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ABSTRACT
Memory is measured by measuring retrieval. Retrieval is often triggered by the conditioned stimulus (CS);

however, as known since Pavlov, presentation of the CS alone generates extinction. One-trial avoidance

(IA) is a much used conditioned fear paradigm in which the CS is the safe part of a training apparatus,

the unconditioned stimulus (US) is a footshock and the conditioned response is to stay in the safe area.

In IA, retrieval is measured without the US, as latency to step-down from the safe area (i.e., a platform).

Extinction is installed at the moment of the first unreinforced test session, as clearly shown by the fact that

many drugs, including PKA, ERK and protein synthesis inhibitors as well as NMDA receptor antagonists,

hinder extinction when infused into the hippocampus or the basolateral amygdala at the moment of the first

test session but not later. Some, but not all the molecular systems required for extinction are also activated by

retrieval, further endorsing the hypothesis that although retrieval is behaviorally and biochemically necessary

for the generation of extinction, this last process constitutes a new learning secondary to the unreinforced

expression of the original trace.

Key words: memory, retrieval, extinction, reconsolidation, inhibitory avoidance.

INTRODUCTION

Memory retrieval involves the rapid reactivation of
memories that lay dormant. It is triggered by a to-
tal or partial reinstatement of the CS, the US, other
related stimuli, other related memories and, in hu-
mans, often by an act of will. Retrieval has been tra-
ditionally considered to depend on the hippocampus
(Eldridge et al. 2000, Corcoran and Maren 2001,

*Member of Academia Brasileira de Ciéncias
Correspondence to: Dr. Ivin Izquierdo
E-mail: izquier @terra.com.br

Anderson et al. 2004). However, recently it was
shown that retrieval of as simple a task as one-trial
inhibitory avoidance requires the simultaneous in-
tervention of the hippocampus, the entorhinal, pos-
terior parietal and anterior cingulate cortices, and the
basolateral amygdala (Barros et al. 2003), through
specific molecular mechanisms in each case.

In the hippocampus and all the neocortical ar-
eas examined, normal functioning of the PKA and
ERK signaling systems and activation of metabo-
tropic glutamate receptors are necessary for retrieval
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(Barros et al. 2000, 2003, Izquierdo et al. 2001).
The metabotropic receptors are needed alongside
AMPA receptors in hippocampus and entorhinal
cortex, and in addition to NMDA receptors in the
parietal and anterior cingulate cortex (Barros et al.
2000). AMPA receptors mediate regular gluta-
matergic transmission, whereas the activation of
NMDA and metabotropic receptors is believed to
underlie information-carrying processes (Riedel et
al. 2003).

In the amygdala, intact glutamate AMPA
receptors, but not NMDA or metabotropic receptors
nor PKA or ERK are required for retrieval (Barros et
al. 2000, Izquierdo et al. 2001). This suggests that
the amygdala plays a modulatory role in retrieval but
does not participate in the informational processes
that bring up the recall of each particular memory
(de Quervain et al. 2000, Roozendaal 2002).

RETRIEVAL MODULATION

It is common knowledge that retrieval is heavily and
decisively influenced by emotions, mood and stress;
students who perform poorly at frightening exams
in spite of having studied a lot attest to this, as do
actors who experience stage fright and teachers who
are suddenly impressed by standing in front of a
class or who are tired, depressed or burnt-out. When
frightened or menaced, all of us readily retrieve de-
fensive postures or gestures of attack, of which we
were not aware we knew prior to the menacing sit-
uation. We had learned them long ago, they lay
dormant in our brains, but they are ready to jump to
the front line when necessary.

There are three major sources of retrieval mod-
ulation. One comprises the noradrenergic, dopamin-
ergic, serotoninergic and cholinergic systems of the
brain that participate both in the perception of, and
in the response to, stress, anxiety, fear or aversive-
ness, as well as in the regulation of mood.

In the hippocampus, entorhinal cortex, poste-
rior parietal cortex and anterior cingulate cortex,
B-noradrenergic, D1-dopaminergic and muscarinic
cholinergic receptors facilitate, and serotonin-1A

An Acad Bras Cienc (2004) 76 (3)

receptors hinder, retrieval; in the amygdala only the
B-noradrenergic system, among brain modulatory
systems, influences retrieval (Barros et al. 2001).
This multiple modulation of retrieval, particularly
in the cortex, probably explains why retrieval is so
fragile and so dependent on emotional states and
mood. The failure of any of these sets of synapses
(say, the blockade of D1 receptors in the entorhinal
cortex or of cholinergic receptors in the hippocam-
pus) inhibits retrieval completely. D1-dopaminergic
and B-noradrenergic receptors, through actions at G
proteins, enhance activity of adenylyl cyclase and
thus indirectly facilitate PKA activity. Serotonin-
1A receptors inhibit adenylyl cyclase and would be
expected to downregulate PKA activity (Ardenghi et
al. 1997). Cholinergic muscarinic receptors, along-
side with NMDA glutamate receptors, would be ex-
pected to enhance PKC activity (Izquierdo and Med-
ina 1997, Barros et al. 2001).

It is possible that the modulatory influence of
these receptors on retrieval is explainable by their
effect upon the signaling pathways mentioned, as
is the case in consolidation (Ardenghi et al. 1997).
What is not known is what are the actual mecha-
nisms of retrieval triggered or gated into action by
PKA, PKC or, for that matter, ERK. One possibility
may be the phosphorylation of glutamate receptors
(Micheau and Riedel 1999), and therefore the mo-
mentary enhancement of their activity (Riedel et al.
2003).

The second major mechanism(s) involved in
retrieval regulation is that of the hormones. Gluco-
corticoids acting on the amygdala inhibit retrieval
(Roozendaal 2002), which explains the memory
“blanks” often seen in stressful situations men-
tioned above. The stress hormones, adrenaline, va-
sopressin, B-endorphin and adrenocorticotropin
(ACTH) have long been known to enhance retrieval
at low to moderate doses (Barros et al. 2002), but
they may hinder retrieval at high doses (de Almeida
and Izquierdo 1984). It is interesting that corticos-
teroids do not share the enhancing effect of ACTH
atlow doses; indeed, they regularly depress retrieval
through an action mediated by reflex pathways in-
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volving inhibition of a 8-noradrenergic mechanism
in the basolateral amygdala (Roozendaal 2002). No
doubt sex hormones regulate retrieval of sex-orient-
ed behavior, as is attested by the importance of im-
agery and foreplay in sexual behavior in humans and
some mammals. In addition, hormones related to
hunger and satiety regulate our retrieval of behavior
related to eating.

The third important modulator of retrieval is
the influence of other information added to the stim-
ulus complex at the time of retrieval. One of such
influences is novelty. Exposure to a novel environ-
ment or to a novel set of stimuli 0-180 min prior to
a memory retention test enhances retrieval of one-
trial avoidance (Izquierdo et al. 2001, 2003) and
other tasks (Barros et al. 2003). The effect of nov-
elty depends on activation of hippocampal NMDA
receptors, ERK1/2 pathway, and on the phosphory-
lation of the constitutive transcription factor, CREB
(cAMP-dependent response binding element)
(Izquierdo et al. 2001). This suggests that it has
a component associated to learning about the novel
environment; exposure to an environment to which
the animals had been exposed before does not in-
fluence retrieval of the one-trial avoidance task (Iz-
quierdo et al. 2001, 2002). Additional and often
misleading cognitive information may be added at
the time of retrieval, such as that furnished by lead-
ing questions (Loftus and Palmer 1974). Leading
questions, mixtures with other memories and false
conclusions may all eventually lead to the substitu-
tion of real memories by false ones, a phenomenon
quite common in the elderly population (Schacter
and Dodson 2001).

LINKS AMONG BRAIN AREAS INVOLVED
IN RETRIEVAL
There are reasons to believe that the main structure
involved in retrieval is the hippocampus; mainly
that the hippocampus is the foremost and some-
times the only area of the brain whose blood flow
increases during retrieval (Eldridge et al. 2000, An-
derson et al. 2004). But, as shown above, in the
rat at least many other areas of the brain participate

in retrieval simultaneously with the hippocampus
(Barros et al. 2000, 2001, 2003).

The parietal and cingulate cortex are linked to
the hippocampus by afferent and efferent pathways
via the entorhinal cortex. The pharmacological ex-
periments mentioned above indicate that certain re-
ceptor and enzymatic systems are necessary for re-
trieval in the hippocampus and in related cortical
areas, and are unable to discriminate whether the
hippocampus is more important than the other ar-
eas. A PKA or ERK inhibitor blocks retrieval com-
pletely when given into any of these regions. This
does not necessarily mean that all are equally impor-
tant; imaging studies attest to a predominant role of
the hippocampus (Eldridge et al. 2000, Anderson et
al. 2004).

THE RETRIEVAL OF SHORT-TERM MEMORY

Immediately after acquisition, declarative mem-
ories are stored by the hippocampus and the en-
torhinal cortex as two separate, but linked, memory
traces: a short-term form of memory (STM), which
1998, 2002)
and a long-term memory (LTM) that takes about 6 h

lasts less than 6 h (Izquierdo et al.

to be consolidated into a more or less stable form
(Izquierdo and Medina 1997) and which lasts for
days, months or years (Izquierdo et al. 1998, 2002,
Vianna et al. 2000).

The role of STM is to maintain responsiveness
of the animals to the recently learned task while
its LTM is being slowly built-up (McGaugh 1966,
2000, Izquierdo et al. 1998, 2002). This no doubt is
important for cognition in general; it would be very
difficult to understand cognition or behavior in gen-
eral if animals could only retrieve after several hours
from learning. Asan example, imagine just any kind
of dialogue or serial action in any species without a
separate STM system. The separation of STM from
LTM and their intrinsic nature were demonstrated
by numerous experiments in which diverse phar-
macological treatments given into the hippocampus
and entorhinal cortex (but not the prefrontal cortex
or the amygdala) were found to selectively block
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STM while leaving LTM intact in the same animal
and for the same task (Izquierdo et al. 1998, 2000,
Vianna et al. 2000).

Retrieval of STM is simpler and requires a rel-
atively small number of molecular processes in the
hippocampus (Izquierdo et al. 2001). This is of
course intrinsic to the nature and the role of STM in
cognition (Izquierdo et al. 2002).

There is no extinction of STM during its du-
ration, 4.5 to 6 h. This is what would be expected
from a form of memory that should not fail during
the time in which the more complex LTM is be-
ing built. The lack of extinction of STM can be
explained by the fact that its retrieval is metabol-
ically simpler than that of LTM; simply there are
no retrieval-triggered molecular events are there to
initiate extinction (see above).

THE REPRESSION OF MEMORIES

The two major ways to inhibit retrieval are
through extinction (Pavlov 1927, Rescorla 2001)
and through repression. Extinction is a complex
process that will be dealt with in the next section.
Current evidence indicates that the two main areas
of the brain involved in extinction are the hippo-
campus and the basolateral amygdala (Myers and
Davis 2002, Bahar et al. 2003, Vianna et al. 2001),
although in particular cases other areas may also
play a role (i.e., the insular cortex, Berman and Du-
dai 2001).

Repression, as described by Freud (Freud
1962), was a mysterious phenomenon whose bio-
logical basis remained unexplained until very re-
cently. Anderson et al. (2004) showed that it de-
pends on dorso-lateral prefrontal areas that are ac-
tivated each time that correct responses are sup-
pressed. These areas project to the hippocampus
through the entorhinal cortex. Anderson et al.
(2004) showed that when the prefrontal areas are
activated by suppressor responses, there is a much
reduced activation of the hippocampus than when
the correct responses are not suppressed. Therefore,
Freudian repression (Freud 1962) correlates with an
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inhibitory influence of circumscribed areas of the
dorso-lateral prefrontal cortex on the hippocampus
(Anderson et al. 2004). The molecular correlates
of repression have yet to be worked out both in the
prefrontal areas and in the hippocampus. This will
be difficult since repression is best studied in hu-
mans. But it might be important since a modula-
tion of repression should be useful both for psycho-
analytic studies and for studies on the repression of
fearsome or otherwise unwanted memories.

BIOCHEMICAL CHANGES FOLLOWING RETRIEVAL

Considering that the hippocampus is apparently the
key brain area responsible for retrieval (Eldridge et
al. 2000, Corcoran and Maren 2001, Izquierdo et al.
2000), does retrieval involve just the participation of
hippocampal PKA, the ERK system, and ¢/ SI-PKC
at their regular levels, or does it require a particu-
lar activation of any of these sys-tems? Retrieval is
a very rapid process in which the reactivation of a
dormant memory trace develops in seconds; animals
have no way of “knowing” that they will be asked to
retrieve when taken from the animal room to the ap-
paratus at the time of testing. Somebody who falls
unexpectedly into a swimming pool will instantly
retrieve all (s)he knows about swimming in fractions
of a second. Thus, no particular change in the activ-
ity of PKA, ERK or PKC should be expected at the
time of retrieval or very shortly thereafter. Should
any changes be observed, they might be considered
to be changes brought about by retrieval that par-
ticipate in other processes triggered or brought into
play by it. Some such changes have been observed
in the rat hippocampus (Szapiro et al. 2000, 2002);
while they are obviously linked to and triggered by
the act of retrieval, they cannot participate in that
act inasmuch as they are registered after retrieval is
over. Since the reactivation of a memory that lay
dormant in retrieval is instantaneous, one would ex-
pect it to depend on the maintenance of the on-going
activity of signaling pathways, rather than on their
stimulus-induced activation, however rapid this may
be. The biochemical changes observed after a re-
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trieval test (Szapiro et al. 2002) will be referred
to again and in detail later on, a propos the possi-
ble molecular bases of extinction. Stimulus-induced
(or retrieval-induced) enzyme activation or CREB
phosphorylation, like gene expression and protein
synthesis would be expected to underlie processes
that are initiated by retrieval, rather than retrieval
itself.

As mentioned above, there are no inklings on
why the intervention of one or other type of gluta-
mate receptors or of PKA, PKC, CaMKII and the
ERKSs in retrieval is necessary for retrieval. Perhaps
the best educated guess at this time is that those
enzymes influence the phosphorylation state of the
glutamate receptors (Micheau and Riedel 1999,
Riedel et al. 2003) involved in the transmission of
the learned information that the brain requires to be
retrieved.

EXTINCTION AS THE MAJOR CONSEQUENCE
OF RETRIEVAL

It has been known classically that the presentation
of the CS unaccompanied by the US leads to ex-
tinction of the learned response(s) (Pavlov 1927).
This has been observed both for classically and in-
strumentally conditioned responses (Konorski 1948,
Izquierdo et al. 1965) and is considered to result
from a new association, CS-no US, that supersedes
that of the original response (CS-US).

The CS-no US association begins to exert its
role in the genesis of extinction the first time it is
perceived by the animal (Pavlov 1927, Rescorla
2001). In experiments using avoidance instrumen-
tal conditioning the new association, CS-no US may
take some time and several retention tests to take
“hold” (i.e., Izquierdo et al. 1965), because omis-
sion of the US in “successful” trials is precisely
part of the original training (Konorski 1948). In
one-trial inhibitory avoidance experiments, the very
first time that animals are exposed to retrieval with-
out the footshock (i.e., the US), extinction becomes
installed. This is attested by the fact that, as will be
seen, numerous treatments given at the time of the
first of a series of retention tests can inhibit

retention as measured in succeeding tests.

Some have entertained the possibility that the
presentation of the CS alone following a CS-US
training may serve not only as a reminder or a primer
for the retrieval of that memory, but also as a gener-
ator of reconsolidation (Nader 2003). True enough,
the CS or other stimuli (the US, a variety of drugs,
fragments of the CS) serve as reminders, a fact that
stems from the discovery and first descriptions of
conditioned reflexes (Pavlov 1927, Konorski 1948).
Further, there is no doubt that memories that nor-
mally lay dormant are reactivated by the CS or the
reminder stimuli, and that at the time of retrieval
they become particularly labile: They not only be-
gin to undergo extinction, but also may incorporate
additional information, both cognitive (Loftus and
Palmer 1974) and neurohumoral (Izquierdo 1989).
Memories may change by this to the point of becom-
ing false memories (Schacter and Dodson 2001).

However, the reconsolidation hypothesis rests
so far only on the demonstration that anisomycin
given to the animal at the time of the first of two re-
tention tests sometimes (Vianna et al. 2001, Nader
2003) but not always (Vianna et al. 2003) hinders
retrieval in the 2™ test. Further testing usually re-
veals that the 2" test dip, if at all present, is a tempo-
rary phenomenon and therefore ascribable to a per-
formance effect of anisomycin: from the 3™ test on,
animals that receive anisomycin in the hippocam-
pus on the 1* test show instead decreased extinction
(Vianna et al. 2001, 2003).

Whatever its value, were it possible to demon-
strate it unequivocally, which has so far been not
the case (Vianna et al. 2001), the eventual occur-
rence of reconsolidation in the 1% of a series of reten-
tion tests does not undermine the old and prevalent
notion that the regular outcome of unreinforced re-
trieval is extinction (Myers and Davis 2002, Vianna
et al. 2001, 2003). Obviously, in most cases ex-
tinction prevails; that is why it is used psychother-
apeutically since Freud (1962) for the treatment of
disorders caused by learned fear (Myers and Davis
2002, Cammarota et al. 2003). This form of therapy
is often called exposure therapy and is very effective
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against phobias (Freud 1962) and in the treatment of
the posttraumatic stress disorder (see also Rothbaum
and Schwartz 2002).

MOLECULAR BASIS OF EXTINCTION

There have been several studies indicating that ex-
tinction depends on glutamate NMDA receptors,
signaling pathways, gene expression and protein
synthesis in selected brain areas, just like any other
form of new learning (Myers and Davis 2002; see
also Quirk and Gehlert 2003). This has been ob-
served in the basolateral amygdala for conditioned
startle behavior (Lu et al. 2001, Walker et al. 2002,
Myers and Davis 2002), conditioned taste aversion
(Bahar et al. 2003) and one-trial inhibitory avoid-
ance, in the hippocampus for one-trial inhibitory
avoidance (Vianna et al. 2001, 2003, Szapiro et al.
2003), and in the insular cortex for conditioned
taste aversion (Berman and Dudai 2001, Bahar et
al. 2003). Studies using selective pharmacologi-
cal inhibitors have shown that gene expression, pro-
tein synthesis and the ERK and PKA pathways in
hippocampus and basolateral amygdala are re-
quired for extinction of one-trial avoidance long-
term memory.

Work by Quirk and his collaborators have sug-
gested a circuit for extinction of fear responses, con-
necting the ventral medial prefrontal cortex and the
amygdala (which is of course connected to the hip-
Milad and
Quirk found that stimulation of the medial pre-

pocampus by the entorhinal cortex).

frontal cortex decreases the responsiveness of cen-
tral amygdala neurons that regularly fire to the CS
only when animals are recalling extinction of a fear
task learned using that CS (Milad and Quirk 2002).
The problem with this finding is that in other experi-
ments, using other tasks, it appears to be the basolat-
eral rather than the central amygdala nucleus that is
involved specifically in extinction (Lu et al. 2001,
Walker et al. 2002, Bahar et al. 2003); but there
are both direct and entorhinal-cortex mediated con-
nections between the two regions of the amygdala
(Bahar et al. 2003).
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In any case, the ventral medial prefrontal-
amygdala circuit suggested by Quirk and cowork-
ers to be involved in extinction (Quirk and Gehlert
2003) is parallel to the dorso-lateral prefrontal-
hippocampal circuit proposed by Anderson et al.
(2004) for memory repression. Extinction and re-
pression are the two main physiological ways to in-
hibit unwanted memories, such as are those of fear-
some experiences.

The signaling pathways involved in extinction
vary in different structures depending on the task.
In the amygdala, the ERK pathway is crucial for the
extinction of conditioned startle (Lu et al. 2001)
but not for that of one-trial avoidance. Extinction of
one-trial avoidance requires hippocampal CaMKII
in addition to PKA and ERK (Szapiro et al. 2003).
None of these signaling pathways appears to play a
role in the insular cortex in extinction of conditioned
taste aversion (Berman and Dudai 2001); but the
key area for extinction of this task may well be the
basolateral amygdala rather than the insula (Bahar
et al. 2003).

The molecular requirements of extinction men-
tioned above are different from those of fear condi-
tioning in one respect: they are crucial at the time of
the first CS-no US contingency, in the 1% retrieval
test. They play a role only at the time of the initia-
tion of extinction and shortly thereafter; 1 or more
later they are no longer needed (see Myers and Davis
2002, Vianna et al. 2003). In regular CS-US Pavlo-
vian or instrumental fear conditioning there are two
waves of molecular requirements, one immediately
after and the second 3 h after acquisition (Izquierdo
and Medina 1997, Igaz et al. 2002). Both waves
coincide with increases in PKA activity (Bernabeu
et al. 1997) and levels of P-CREB, the latter being
a molecular marker of the formation of new mem-
ory (Bernabeu et al. 1997, Taubenfeld et al. 1999,
Cammarota et al. 2000). In extinction, there is an
increase of the activity of two enzymes of the ERK
pathway, p42 and p44, and of P-CREB immediately
after the 1% retrieval test, i.e., the one in which the
CS-no US pairing is first perceived. There is no
change of PKA activity and the ERK and P-CREB
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changes do not persist beyond a few minutes and
do not reappear at 3 h from the end of that session
(Szapiro et al. 2002).

Certainly these biochemical changes correlate
well with the observed effect of protein synthesis
or signaling pathway inhibitors on extinction (see
above) and are therefore, in all likelihood, represen-
tative of the molecular basis of extinction.

It was discussed above and elsewhere (Szapiro
etal. 2000, 2002, Vianna et al. 2003) that the molec-
ular changes underlying the beginnings of extinction
are in all probability triggered by retrieval. Thus,
at least in part, retrieval (if unreinforced) may be
viewed as an event that plants the seeds of its own
extinction. This of course agrees with the traditional
views of Pavlov (1927), Konorski (1948), and more
recently Rescorla (2001), Quirk and Gehlert (2003)
or us (Barros et al. 2003) on the nature of extinc-
tion as a new learning elicited by the perception of
a CS-no US connection.

FINAL COMMENT AND CONCLUSIONS

Memories can only be measured by measuring re-
trieval. But retrieval, if unreinforced, generates the
extinction of memories. The process starts precisely
at the time of retrieval, involves new learning and,
if retrieval is repeated, extinction progresses more
and more, up to a point in which full relearning
might be necessary in order to reinstall the original
response. Retrieval triggers a number of molecular
processes, several of which are involved in the gene-
sis of extinction. Extinction and memory repression
are the two main physiological processes that reduce
the probability of responding unwanted memories.
Both depend on defined brain structures; the medial
prefrontal cortex in the case of repression, and the
hippocampus and amygdala for extinction. STM is
retrieved through much simpler mechanisms in the
hippocampus than those that are required for LTM
retrieval. STM shows no extinction during the time
in which STM remains active (the first 4.5-6 h af-
ter training). Both STM and LTM, as well as their
retrieval and extinction are obviously necessary for

cognition and for integrated behavior. Extinction
can be, and is, used for the treatment of psychiatric
conditions based on learned fear: phobias, panic,
generalized anxiety and, particularly, the posttrau-
matic stress disorder.

RESUMO

A retencdo das memodrias € avaliada através da sua ex-

pressdo. A expressdo do trago mnemonico ¢é iniciada
freqlientemente pelo estimulo condicionado (CS); porém,
como definido por Pavlov, a apresentagio apenas do CS
induz exting@o. A esquiva inibitdria de apenas uma sessdo
(IA) € um paradigma de condicionamento ao medo muito
utilizado, no qual o CS € a parte segura da caixa de treina-
mento (plataforma), o estimulo incondicionado (US) é um
choque aplicado nas patas do animal quando o mesmo des-
ce da plataforma e a resposta condicionada é permanecer
na area segura. Na IA, a expressdo da memoria é me-
dida na auséncia do US, sendo definida como a laténcia
para descer da drea segura. A extingdo ¢ instalada no
momento da primeira sessao de teste, tal como fica clara-
mente demonstrado pelo fato de que varias drogas, entre
elas inibidores de sintese protéica, de PKA e de ERK e
antagonistas dos receptores NMDA, impedem a extingdo
quando administrados no hipocampo ou na amigdala ba-
solateral no momento da primeira sessdo de teste, mas
nao mais tardiamente. Alguns, mas ndo todos os sistemas
moleculares requeridos para a extingdo, também sdo ativa-
dos pela expressao das memorias, fortalecendo a hipdtese
de que mesmo que a expressao seja comportamental e bio-
quimicamente necessdria para a ocorréncia da extingao,
este ultimo processo constitui um novo aprendizado, se-

cunddrio a expressao do trago original.

Palavras-chave: memdria, expressdo, extin¢do, recon-

solidagdo, esquiva inibitdria.
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