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To understand cognition, it is important to understand
how a learned response becomes a long-lasting
memory. This process of memory consolidation has
been modeled extensively using one-trial avoidance
learning, in which animals (or humans) establish a
conditioned response by learning to avoid danger in just
one trial. This relies on molecular events in the CA1
region of the hippocampus that resemble those involved
in CA1 long-term potentiation (LTP), and it also requires
equivalent events to occur with different timings in the
basolateral amygdala and the entorhinal, parietal and
cingulate cortex. Many of these steps are modulated by
monoaminergic pathways related to the perception of
and reaction to emotion, which at least partly explains
why strong and resistant consolidation is typical of
emotion-laden memories. Thus memory consolidation
involves a complex network of brain systems and
serial and parallel molecular events, even for a task as
deceptively simple as one-trial avoidance. We propose
that these molecular events might also be involved in
many other memory types in animals and humans.

Introduction

One-trial avoidance has been widely used for the study of
memory consolidation. There have been many successful
inferences from this task to other forms of memory, espe-
cially those of fear-motivated learning and spatial tasks.
One-trial avoidance corresponds to many important exam-
ples of learning in humans, such as not to stick your
fingertips into electric plug sockets, to look right rather
than left when crossing a street in London, and to refrain
from entering a suspicious-looking neighborhood.

The sequence of molecular mechanisms underlying
long-term potentiation (LTP) in the CA1l region of the
hippocampus has been proposed to underlie memory con-
solidation in that region [1-8]. This was shown to be indeed
the case for one type of memory: one-trial avoidance learn-
ing [9,10]. However, at the same time, different sequences
of molecular changes in other brain regions are also crucial
for memory consolidation in this and other tasks [9-18].
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The main difference between the molecular changes in the
hippocampus and the other structures (the basolateral
amygdala, and the entorhinal and parietal cortex) is their
timing and sequential order [9-11]. Timing among its
diverse underlying molecular events is a key factor in the
build-up of LTP maintenance [1,4,10] and, as shown else-
where [9—-14] and discussed here, in the build-up of conso-
lidation. The sheer number of connections within and among
various brain structures in LTP and in memory formation is
the reason why these processes are so complex [1,4,9,10],
and why it is difficult to schematize them. Attempts have
been made to devise schemes or blueprints for LTP [1,4] and
memory [2,3,9,10]. However, by the end of this article we
hope to have persuaded readers that memory consolidation
requires not only LTP (or a process very much like LTP) in
the hippocampal CA1 sub-area but also different sequences
ofthe same or of related signaling pathways in other cortical
areas and the amygdala [9,10,17].

What is memory consolidation?
Most neuroscientists view consolidation as a process lasting
afew hours through which memories are transformed from a
labile into a more stable state [1-14]. However, several
authors favor the view that there is also another form of
consolidation that lasts for many days or months, or even a
lifetime [18]. No doubt memories can accrue or lose informa-
tion over prolonged periods [9,10]. However, over days,
months or years there are oscillations in the rate of extinc-
tion or forgetting, an incorporation of new and related short-
term memories (STM) or long-term memories (LTM) [19-21]
(including falsifications of the original memories [18]), and
eventually relearning and reconsolidation [16—25]. Indeed,
memories are made labile just by their retrieval [23].
Here, we will refer only to the more ‘classic’ form of
consolidation that lasts a few hours [9,10,18,20,23]. For
discussion of the alternative, ‘prolonged consolidation’
view, see Refs [10,16-25].

Why one-trial avoidance

One-trial step-down or step-through inhibitory (‘passive’)
avoidance in rodents [9,10,18], or one-trial peck avoidance
in young chicks [19,20], has long been a favorite model for
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biochemical and pharmacological studies of memory. In
the rodent models, the animals learn that stepping down
from a platform or stepping through a door is followed by a
footshock; on subsequent exposures to the task they will
stay much longer on the safe platform or on the safe side of
the door before eventually stepping down or stepping
through. In the chick model the animals learn to abstain
from pecking a bead whose taste is bitter. Usually one trial
is enough to establish a long-lasting memory of these tasks
[9,10,18-20].

One reason for their popularity is the brief nature of the
training procedure: a single fast association is made
between a movement (stepping down or stepping through
in rodents, pecking in chicks) and an aversive stimulus (a
footshock in rodents, a bitter bead in chicks). The associa-
tion takes place in seconds, as does LTP induction [9,10].
Thus in one-trial avoidance tasks, the onset of memory
consolidation can be determined with precision [10]. This is
not the case in other learning procedures, particularly
multiple-trial tasks, in which each successive trial involves
not only STM and LTM consolidation [21,22] but also
retrieval, extinction, relearning and reconsolidation [23].
In multiple-trial tasks, pharmacological effects or biochem-
ical measures observed could in principle be linked to any
of those memory stages; there is no direct way of dissecting
one from the others as in one-trial avoidance [23-30].

The second reason for the popularity of one-trial tasks is
that, with remarkably few exceptions, the associated phar-
macology of the rodent hippocampus and basolateral amyg-
dala [9,10,17,18] and the biochemical effects of training
[9,10,18] yield very similar results to those obtained in many
other memory tasks (e.g. conditioned fear and spatial mem-
ory tasks). The same is true of the corresponding areas of the
chick brain [19,20]. Therefore, much of what we know now
about memory mechanisms has actually derived from obser-
vations of one-trial avoidance [1,9-11,18-22].

Many studies using injections of specific receptor block-
ers or enzyme inhibitors into a given brain structure have
shown that the CA1 region of the hippocampus is essential
for consolidation of one-trial avoidance [9,10,15,31,32].
However, the hippocampus has bidirectional links with
the septum [33], the entorhinal cortex [26,27] and, through
the latter, with other regions of the cortex and the amyg-
dala [9]. It is difficult to believe that physiological events
can happen in the hippocampus without reflecting on the
activity of its connections and vice versa. Reversible block-
ade of function in any of these structures at different times
relative to training disrupts memory as deeply as it does in
the hippocampus [9,17,28,29,34]. Thus, memory formation
is a complex process that requires different brain systems
acting in concert [9,10,17,30]. This article reviews and
comments these findings. (In all the tables we present,
we refer to doses that were the most effective among those
used in every case; full details of doses used can be found in
the listed original papers.)

Main molecular events in CA1 LTP and in the
consolidation of one-trial-avoidance memory
The main events in CA1 during consolidation of one-trial
avoidance involve, like those in CA1 LTP [1-6,29], the
initial activation of AMPA, metabotropic and particularly
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NMDA glutamate receptors [2,5,7,9,32—36]. This causes an
increase of intracellular Ca?* concentration ([Ca®*];) [1,5],
followed by an enhancement of Ca?/calmodulin-depen-
dent kinase II (CaMKII) activity in the first 60 min
[7,37-39], which leads to phosphorylation of AMPA recep-
tors [39,40] and a prolonged increase in [*’H]-AMPA bind-
ing to the CA1l region [41,42]. As a consequence of the
[Ca?*]; increase, both in LTP [43] and in one-trial avoidance,
the activity of various protein kinase C (PKC) isoforms
increases together with phosphorylation of its substrate
presynaptic growth-associated protein 43 (GAP-43) with a
peak at 30 min [44—46]. GAP-43 is involved in mobilization
of glutamate-containing synaptic vesicles to the presynaptic
membrane [43], which has been postulated to have a role in
CA1l both in LTP and in memory formation. In addition,
PKC is important for the phosphorylation of glutamate
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Figure 1. Sequence of molecular changes taking place in the hippocampus during
memory consolidation. The values are best-fit curves; see the main text for refer-
ences for the actual data. (a) Changes measured in the first few hours following
training in the activity of cGMP, Ca?*/calmodulin-dependent kinase Il (CaMK 1),
haem oxygenase (HO), nitric oxide synthase (NOS) and protein kinase C, and in the
binding of AMPA receptors (AMPAR) and NMDA receptors (NMDAR) to hippo-
campal membranes. (b) Changes seen over a longer period in the activity of cAMP,
protein kinase A (PKA), phosphorylated cAMP-responsive-element-binding protein
(pCREB), c-fos and phosphodiesterase (PDE), and in the binding of D,—Ds dopa-
mine receptors to hippocampal membranes. ERK activity is not included here
because it has been measured so far at only one interval (2 h from training) [73].
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receptors and other receptors, and it might also participate
in the phosphorylation of the transcription factor cAMP-
responsive-element-binding protein (CREB) [37,44,47]. The
need for molecular sequences of events in LTP and in
memory formation, and the actual existence of those inter-
twined chains, has been commented upon many times
[1,7,9,10,37,44]. The main biochemical findings concerning
the role of hippocampus in consolidation of one-trial avoid-
ance are summarized in Figure 1; the main pharmacological
findings are surveyed in Table 1.

CA1l LTP uses most of these mechanisms in a similar
sequence to the one we have just described for memory
consolidation [1,44,47]. For example, LTP in CA1 requires
activation of both the cAMP-dependent protein kinase
(PKA) and the extracellular-signal-regulated kinase
(ERK) pathways 2—4 h after induction [47—49]; memory
consolidation in CA1 requires PKA twice, first immediately
after training and then again 2-6 h later [9,50]. Inhibition
of PKA in CAl either shortly after training or 3—6 h later,
but not at intermediate periods [50,51], cancels consolida-
tion of one-trial avoidance. PKA is necessary in the hippo-
campus for the consolidation of various forms of learning
[38], in the entorhinal cortex for inhibitory avoidance [52]
and in the amygdala for at least some forms of conditioned
fear [53]. The ERK pathway is necessary in CA1 for LTP
[54-56] and for consolidation of inhibitory avoidance, con-
ditioned fear and spatial learning [57-59], in the entorh-
inal cortex for one-trial avoidance [57], and in the
amygdala for conditioned fear [16].
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The PKA and ERK pathways mediate phosphorylation
of CREB 2-6 h after both LTP induction and behavioral
training [60-62]. CREB inactivation ~4 h post-training
blocks memory storage of different tasks [63,64], and also
LTP late maintenance (i.e. persistence beyond 2—4 h)
[49,50]. The ERK pathway couples PKA to PKC in the
regulation of CREB activation in CA1l [47]. The CREB
phosphorylation associated with learning events might
actually result from the novelty or stress inherent to the
tasks [65,66].

Readers interested in the roles of other molecular pro-
cesses in LTP and in memory storage in CA1 or elsewhere
are referred to other sources (e.g. protein kinase G and
retrograde messengers [67], phospholipases, phosphoino-
sitol-3-kinase [68,69], adenylyl cyclase [12], JNK [70] and
Src [71]). Operation of these other molecular pathways is
linked to those already cited but they have been compara-
tively less studied, both in memory formation and in LTP.

Thus, there are many close similarities between the
molecular basis of CA1 LTP and the role of CA1 in memory
formation. The only noteworthy difference is that the
activation of PKA and CREB, and accompanying gene
expression and protein synthesis, of LTP take place once,
at 3-6 h from induction, and those of consolidation take
place twice, immediately after training and then again
2-6 h later [72]. This is probably because in LTP the
hippocampus is studied in isolation, whereas in memory
experiments it is studied in situ, exposed to a number of
modulatory systems [14] (Table 1). This is in agreement

Table 1. Biochemical findings concerning the role of the CA1 region of the hippocampus in consolidation of one-trial avoidance®®

Treatment Time of infusion (min post-training) Refs
(1] 30 90 180 270 360
Drugs affecting transmission by glutamate or GABA
AP5 (—) 4 97 89 91 82 93 [14,80]
CNQX (-) 8 7 7 14 98 113 [13,30]
AP3 (-) 12 15 78 9 78 70 [13]
Muscimol (+) 0 109 103 78 92 104 [14]
Bicuculline (-) 180 - 180 95 78 103 [99]
Drugs affecting PKA activity
Sp-cAMPs (+) 496 106 99 874 - - [51]
8-Br-cAMP (+) 88 - 93 373 - 338 [14]
KT5720 (-) 8 - 79 4 1 8 [14]
Rp-cAMPs (—) 13 82 89 8 - - [51]
Forskolin (+) 110 - 106 336 - 290 [14]
SKF38393 (+) 83 - 98 343 - 350 [14]
SCH23390 (—) 86 - 106 8 - 7 [14]
Noradrenaline (+) 390 - 87 460 - 422 [14]
Timolol (-) 108 - 79 3 - 5 [14]
8-OH-DPAT (-) 103 - 84 7 - 4 [14]
NAN-190 (+) 88 - 93 393 - 368 [14]
Drugs affecting other signaling pathways
KN62 (—) [CaMKII] 22 47 54¢ 106 - - [109]
CGP41231 (-) [PKC] 5 15 62° 102 - - [9]
U0126 (—) [ERK1/2] 8 70 108 10 83 107 [14]

Numbers indicate performance in a retention test by animals treated at various times after training with different drugs, as percentages relative to the performance of controls
(mean latency of controls was 35-58 s depending on the experiment, with a maximum of 180 s). Doses can be found in the original papers.

b(—) indicates inhibitors; (+) indicates stimulants. AP5, CNQX and AP3 are antagonists of NMDA, AMPA and metabotropic glutamate receptors, respectively. Muscimol and
bicuculline are an agonist and antagonist of GABA, receptors, respectively. Sp-cAMPs and 8-Br-cAMP are PKA activators, whereas KT5720 and Rp-cAMPs inhibit this enzyme.
Forskolin is an adenyl cyclase activator. SKF38393 and SCH23390 are an agonist and antagonist of dopamine D, receptors, respectively. Timolol is a -adrenoceptor
antagonist. 8-OH-DPAT and NAN-190 are an antagonist and agonist of 5HT 5 receptors, respectively. KN62, CGP41231 and U0126 inhibit CaMKIl, PKC and MEK1/2 (the kinases
that activate ERK1/2), respectively. Red and blue text respectively indicates decreases and increases that are significant to at least P < 0.03 in a non-parametric test. Dashes

indicate that data have not been reported.
€120 instead of 90 min post-training.
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Table 2. Biochemical findings concerning the role of the basolateral amygdala in consolidation of one-trial avoidance®
Treatment Time of infusion (min post-training) Refs
(1] 30 90 180 270 360
Drugs affecting transmission by glutamate or GABA
AP5 (-) 20 128 93 91 83 112 [13]
CNQX (-) 7 - 17 8 - 86 [30]
AP3 (-) 8 6 76 108 116 78 [13]
Muscimol (+) 6 108 103 20 92 70 [14]
Picrotoxin (—) 180 - - - - - [80]
Drugs affecting PKA activity
8 Br cAMP (+) 107 - - 103 - 104 [14]
KT5720 (-) 95 - - 83 - 11 [14]
Forskolin (+) 110 - - 80 - 91 [14]
SKF38393 (+) 84 - - 93 - 100 [14]
SCH23390 (—) 119 - - 99 - 96 [14]
Noradrenaline (+) 332 - - 81 - 98 [14]
Timolol (—) 90 - - 88 - 94 [14]
8-OH-DPAT (-) 101 - - 89 - 95 [14]
NAN-190 (+) 97 - - 93 - 101 [14]
Drugs affecting other signaling pathways
KN62 (—) [CaMKII] 97 - - - 106 - [109]
G67874 (—) [PKC generic] 7 4 77 57 60 87 [110]
G066976 (—) [PKC /Bl 11 6 80 60 110 88 [105]
U0126 (—) [ERK1/2] 18 10 9 10 112 107 [14]
?Details are as for Table 1, except that the mean latency of controls was 36-55 s depending on the experiment, with a maximum of 180 s. As before, (—) indicates inhibitors and

(+) indicates stimulants, red (decrease) and blue (increase) figures are in all cases significant to at least P < 0.03 in a non-parametric test, and dashes indicate that data have not
been reported. Picrotoxin is an antagonist of GABA, receptors. G67874 is total PKC inhibitor and G66976 is specific for the PKC o/B isoforms.

with findings from Matthies and co-workers [73], who 25
years ago showed similar post-training dual peaks of
dopamine-mediated modulation and RNA and protein
synthesis in the hippocampus.

Another, often overlooked, major coincidence between
hippocampal memory and LTP mechanisms is the causal
relationship between the early activation of NMDA recep-
tors and the subsequent changes in PKA and ERK1/2
activity in one-trial memory formation [74] and in hippo-
campal LTP [75,76].

In all cases, studies of the molecular basis of memory
consolidation (or of LTP formation) have been corroborated

by studies in knockout or transgenic mice lacking or under-
expressing a specific receptor or protein [60,62,77—-82]. But
it is not possible to determine timing of the onset and
termination of a given molecular process with such animal
models, and timing is at the essence of LTP and consolida-
tion [37,44].

Main events in memory formation of one-trial learning
in the basolateral amygdala, entorhinal cortex and
posterior parietal cortex

Tables 2, 3 and 4 summarize the main published findings
on memory consolidation in the basolateral amygdala,

Table 3. Biochemical findings concerning the role of the entorhinal cortex in consolidation of one-trial avoidance®

Treatment Time of infusion (min post-training) Refs
0 30 90 180 270 360

Drugs affecting transmission by glutamate or GABA

AP5 (-) 120 19 15 21 103 118 [14]
CNQX (-) 106 115 101 92 93 111 [30]
AP3 (-) 11 8 7 66 108 103 [13]
Muscimol (+) 104 1 16 19 95 94 141
Bicuculline (—) 300 - 96 350 104 83 [99]
Drugs affecting PKA activity

8 Br cAMP (+) 375 - - 370 - 372 [14]
KT5720 (—) 7 - - 11 - 7 [14]
Forskolin (+) 375 - - 370 - 268 [14]
SKF38393 (+) 288 - - 370 - 372 [14]
SCH23390 (—) 8 - - 6 - 6 [14]
Noradrenaline (+) 375 - - 370 - 372 [14]
Timolol (—) 8 - - 8 - 9 [14]
8-OH-DPAT (-) 8 - - 8 - 10 [14]
NAN-190 (+) 97 - - 108 - 107 [14]
Drugs affecting other signaling pathways

G67874 (—) [PKC generic] 15 - - 116 - - [9]
U0126 (—) [ERK1/2] 10 88 84 8 107 6 [13]
?Details are as for Table 1, except that the mean latency of controls was 38-58 s depending on the experiment, with a maximum of 180 s. As before, (—) indicates inhibitors and

(+) indicates stimulants, red (decrease) and blue (increase) figures are in all cases significant to at least P < 0.03 in a non-parametric test, and dashes indicate that data have not

been reported.
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Table 4. Biochemical findings concerning the role of the posterior parietal cortex in consolidation of one-trial avoidance?®

Treatment Time of infusion (min post-training) Refs
0 30 20 180 270 360

Drugs affecting transmission by glutamate or GABA

AP5 (—) 81 116 6 19 114 96 [14]
CNQX (-) 108 87 92 62 66 60 [30]
AP3 (—) 122 115 78 76 77 78 [13]
Muscimol (+) 6 108 103 90 92 70 [14]
Bicuculline (—) 400 - 92 360 103 77 [99]
Drugs affecting PKA activity

KT5720 (—) 18 - - 14 - 8 [14]
Forskolin (+) 110 - - 340 - 350 [14]
SKF38393 (+) 84 - - 76 - 108 [14]
SCH23390 (-) 89 - - 10 - 8 [14]
Noradrenaline (+) 101 - - 355 - 350 [14]
Timolol () 90 - - 6 - 6 [14]
8-OH-DPAT (-) 105 - - 7 - 7 [14]
NAN-190 (+) 94 - - 90 - 111 [14]
Drugs affecting other signaling pathways

CGP41231 (—) [PKC] 5 35 - 19 107 - [9]
U0126 (—) [ERK1/2] 10 88 84 8 107 6 [14]
?Details are as for Table 1, except that here mean latency of controls was 34-53 s depending on the experiment, with a maximum of 180 s. As before, () indicates inhibitors

and (+) indicates stimulants, red (decrease) and blue (increase) figures are in all cases significantto at least P < 0.03 in a non-parametric test, and dashes indicate that data have

not been reported.

entorhinal cortex and posterior parietal cortex, respec-
tively. There have been a few scattered findings on the
posterior parietal cortex (a prolonged amnesic effect of the
ERK1/2 inhibitor U0126 and of the GABA receptor agonist
muscimol when given up to 3 h post-training [14]). Find-
ings in other structures (e.g. the insular lobe and prefrontal
areas) have been less consistent or fragmentary (e.g. a
single dose and/or time of injection) and will not be
included in this account.

As can be seen, the pattern of entry into action of each
molecular process varies with the structure. For example,
if one follows sensitivity to the amnesic effect of the NMDA
receptor antagonist D(—)-2-amino-5-phosphonopentanoic
acid (AP5) [14], it is possible to conclude that NMDA-
receptors are needed in all the structures but at different
times: immediately post-training in CA1 (Table 1) or the
basolateral amygdala (Table 2), but 30 min later in the
entorhinal cortex (Table 3) and 90 min later in parietal
cortex (Table 4). In the entorhinal and parietal cortex,
susceptibility to AP5 also lasts much longer than in the
hippocampus and amygdala. It is often taken for granted
that memory consolidation begins with an AP5-sensitive
process [1,9,10,13,14,34]. Sensitivity to NMDA receptor
blockers is usually accompanied by enhanced susceptibil-
ity to the inhibitory effect of muscimol and to the facil-
itatory effect of GABA, receptor blockers [83]. Thus, the
process of memory consolidation appears to be accompa-
nied and followed by AMPA-receptor-dependent processes
[9,10,30] in all the structures studied except the entorhinal
cortex [13] (Table 3).

In the CA1 region, the effects of AP5, muscimol and the
AMPA receptor antagonist 6-cyano-7-nitroquinoxaline-
2,3-dione (CNQX) are accompanied and/or followed by
changes in the activity of CaMKII, PKC, ERK1/2 and
PKA, and/or in susceptibility to their inhibitors
(Table 1). This is not always the case in the other struc-
tures: the amygdala features ERK-dependent events early
on, which last for several hours, but no PKA-related events
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[14]. (However, it does feature PKA-related events in other
aversive tasks [53].) The events related to PKC have
different times of initiation and different duration: they
occur early in CA1l (Table 1), the amygdala (Table 2) and
the parietal cortex (Table 4), but 4-6 h later in the entorh-
inal region (Table 3).

Therefore, it is difficult to view the changes seen in the
amygdala, parietal cortex and entorhinal region as indi-
cative or suggestive of LTP [37,44]; they appear, rather, to
pertain to other forms of plasticity that share some steps
with LTP but not their sequence.

It is apparent from Tables 1, 3 and 4 that PKA-related
mechanisms are out of synchrony with the timing of pro-
cesses involving glutamate receptor processes [9-14]. As
already mentioned, PKA-related mechanisms are required
in CA1l twice, at time 0 and again at 3—6 h from training; in
the entorhinal cortex they are important at all times
between 0 h and 6 h post-training; in the parietal cortex
they participate only 3-6 h post-training; and in the amyg-
dala they seem not to participate at all in this task [10,12].

The ERK1/2 pathway is necessary at widely different
times in the different structures. In CA1 (Table 1) and the
parietal cortex (Table 4), ERKs are required immediately
after training and then again 3 h later; they seem to be
required during the first 6 h after training in the entorh-
inal cortex (Table 3), and not at all in the amygdala [9,14]
(Table 2).

The role of CaMKII was investigated only in the hippo-
campus (Table 1) and amygdala (Table 2). This enzyme is
crucial for the phosphorylation and upregulation of AMPA
receptor function in CAl after both LTP induction and
inhibitory avoidance training [38—42]. In addition, CaMKII
is also involved in the phosphorylation of numerous post-
synaptic density proteins, including PSD-95, «- tubulin,
B-tubulin, dynamin, a-internexin and cAMP phosphodies-
terase [9,10].

The molecular processes of memory formation are sen-
sitive to modulation by synapses that use dopamine D,
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receptors, B-adrenoceptors and 5-HT;, receptors in the
hippocampus and entorhinal and parietal cortex
[10,12,50] (Tables 1, 3 and 4) and, as shown elsewhere,
also by synapses that use muscarinic and nicotinic ACh
receptors [9,17]. Activity of all these synapses is known to
correlate with brain processes involved in the perception of
and the reaction to emotion-related, mood-related and
arousal-related processes. The monoamines dopamine,
noradrenaline, 5-hydroytryptamine (5-HT) and ACh all
affect cAMP synthesis and thus regulate PKA [9,10,14].

The timing of the intervention of the various molecular
processes revealed by pharmacological studies has been
corroborated by biochemical analyses. Figure 1 illustrates
best-fit drawings of data published elsewhere on receptor
binding, enzyme activity or protein synthesis in CAl at
different times after training [39,40,45,46,50-53,74]. As
can be seen, these features peak precisely at the times
when they are most sensitive to the respective inhibitors:
CaMKII activity at 0—-1 h from training, PKA activity and
CREB levels immediately after training and then again at
3-6 h hours after training, ERK activity 1-2 h after train-
ing [74], and PKC activity ~30 min after training [43—45].
Importantly, the post-training peaks of c-fos, PKA, CaM-
KII and ERK1/2 activity in CA1 depend on previous stimu-
lation of NMDA receptors: if NMDA is administered to CA1
at the time of training, the peaks are not seen in the
hippocampus, either in one-trial learning [40-73] or in
LTP [74,75]. Figure 1 also includes data on nitric oxide
synthase, haem oxygenase, cGMP, cAMP, cAMP-phospho-
diesterase and c-fos [67].

The structures studied in Tables 1-4 are all intercon-
nected by afferent and efferent fibers via the entorhinal
cortex [26,27], so they probably operate in orchestrated
fashion in memory consolidation [1-6,8-10,22,49,50]. That
many of the disruptive agents used in the various struc-
tures can block memory completely indicates that most of
those mechanisms are necessary for memory formation.

What forms of plasticity are involved in each structure?
Clearly, in CA1 the form of plasticity involved in memory
consolidation is one closely similar to LTP, if not actual
LTP [1-10]. In the other structures the sequences of mole-
cular processes are different from those described for LTP.
However, the receptors involved (particularly the NMDA
receptor) [9-11,14,34,36,83] and the function of the
enzymes involved (particularly their relationship to recep-
tor activation, CREB phosphorylation, gene expression,
protein synthesis and the build-up of extra cellular con-
nectivity) [19] points to specific influences in plastic events.
The molecular processes studied have all been ascribed a
role in plasticity [76,83—85].

It is possible that each brain structure processes a
different informational (e.g. cognitive versus emotional)
aspect of each task [86—89], but this remains to be proven.
Current evidence is insufficient for this postulation.

Why are emotionally-rich memories usually better
consolidated?

The post-training hippocampal PKA activation and CREB
phosphorylation, and memory consolidation itself, are
highly sensitive to dopamine receptor agonists and to
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antagonists acting on D; receptors, B-adrenoceptors and
5HT, 4 receptors [50] (Tables 1, 3 and 4). The pathways
ending on dopamine D; receptors and B-adrenoceptors in
the hippocampus and neocortex are well known to mediate
alertness, emotion and anxiety levels. D; receptors and -
adrenoceptors enhance, and 5HT4 receptors depress, ade-
nylyl cyclase activity, and therefore cAMP production and
indirectly PKA activity [9-13]. Thus, these pathways can
regulate the PKA-dependent CREB phosphorylation pro-
cesses that underlie memory consolidation [12,50,61].

The data in Table 1 strongly implicate the enhancement
of events mediated by cAMP, PKA and CREB in the strong
fixation of emotionally-laden memories [9,10] — memories
that have been called flashbulb memories and are usually
remembered with great precision [87-89].

An additional factor in the fixation of highly emotional
memories could certainly be the enhanced activity of the
ERK signaling pathway [54,66] that results from the aver-
sive component of the one-trial avoidance task [66] (and
probably also from other task components [53]). The post-
training role of ERKs in consolidation in the basolateral
amygdala is certainly longer than in any other brain
structure studied so far (Table 2) [14].

A third and possibly major reason why consolidation of
emotional memories is usually better and more resistant
than that of non-emotional memories is of course the
activation of the basolateral amygdala itself when these
memories are acquired [10,18,88,89]. But clearly the
basolateral amygdala is not the only regulator of emo-
tional memory formation or retrieval. The monoamine
receptor—-PKA-CREB systems [50,61] and ERK must
have a role that is at least as important and, if anything,
far more direct.

Endogenous state dependency revisited
Tables 1-4 show that memory consolidation is accompa-
nied and regulated by different neuromodulatory and
molecular ‘states’. So is retrieval [89]. Memories, particu-
larly those of an emotional type, have been suggested to
rely on an endogenous state-dependent process [90-93].
Both consolidation and retrieval of one-trial avoidance
require PKA and ERK activity in the hippocampus, the
entorhinal, parietal and cingulate cortex and the basolat-
eral amygdala, and both are modulated by D, receptors, B-
adrenoceptors, 5HT 5 receptors and muscarinic ACh
receptors in all these structures [89]. In addition, periph-
eral hormones and brain opioids [92-95] are as important
in modulating retrieval as they are in modulating con-
solidation, and might be involved in endogenous state
dependency. Further work on this is desirable [93]. For
additional information on this topic, see Refs [93-95].

A note on the parallel processing of immediate, short-
term and long-term memory

STM is now known to last ~3-6h and is processed in
parallel to the consolidation of LTM [21,22]. Before that,
and as a precondition for both STM and LTM formation,
working memory (WM) handles the information that is to
be saved while it is being acquired and/or for a few seconds
afterwards [9-11]. The mechanisms of WM and STM are in
general not directly related to those of LTM formation, and



502

TRENDS in Neurosciences Vol.29 No.9

Table 5. Effect on working memory and short-term memory of drugs given into the CA1 region of hippocampus, entorhinal cortex or

parietal cortex®®
Treatment Region Refs
CA1 Entorhinal cortex Parietal cortex
WM STM WM STM WM STM
AP5 (—) 100 14 100 98 155 95 [11,90]
CNQX () 14 15 17 20 18 16 [11,90]
MCGP (-) 100 - - 102 - - [11]
Muscimol (+) 11 11 13 22 4 8 [11,90]
KT5720 (—) - 18 - 30 - - [90]
PD098059 (—) - 13 - 209 - - [11]
SKF38393 (+) - 20 - 16 - - [11]
SCH23390 (—) 5 208 100 - 7 106 [11,90]
NE (+) - 96 - 211 - - [11,90]
Timolol (-) - 85 - 16 - - [11,90]
8-OH-DPAT (-) - 6 - 290 - - [11]
NAN-190 (+) - 82 - 17 - - [11]
Scopolamine (-) 14 92 10 101 11 11 [11,90]

2Effect of drugs given into the CA1 region of hippocampus, the entorhinal cortex or the parietal cortex on working memory (WM) measured 3 s after training and on short-term
memory (STM) measured 1.5 h after training. The drugs were given 5 min prior to training in the former case and immediately post-training in the latter. Data are expressed as
percentage of retention-test performance relative to controls in the animals tested for working memory (mean latency of controls, 100-180 s) and in short-term memory (mean

control latency, 41-46 s).

b(_) indicates inhibitors and (+) indicates stimulants. (S)-a-methyl-4-carboxyphenylglycine (MCGP) is an antagonist of metabotropic glutamate receptors, PD098059 is an
antagonist of ERK, and scopolamine is an agonist of muscarinic ACh receptors (for other activities, see Table 1). Doses can be found in the original papers. Red (decrease) and
blue (increase) figures are in all cases significant to at least P < 0.03 in a non-parametric test, and dashes indicate that data have not been reported. Note than in most cases the

results are different qualitatively from those obtained for LTM in Tables 1-4.

the interested reader is referred to Ref. [11] for a recent
review of this topic.

Several of the treatments shown in Tables 1-4 have
been studied for their effect on WM and STM. The findings
are summarized in Table 5. In other words, Table 5 shows
effects on memory types measured at 0 min or 90 min
following training of treatments that, when given at those
times, can profoundly affect LTM measured one day later.
As can be seen, there are many differences between the
drug effects on WM and those on LTM. None of the treat-
ments shown in Table 5 was found to affect either WM or
STM when given into the amygdala [22].

Comparison of the findings of Table 5 with those of
Tables 1-4 illustrates the separation of WM, STM and
LTM from a mechanistic point of view [9,10,22,70,71]. It is
likely that the three forms of memory are processed by the
same cells and synapses in the hippocampus, amygdala
and parietal cortex because it is hard to believe that the
same set of stimuli, associations and responses would be
processed by different subsets of neurons at the same time
in several brain structures. The type of storage system
(WM, STM or LTM) that will handle each given set of
stimuli, associations and responses is probably decided by
the influences of the signaling pathways that are simulta-
neously triggered into action, in parallel, at the time of
training on different substrates [11,21,22]. This is the case
for STM and LTM: STM requires PKA during the first
90 min post-training, whereas LTM requires it at 0 min
and again at 170 min or more, but not at the intermediate
periods [51]. This strongly suggests mediation by different
substrates; for example, CREB is a PKA substrate clearly
involved in LTM [50] but not in STM [72].

A caveat

The list of brain areas that participate in memory
consolidation is certainly longer than the one we have
discussed in this review. If CA1 and the entorhinal cortex
participate, then surely the dentate gyrus and CA3 must be
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involved [33]. Recent evidence supports this [94]. The
same stands for other molecules not specifically discussed
here. For example, recent data point to a key role for the
ubiquitin—proteasome system [96] and brain-derived neu-
rotrophic factor (BDNF) [97-99] in STM and LTM forma-
tion. Further research will surely add to the information
shown in Tables 1-4.

Can a neural network be proposed?

The sequence of events in CA1 LTP has been worked out by
several authors [1,3-6]. However, beyond the early NMDA
receptor activation, and the subsequent increase in [Ca®*];,
activation of CaMKII and enhancement of AMPA receptor,
PKC and PKA activity, things become blurred and it is
difficult to be precise, especially about timing [44]. There
could also be alternative connections between metabolic
routes, particularly those involving signaling pathways
and gene activation [7]. Indeed, LTP in the dentate gyrus,
CA3 and other neural structures uses many such ‘alter-
native’ routes to those of CAl [1-8]. However, the key
factor in most accounts still is timing [37,44]: activation
of a given enzyme must precede phosphorylation and
activation of its substrate(s), the action of signaling path-
ways must precede gene activation, and so on. The same
might be said of metabolic sequences underlying memory
formation in CA1 [9,10] (Table 1) or elsewhere (Tables 2—4).
Therefore, from a cellular point of view, at this stage of
knowledge in the field it seems presumptuous to propose a
reasonably heuristic schema of a blueprint.

The anatomical connections between the hippocampus,
amygdala, entorhinal cortex and parietal cortex have been
relatively well studied [27] and some simple diagrams can
be envisaged at the systems level. Where does the entire
memory consolidation process begin? Most evidence points
to the hippocampus [1-4,7-11,21-24,39,63,73]. In some
previous articles, based on the postulations of Bliss and
Collingridge [1] and others [2-7], we have suggested that
one way to answer this question might be to discover which



regions in the brain first become susceptible to AP5. This
susceptibility usually but not always begins at the same
time as susceptibility to muscimol [14,100].

Stimulation of CAl sets into reverberation the
CAl-subiculum—-entorhinal-dentate—CA3—CA1 circuit,
at a fast rate [101]. From the systems point of view,
information leading to memory consolidation should flow
from CA1 through the subiculum and then the entorhinal
cortex to the rest of the cortex and the basolateral amyg-
dala [9,27,87,88], which in turn should project back to the
entorhinal cortex and the hippocampal dentate—-CA3-CA1
system [27,90]. But so far there have been no systematic
pharmacological studies that begin with the dentate gyrus
or CA3; such studies have been conducted only in the
entorhinal cortex (Table 3). So, here again, attempts to
propose a clear-cut blueprint at the circuits level would
currently be too speculative.

Of course many other pathways besides those men-
tioned are possible [31,102], and surely in different forms
of memory, with different sensory or motor components
and cognitive content, the variety of pathways and perhaps
molecular mechanisms that participate is likely to be
larger than we currently realize. No doubt, reverberation
in CAl-entorhinal-dentate—CA3-CA1l circuits [101]
should occur not only horizontally but also longitudinally,
with the circle widening as the distance from the initial
point of activation increases. In addition, it must not be
forgotten that, as is true in the entorhinal cortex and the
CA1, all other connections among the hippocampus, amyg-
dala and neocortex are bidirectional [9,27,87,88,101].

There is no indication that there are single mechanisms
for synaptic plasticity, LTP or memory consolidation. It
would make little adaptive sense if it were so. In all like-
lihood there are many interconnected, and perhaps
replaceable, systems that can produce satisfactory forms
of plasticity leading to similar responses. Further, the
participation of these areas might change, particularly
with repetition. If animals are exposed to a step-down
avoidance task for a second time [83], the striatum enters
into play on the second session instead of the hippocam-
pus. This should require the installment a completely new
set of anatomical connections in order to relearn essen-
tially the same response to the same constellation of
stimuli, only to a larger extent. So to postulate fixed
circuits for a given set of stimuli (and learned responses)
sounds too rigid. Studies on the recovery of people bearing
large brain lesions [103,104] should make us all less
phrenologically minded (i.e. believing that one behavior
equals one circuit) and more ‘plastic’ [1,9,83]. Memories do
change, and the brain circuits used by experts have long
been known not to be the same ones that they used when
they were apprentices.

One last, and hopefully haunting, question. Memories
can be ‘infected’ by false information at any time [105,106],
but particularly in the first few hours after acquisition
[107,108], precisely when they are being consolidated and
when STM is active [21,22]. Are any of the molecular
mechanisms commented upon in this article or elsewhere
[9,10] particularly involved with the introduction of false
data in memories? This is a point that should, indeed,
be investigated.
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Concluding remarks

Different chains of molecular events involving glutamate
receptors, CaMKII, PKA, PKC and ERK1/2 are necessary
for LTM formation in the CA1 region of the hippocampus,
basolateral amygdala, entorhinal cortex, parietal cortex
and cingulate cortex. The time course of the events in CA1
is similar but not identical to that which underlies LTP in
this area. The timings of the molecular events in the other
structures differ from each other and from those in CAl.
Several of the biochemical events analyzed point to the
reasons why emotionally-laden memories are usually bet-
ter consolidated than neutral memories; particularly rele-
vant seems to be the regulation of the crucial PKA-CREB
step of memory formation by neurotransmitters related to
mood and emotion.
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