann & Born 2010a; for a
dissident view, see Vertes & Siegel 2005). How-
ever, questions arise regarding which (type of )
memory, which (process of ) consolidation, and
which (mechanism of) sleep are involved.

A Reminder Concerning Sleep

Sleep is a natural, reversible physiological and
mental state characterized by reduced con-
sciousness, suspended volitional sensorimotor
activity, and altered metabolism (Steriade
& McCarley 2005). It involves the cyclic
occurrence of phases, each conventionally
defined by characteristic differences in brain
activity, coordinated eye movements, and tonic
muscle activity. The standard classification of
sleep in primates and felines is into rapid eye
movement (REM) and non-REM (NREM)
stages. In humans, they alternate roughly
every 90 min. NREM is further divided into
substages, corresponding to the depth of sleep.
NREM stage N3 (formerly stages 3 and 4),
in which the deepest sleep occurs, is referred
to as electroencephalogram (EEG) slow-wave
sleep (SWS) based on the prevalence of EEG
slow waves (below 4Hz). Other types of
field-potential oscillations that characterize
SWS include “spindles” (0.5–2 s, 10–15 Hz)
and transient, sharp-wave “ripples” (SWR)
(50–120 ms, 100–250 HZ). SWR probably re-
flect a transient relief of inhibition, permitting
windows of opportunity for the expression of

selective representations (Csicsvari et al. 1999).
REM sleep is characterized by ponto-geniculo-
occiptal waves and theta activity (approximately
4–7 Hz). REM and NREM also differ markedly
in the level of activity of neuromodulatory
systems in the brain during each of the phases
(Pace-Schott & Hobosn 2002). SWS appears
mostly in early sleep, whereas REM sleep oc-
curs mostly at late sleep. Dreams, the succession
of sensorimotor and affective hallucinatory ex-
periences that occur involuntarily during sleep,
are prevalent during REM but not confined to
it (Nielsen 2000, Nir & Tononi 2010).

Which Memory Systems Benefit
from Consolidation in Sleep?

The evidence for the role of sleep in consol-
idation of acquired sensory and motor skills
was initially considered more robust than
that for other types of memory (Walker &
Stickgold 2004). A wide spectrum of skills
have been studied in this respect (Karni et al.
1994, Walker et al. 2005, Ferrara et al. 2008,
Mednick et al. 2009, Wamsley et al. 2010a).
It is now well established, however, that
declarative memory benefits from sleep as well,
though the involvement and contribution of
distinct sleep stages and the underlying brain
mechanisms to declarative and nondeclarative
memory may differ (Diekelmann & Born
2010a,b; Walker & Stickgold 2010; also see
below). A broad spectrum of tasks that involve
declarative components or are considered
“classical” declarative tasks have been inves-
tigated (Fenn et al. 2003, Wagner et al. 2004,
Sterpenich et al. 2009, Diekelmann et al. 2011,
Rauchs et al. 2011, Wilhelm et al. 2011).

Which Properties of Memory
Increase the Benefit from
Consolidation in Sleep?

Sleep may promote the preferential strength-
ening of emotional memoranda (Sterpenich
et al. 2009) and of items that are expected to be
subsequently retrieved (Rauchs et al. 2011,
Wilhelm et al. 2011). The possibility that
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consolidation in sleep favors selected items
gains support from multiple lines of evidence.
Rudoy et al. (2009) trained awake partici-
pants to associate object locations with sound
and found that only those associations that
were cued during sleep with their relevant
sound were strengthened. This was taken
to indicate that specific associations are
preferentially reactivated and strengthened
during sleep. At the brain physiology level,
Huber et al. (2004) reported that activity
in SWS has a local component that can be
triggered by a sensorimotor adaptation task
that involves specific brain regions. Additional
electrophysiological evidence shows that most
sleep slow waves and their underlying neuronal
states occur locally in the brain and, hence, are
fit to process information selectively (Nir et al.
2011).

When and How in Sleep

An early report on the role of sleep in consol-
idation of perceptual skill suggested that REM
sleep is critical (Karni et al. 1994). Further-
more, a brief nap was reported to be effective
in off-line improvement of skill performance
only when the nap contained both REM and
SWS but not when it involved only SWS
(Mednick et al. 2003). The role of REM and
NREM in the effect of napping on other types
of tasks that involve skill components is task
dependent (Korman et al. 2007, Wamsley et al.
2010b). The possibility was also raised that,
at least in some motor skills, siesta-induced
improvement is not due to napping but to
resting (Rieth et al. 2010). Additional studies
proposed a role in skill consolidation for both
REM and NREM stages (Stickgold et al. 2000).
Two types of processes have been proposed:
stabilization against interference and gain in
performance. The suggestion was further made
that stabilization benefits from the SWS stage,
whereas enhancement benefits from the REM
stage (Sagi 2011). However, whether skill
consolidation in sleep involves enhancement
in addition to stabilization remains unclear
(Brawn et al. 2010).

A signal set of findings that paved the way
to the exploration of the neuronal and circuit
mechanisms involved in memory consolidation
at large was that hippocampal place cells
(Pavlides & Winson 1989) and place-cell
ensembles (Wilson & McNaughton 1994),
postulated to encode place representations,
“replay” during sleep periods that follow per-
formance on spatial behavioral tasks. The order
of firing in the task is largely preserved in the
replay (Skaggs & McNaughton 1996). Most
studies reported that the replay occurred dur-
ing SWS, particularly during SWR (Nadasdy
et al. 1999, Lee & Wilson 2002, Diba &
Buzsaki 2007, Ji & Wilson 2007). The reactiva-
tion of hippocampal maps during post-training
rest/sleep periods was further reported to pre-
dict performance on hippocampal-dependent
matching-to-place reward tasks (Dupret et al.
2010). SWR are associated with increased
cortico-hippocampal communication (Siapas
& Wilson 1998). Indeed replay in SWS was
found in the neocortex ( Ji & Wilson 2007,
Euston et al. 2007, Payrache et al. 2009), but
also in the ventral striatum (Lansink et al.
2009). The presumed “reading out” in the
SWR is accompanied by compression of the
replay (Nadasdy et al. 1999, Euston et al.
2007, Ji & Wilson 2007); in other words, the
postulated representation is played in “fast
forward” (and, as noted below, under certain
circumstances in “fast backward”). The virtual
speed is 15–20 times faster than in the real
world (Davidson et al. 2009). Replay in REM
was also reported during periods of theta
modulation with a “read-out” rate close to real
time (Louie & Wilson 2001).

However, most importantly, structured
replay of hippocampal place cells preserving
information on the distinct behavioral experi-
ence was found to also occur in the awake state.
Such replay is observed time locked either to an
immediate experience (Foster & Wilson 2006,
Csicsvari et al. 2007, Diba & Buzsaki 2007)
or to a spatially and temporally remote one
(Davidson et al. 2009, Karlsson & Frank 2009).
What happens in sleep may, thus, cast light
on the processes and mechanisms that relate
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to consolidation in the awake state as well.
The replay in the awake state is either forward
or backward. For example, Foster & Wilson
(2006) reported sequential reverse replay
during awake periods immediately after a run
on a track, when the rat pauses, with the reverse
replay declining with familiarity, whereas Diba
& Buzsaki (2007) reported forward replay at
the beginning of such a run, as if in anticipation
of the run, but reverse replay at the end of the
run. Moreover, Dragoi & Tonegawa (2011)
reported that some of the replays in aware-rest
states are “preplays,” i.e., sequences that match
those subsequently recorded when the rats
were running in a new place. The potential
implications of this finding are discussed
below.

A single SWR is brief, allowing replay of
only a limited distance (approximately 1–2-m
run), which fits routine laboratory mazes but
not the real life of a wild rat. How does the brain
replay realistic distances? It appears that firing
sequences corresponding to long runs through
a large environment are replayed in chains of
shorter subsequences, with each segment cor-
responding to a single SWR (Davidson et al.
2009).

All in all, it has been proposed that:
(a) Forward replay during “gaps” in the be-
havioral performance subserves the retrieval of
path information to aid memory-guided de-
cision making; (b) postexperience forward re-
play in both awake and sleep states is likely
to subserve consolidation of acquired repre-
sentations; and (c) reverse replay in the awake
state may subserve episodic binding (Carr et al.
2011). Thus, once the episode is bound and
familiar, additional fast-backward replay may
not be needed (see above). Interestingly, echo-
ing the latter proposal, human functional brain
imaging in a realistic episodic task revealed im-
mediate (within seconds) poststimulus activity
in the hippocampus and in the dorsal stria-
tum that predicted subsequent memory per-
formance. This off-line activity may reflect
episodic binding and initiation of consolida-
tion (Ben-Yakov & Dudai 2011). Tambini et al.
(2010) reported memory-related enhanced

corticohippocampal functional connectivity in
rest periods spanning minutes after associative
encoding sessions. It is also noteworthy that re-
activation of memory during waking and sleep
may have different roles and outcomes concern-
ing long-term trace stability. Hence, Diekel-
mann et al. (2011) reported that reactivation of
object-location associations by odor cues dur-
ing waking resulted in destabilization of the
trace, but in SWS it resulted in fast stabilization.

The aforementioned studies potentially im-
plicate replay in memory consolidation by way
of correlation (though admittedly, only some
of these studies actually correlated replay with
subsequent memory). Yet interventional meth-
ods suggest a causal link as well. Girardeau et al.
(2009) and Ego-Stengel & Wilson (2010) stim-
ulated the hippocampus to selectively disrupt
SWR activity in maze-trained rats. They found
that disruption during post-training rest peri-
ods that included sleep impaired improvement
of performance over days of training. This
was taken to imply that ripple-related activity
could be required for uninterrupted memory
consolidation. Of further relevance, disruption
of sleep continuity in the mouse by optogenetic
stimulation of hypocertin/orexin neurons in
the lateral hypothalamus, thereby promoting
arousal, impaired later performance on novel
object recognition. This was correlated with
fragmentation of NREM sleep; the minimal
time for uninterrupted sleep critical for con-
solidation on the task was estimated to be
60–120 s (Rolls et al. 2011). Although no effect
on distinct representations or firing patterns
was determined, these findings indicate a novel
approach to the dissection of consolidation
processes at large. They also strengthen the
notion that sleep may be not only a correlate,
but also a necessary mechanism for proper
consolidation.

A few cautionary remarks are necessary.
First, because replay is not unique to sleep, any
unique contribution sleep provides to consoli-
dation cannot be accounted for solely by replay.
If replay in sleep has any specific contribution, it
must be considered in combination with other
features of sleep, such as the unique metabolic
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ACSH: active
consolidation in sleep
hypothesis

and neuromodulatory milieu and their relevant
signaling cascades (e.g., Aton et al. 2009). Thus,
whatever we learn from replay in sleep could
inform us about consolidation in the awake state
as well.

Second, the relevance of the laboratory pro-
tocols to real life raises some issues. Many of the
aforementioned protocols use task repetition
and, hence, heavily tax procedures and learn-
ing sets. By contrast, realistic episodic mem-
ory is a single trial involving novelty. In this
context it is worthy to reiterate that encounter
with novel memoranda seems to modify the pat-
tern of replay (Foster & Wilson 2006, Dragoi &
Tonegawa 2011).

Third, and probably the most relevant ques-
tion at this point in time, is whether replay is
indeed specifically instrumental in consolida-
tion. Replay may be a signature of a more global
information-processing mechanism, in which
case, it may be permissive but not sufficient for
consolidation.

As noted above, replay is not a simple func-
tion of experience (Gupta et al. 2010, Dragoi
& Tonegawa 2011). Given this, it is tempting
to raise the possibility that what is played, re-
played, or preplayed are combinatorial internal
representations that could serve as raw material
for perceiving, anticipating, reacting, recol-
lecting, and planning. Such representations are
likely to gain more visibility in sleep because
of the decrease in volitional activity. Linked
to a broader conceptual level, this points to
the potential role of cue-invoked selection of
“prerepresentations” as a Darwinian mecha-
nism in the operation of the mind (Young 1979,
Heidmann et al. 1984, Dudai 2002). Seen that
way, consolidation, similar to development,
perception, and retrieval, involves pruning and
selecting information about the world.

How It Might Work

With the above in mind, we now consider mod-
els of how consolidation could occur in sleep.
To do so, it is useful to note the postulated
goals of sleep. An influential overall idea is that
sleep evolved to maintain homeostasis (Crick &

Mitchison 1983, Borbely & Achermann 1999,
Tononi & Cirelli 2006). A specific version of
this idea was developed by Tononi & Cirelli
(2006). They suggest that plastic processes dur-
ing wakefulness result in a net widespread in-
crease in synaptic strength in the brain and the
role of sleep is to downscale synaptic strength to
a baseline level that is energetically sustainable
and possibly also more useful for new learning
the next day. They further propose that this
function is achieved during SWS. This means
that sleep plays a necessary role in sustain-
ing memory systems, and is at least permissive
yet not necessarily instrumental, let alone suf-
ficient, for consolidation. However, as research
proceeds, instrumentality may be unveiled. For
example, increasing the signal-to-noise ratio of
privileged representations may drive them to
consolidate effectively.

A different idea is that sleep involves ac-
tive processes that consolidate memory, and
is hence necessary and instrumental, and pos-
sibly also sufficient, in implementing steps in
consolidation. This is the “active consolidation
in sleep hypothesis” (ACSH) (Diekelmann &
Born 2010a). ACSH could be considered an ex-
tension of the SCT that posits that declarative
memory involves initial storage in the cortico-
hippocampal system (step 1), but over time, via
representational replay, gets reinstated in the
neocortex (step 2). ACSH adds that step 2 ben-
efits from sleep (Diekelmann & Born 2010a).
ACSH gains support from additional develop-
ments in computational models (Kali & Dayan
2004), though these models do not specify sleep
per se as obligatory in implementing the stages
proposed.

Diekelmann & Born (2010a) suggest how
ACSH may be implemented in the brain. They
draw on the sequential hypothesis of sleep pro-
posed by Giuditta et al. (1995), among others.
The sequential hypothesis proposes that infor-
mation acquired during the waking period is
processed first in the early sleep stages, NREM
and particularly SWS. Subsequent processing
occurs in the later sleep stage, REM, and
information eventually emerges in a new form
upon awakening. Diekelmann & Born (2010a)
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propose specifically that, during SWS, slow
oscillations, spindles, SWR, and low cholin-
ergic activity all coordinate to promote the
reactivation and redistribution of hippocampal-
dependent memories to the neocortex, thereby
instantiating system consolidation. Subse-
quently, during REM sleep, high cholinergic
and theta activity promote synaptic consolida-
tion of the newly redistributed representations
in the neocortex. Ultimately, the individual
wakes up with a consolidated memory. Similar
systems-synaptic sequences may take place
in certain nondeclarative memories as well
(Dudai 2004). This type of model is agnostic
to the specific systems consolidation models
discussed above.

Despite their differences, the aforemen-
tioned “homeostatic” and “active” accounts of
sleep are not mutually exclusive. Whereas the
former emphasizes the function of sleep in gen-
eral, the latter focuses on its role in consolida-
tion. The evolution of sleep may have been ini-
tially driven by homeostatic pressure and active
consolidation became nested into it over time.
Furthermore, consolidation may have evolved
to comply with homeostatic needs (Fischer et al.
2005). In addition, when discussing these mod-
els, the possibility should not be neglected that
we may be entrapped by an adaptationist phi-
losophy. The mechanisms discussed may have
evolved as a by-product of inherent structural
and functional constraints of biological systems
and not under the selective pressures we con-
template (Gould & Lewontin 1979). Analy-
sis of this possibility, which applies to many
models in biology, exceeds the scope of this
discussion.

CONSOLIDATIONS
INTEGRATED

Memory is the retention over time of
experience-dependent internal representations
or of the informational capacity to reactivate
or reconstruct such representations (Dudai
2002). Consolidation is the mechanism that
shifts these representations into a long-term
form. In considering how this is achieved, three

questions are particularly relevant. First, which
level of organization of the neural system is
critical for encoding the content of the distinct
representation? Second, is the circuit that
initially encodes the representation also the
one that maintains it over time? Third, how
does the system ensure that the acquired repre-
sentation is updated when the world changes?

The assumption that the content of a
memory item is encoded at the circuit level is
not a secured given, yet is highly reasonable
(Dudai 2002). Furthermore, at least in complex
memory systems in the mammalian brain, the
neural system that encodes the information in
the first place may not be identical to the system
that stores the information later on, therefore
trace migration occurs (McClelland et al.
1995). Given that, an integrative broad-brush
depiction of consolidation considers synaptic
consolidation as the elementary mechanistic
process that converts experience-dependent
synaptic change into a longer-term repre-
sentation. If a mismatch develops between
this representation and reality, new informa-
tion will modify either new or old synapses
in the circuit, again by triggering synaptic
consolidation. The latter, thus, functions as
a subroutine activated once the external and
internal cues favor off-line persistence of the
change. When this change applies to infor-
mation already encoded as LTM, we dub it
reconsolidation.

In reality, relevant information probably
pre-exists in the brain; therefore, even what
we deem in the laboratory as consolidation
may involve reconsolidation. In memory sys-
tems in which information migrates to other
distributed brain circuits to free neuronal space
and/or distill information into new forms,
synaptic consolidation remains the elementary
subroutine that executes the process, modify-
ing synapses as they receive new information
from other circuits that previously encoded
or processed relevant information (Figure 1).
Seen this way, synaptic consolidation is a lo-
cal process indifferent to the representational
semantics and activated in a similar way re-
gardless of whether the information originated
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in the perceptual apparatus or in mnemonic
circuits.

Consolidations all have the same computa-
tional goal—to allow the adequate level of per-
sistence in the face of expected change (Dudai
2009). Synaptic consolidation is the term we as-
sign to the manifestation of the process at the
cellular, elementary “syntactic” level, whereas

systems consolidation refers to the circuit, rep-
resentational “semantic” level. Synaptic consol-
idation is the basic building block of systems
consolidation. In simple systems, the goal of
systems consolidation is achieved within the
same circuit that first encoded the memory;
therefore, we do not see the waves of change
in which information redistributes among

T

a

b

CXp RCi CXq RCj CXr

T CXp RCi

Time

CXq RCj CXr

240 Dudai

A
nn

u.
 R

ev
. N

eu
ro

sc
i. 

20
12

.3
5:

22
7-

24
7.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 W
ei

zm
an

n 
In

st
itu

te
 o

f 
Sc

ie
nc

e 
on

 0
6/

20
/1

2.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



NE35CH11-Dudai ARI 21 May 2012 8:22

circuits. However, local migrations may still oc-
cur within the original circuit. It is all a matter
of resolution.

ON THE RECONSOLIDATION
OF TERMS AND IDEAS

Overall, the evidence discussed in this article
suggests that consolidation of information in
the behaving brain rarely stops unless one or
possibly two conditions occur. Either the be-
havior and the context in which it is executed
remain constant, there is no new information,
and therefore no need to learn and update; this
probably never happens even in simple systems
living in boring environments, but even then,
the capacity to update must remain viable. Or,
alternatively, the internal representations be-
come highly irrelevant to behavior and there-
fore not reactivated.

Because knowledge is always based on
previous knowledge, and echoing the preamble
to this chapter, it might be proper at this

point to reactivate the methodology of the
Vico (1710), the Italian philosopher who
trusted that much can be learned about a
culture from the etymology of words used.
“Consolidation” is from the Latin consolidare,
con- “together”, solidare “make firm.” The
process that we term consolidation in memory
research indeed subserves the binding together
of acquired information into useful represen-
tations, but that information is evidently far
from becoming solid. Shortly after the term
was first introduced into memory research,
emphasis was placed on the solidare, and as
the term consolidated into the language of the
science of memory, that connotation became
widespread and guided research to look for
stabilization mechanisms. Research in recent
years has reconsolidated the connotation of the
term to emphasize the inherent malleability
of memories. In doing so, the neuroscience of
memory reconciles with the intuitive, dynamic
view of memory that dominates the cognitive
sciences.

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 1
Schematic variants of memory consolidation. (a) Long-term memory (LTM) is stored in the same circuit, or
in parts of the circuit, that initially encoded the memory. The “teacher” stimulus (T) triggers a set of
intracellular signaling mechanisms that culminate in long-term alterations (depicted as changes in color) in
the efficacy of a set of synapses that subserve encoding of the internal representation. This time-limited
process, which is assumed to mature within hours, is termed synaptic consolidation and is an obligatory step
in the neural registration of any type of LTM. Reactivation of the LTM by a reminder cue (RCi,j) that is
associated with new information (e.g., change in context, CXq,r) re-triggers synaptic consolidation
mechanisms in the same and in additional nodes in the circuit, resulting in synaptic alteration. This is
termed reconsolidation and involves some transient destabilization of the original trace. In real life, even the
initial consolidation may involve reconsolidation of previous knowledge; in which case, the differentiation
between T and RC is not absolute. (b) LTM redistributes into new brain territories. The information is
encoded first in one location (lower panel ) and/or in parallel in both locations (lower and upper panels). Over
time, it migrates, at least in part, from one location to another while probably undergoing metamorphosis in
content and cue dependency. The potential direct input of CXp,q to the upstream location has been omitted
for simplicity. In each of the locations, the process is executed by synaptic consolidation, whereas T/RC/CX
each encodes either sensory and modulatory input (as shown in panel a) or information about the item
already processed in LTM, manipulated in the absence or in the presence of overt retrieval. This overall
process is termed systems consolidation. Hence systems consolidation recurrently recruits synaptic
consolidation processes as subroutines. Systems consolidation, which matures within days (or nights) to
months or even longer, traditionally deals with the transformation over time of declarative memory in the
corticohippocampal system. Processes similar in nature may, however, operate in other memory and brain
systems, including in distributed local circuits within the same brain region. For further details, see text. The
time arrow is indicated only for the slower, horizontal axis for simplicity.
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