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ABSTRACT

Since William James (1890) first distinguished primary from secondary memory, equivalent to short- and longterm memory, respectively, it has been assumed that short-term memory processes are in charge of cognition
while long-term memory is being consolidated. From those days a major question has been whether shortterm memory is merely a initial phase of long-term memory, or a separate phenomena. Recent experiments
have shown that many treatments with specific molecular actions given into the hippocampus and related
brain areas after one-trial avoidance learning can effectively cancel short-term memory without affecting
long-term memory formation. This shows that short-term memory and long-term memory involve separate
mechanisms and are independently processed. Other treatments, however, influence both memory types
similarly, suggesting links between both at the receptor and at the post-receptor level, which should not be
surprising as they both deal with nearly the same sensorimotor representations. This review examines recent
advances in short- and long-term memory mechanisms based on the effect of intra-hippocampal infusion of
drugs acting upon neurotransmitter and signal transduction systems on both memory types.
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INTRODUCTION

Declarative memories are not immediately established as long-term memories (LTMs), this process
takes 3 to 6 hours and involves a sequence of specific molecular processes in the CA1 area of the
hippocampus and its connections (see Izquierdo &
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Medina 1997). In 1890, William James proposed
that while LTM formation is taking place, one or
more short-term memory (STM) systems are in
charge of cognition. This concept was further developed by others (Carew 1996, Gold & McGaugh
1975, Mansuy et al. 1998, Markowitsch 1997, McGaugh 1966), but a key question remained unanswered until recently: is STM just a step towards
LTM, or are both separate processes (Gold & McGaugh 1975, Izquierdo 1989, Izquierdo & Medina
1998, Squire 1992)? To answer this question un-
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doubtedly it would be necessary to demonstrate that
STM can be suppressed without affecting LTM of
the same learning experience in the same animal,
or that this is utterly impossible (Izquierdo 1989,
Izquierdo et al. 1998a, 1999).
Here we review the effect on STM and LTM of
drugs known to affect specific steps of LTM formation when given into CA1 region of rats hippocampal area (Ardenghi et al. 1997, Bernabeu et
al. 1997a, b, Bevilaqua et al. 1997, Cammarota
et al. 1997, Izquierdo & Medina 1998, Izquierdo
& Medina 1995). The drugs used exert specific effects upon neurotransmitter receptors or enzymes
activities crucial to plastic processes (Bernabeu et
al. 1997a, Cammarota et al. 1998, Izquierdo &
Medina 1997, Izquierdo & Medina 1995).
Memory Types
Memories are classified according to their content
(declarative or explicit, procedural or implicit)
(Squire 1992, Markowitsch 1997), according to their
duration (STM, LTM) (Fuster 1998, Markowitsch
1997), and according to their nature: archival (STM,
LTM) as opposed to transient, moment-to-moment
(WM) (Goldman-Rakic 1992, 1996). The present
article deals with STM and LTM of one-trial inhibitory or passive avoidance (Gold 1986, Izquierdo
& Medina 1997). This might be viewed as an explicit memory, to the point that terms such as
“declarative” or “explicit” can be applied to experiments using rodents (Bures 1998). Putative subdivisions of STM and LTM (see Markowitsch 1997 and
Squire 1992) will be ignored, inasmuch as they are
irrelevant to the findings discussed here, and there
is no tangible biological basis to substantiate any
such subdivision (Izquierdo et al. 1999). Here,
therefore, we will restrict ourselves to McGaugh’s
(1968) concept of “three memory trace systems:
one for immediate memory, one for short-term memory (which develops in a few seconds or minutes and
lasts for several hours), and one which consolidates
slowly and is relatively permanent” (see also McGaugh 2000)
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Short- and Long-Term Memory
Early attempts to extricate STM from LTM (see
Cherkin 1997, Gold & McGaugh 1975, McGaugh
1966, Sara 1974) failed because the treatments used
to block memory of one or the other type (protein synthesis inhibitors, electroconvulsive shock,
hypoxia, etc.) were inappropriate and severely affected subjects performance. Over the years, many
treatments were found to preserve STM but to cancel LTM (eg, Bourtchouladze et al. 1994, Yin &
Tully 1996). These experiments are uninformative
as to whether the former is a step towards the latter
or not. Those who have studied short-term potentiation (STP) and long-term potentiation (LTP) have
confronted a similar problem. Treatments that spare
the former but block the latter are ambiguous as to
whether STP and LTP are separate or sequential.
In 1993, Emptage & Carew found that the nonspecific 5HT antagonist cyproheptadine blocks the
short- (2-6 min) but not the long-lasting (24 h) facilitation of a monosynap-tic response in Aplysia
induced by 5HT. This was the first demonstration of
a mechanistic separation between short- and longlasting forms of plasticity. We decided to extend this
finding to STM and LTM of one-trial step-down inhibitory avoidance in rats, using pharmacological
approaches to interfere with cellular mechanisms
known to be relevant to plastic events involved in
learning and memory.
Methodological Concerns
Recent data have substantially enhanced understanding of the molecular basis of LTM formation
of the one-trial avoidance task in rats (Izquierdo &
Medina 1995, Izquierdo & Medina 1997) and other
forms of plasticity (Yin & Tully 1996, Colley &
Routtenberg 1993). Thus, the question of the relation between STM and LTM can now be posed in
cellular and molecular terms.
There is no direct way to extricate the biochemistry of the first 3-6 h of LTM from that of STM,
since both occur simultaneously. Lesions, surgical
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or genetic, are particularly inadequate for such an
endeavor since both their effect and the recovery
from their effect are very long lasting and will contaminate any memory studied after them, be it short
or long (Izquierdo & Medina 1998). The only way to
address this question is to use drugs known to affect
those biochemical events and whose action is rapidly
reversible. We used immediate and prolonged posttraining infusions into definite brain regions of drugs
of known biochemical effects whose influence on
LTM had been well-established (Izquierdo & Medina 1995, Izquierdo & Medina 1997).
In our experiments we did not measure STM
at periods shorter than 1.5 h, not only in order to
avoid a superposition with WM, but also to avoid
confounds by the lingering presence of the drug at
the infusion sites or by the infusion procedure itself.
Using similar infusion procedures (0.5 µl given over
30 sec), drugs take between 0.5 to 1 h to diffuse
away from the infusion sites (Martin 1991, Walz et
al. 2000a).
We chose to use a one-trial step-down inhibitory (passive) avoidance task in rats for several
reasons. First, its rapid acquisition facilitates the
analysis of the time of occurrence of post-training
events (Gold 1996, Izquierdo & Medina 1995). Second, it depends on the integrated activity of a wellstudied neural circuit, i.e., the hippocampal CA1 region, the entorhinal cortex and the posterior parietal cortex (Ardenghi et al. 1997, Izquierdo et al.
1997) modulated early on by the amygdala and the
medial septum (Bianchin et al. 1999, Cahill & McGaugh 1998, Izquierdo et al. 1992). Third, it is
the task whose pharmacology and molecular basis
has been most extensively studied, particularly in
CA1 and the entorhinal cortex (Izquierdo & Medina 1995, Izquierdo & Medina 1997). Fourth, years
of work have established that using a 0.3-0.4 mA
training shock one can obtain retention test latencies far enough from a floor or a ceiling, and therefore easily amenable to the comparative analysis of stimulant and depressant posttraining treatments (see Izquierdo & Medina 1997, Izquierdo et
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al. 1999). Finally, it has been reliably shown to
depend on the actual inhibition of one particular response (stepping down with the four paws on the
grid) and not of others (rearing, exploration, sticking the head out, placing just the forepaws on the
grid).
Our methodology consisted in testing animals
twice: first at 1.5 h from training, in order to measure STM, and then again at 24 h, in order to measure
LTM (see Izquierdo et al. 1999). One concern was
whether testing the animals twice might alter LTM
either by extinction or by a reminder effect. This
was ruled out by two facts: First, there were no significant differences in control groups between STM
and LTM performance in any of our studies (Figures
1-4). Second, it was recently shown that repeated
testing over the first 6 h after training does not lead to
extinction, whereas repeated testing between 9 and
96 h does (Medina et al. 1999).
EFFECT OF TREATMENTS GIVEN INTO
THE HIPPOCAMPUS ON SHORT- AND
LONG-TERM MEMORY

The drugs used, their doses and the results obtained
on STM and LTM are shown in Figures 1 - 4. The
whole data is published elsewhere (Izquierdo et al.
1998a, b, c, 1999, 2000, Vianna et al. 1999, 2000a,
b, Walz et al. 1999). Results shown in Figure 1
demonstrate the involvement of the different glutamatergic receptor subtypes, and of the GABAA ,
colinergic muscarinic, dopaminergic D1 and of the
serotonergic 5H T1A hippocampal receptors on the
early events of STM and LTM processsing. The
subsequent data (Figures 2-4) demonstrate the selective contribution of different signal transduction
cascades to the prolonged postraining period of STM
and LTM simultaneous processing.
Immediate Involvement of Neurotransmitter
Systems
The drugs used were: the glutamate NMDA receptor antagonist, AP5; the glutamate AMPA receptor
blocker, CNQX; the glutamate metabotropic recep-
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Fig. 1 – In this and all following figures, the ordinates express median (interquartile range) test session latency,
in seconds. In this figure, memory of the step-down task was measured 1.5 h after training (STM) and again
at 24 h (LTM), STM scores are shown in open columns and LTM scores are shown in grey columns. This
figure includes data from five different papers (Izquierdo et al. 1998a, b, c, 1999, 2000). N = 10 − 12 per
group. Infusion volume was 0.5µl in all cases. The following treatments were given by bilateral infusion
into the CA1 area of the hippocampus: Saline (SAL), vehicle (VEH, 20% dimethylsulfoxide), AP5 (5µg/side),
CNQX (0.5µg/side), MCPG (2.5µg/side), muscimol (MUS, 0.5µg/side) and scopolamine HBr (SCOP, 2µg/side),
SKF38393 (SKF, 7.5µg/side), SCH23390 (SCH, 0.5µg/side), noradrenaline ClH (NE, 0.3µg/side), timolol ClH
(TIM, 0.3µg/side), 8-HO-DPAT (DPAT, 2.5µg/side) and NAN-190 (NAN, 2.5µg/side). ∗ Indicates significant
difference from control values at p < 0.001 level. In groups not marked by asterisks the training-test latency
differences were significant at a p < 0.001 level. AP5, CNQX, MUS and SCOP caused amnesia both for
STM and LTM. SKF and DPAT caused selective amnesia for STM, leaving LTM intact. SCH enhanced STM
selectively and NE enhanced LTM selectively.

tor antagonist, MCPG; the GABAA receptor agonist, muscimol; the muscarinic receptor antagonist, scopolamine; the dopamine D1 receptor agonist, SKF38393; the D1 antagonist, SCH23390;
noradrenaline; the β-adrenoceptor antagonist, timolol; the 5H T1A receptor agonist, 8-HO-DPAT; the
5H T1A antagonist, NAN-190.
Several of the treatments blocked both STM
and LTM: AP5, CNQX, MCPG, muscimol and
scopolamine. This suggests a link between STM
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and LTM at the glutamate receptor level and at the
level of modulation by GABAA and muscarinic receptors.
Interestingly, some treatments selectively affected one but not the other memory type. When
given immediately after training, SCH23390 enhanced whereas SKF38393 and 8-HO-DPAT cancelled STM retention without affecting LTM. Oppositely, noradrenaline facilitated LTM retention without affecting STM. These results, specially those ob-
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tained with the infusion of D1 and 5H T1A receptor
agonists, clearly demonstrates the independence of
both memory types.
The PKA Signal Transduction Cascade
We used drugs known to specifically influence AMPc-dependent protein kinase (PKA) activity: the inhibitor of the regulatory subunit of PKA,
Rp-cAMPS, and the selective activator of that subunit, Sp-cAMPS. Infusion of Rp-cAMPS in CA1 at
0 or 170 min after training cancelled LTM, when
the drugs were given 22, 45 or 90 min posttraining,
they blocked STM but not LTM. The opposite effect
was obtained when the specific stimulator of the regulatory subunit of PKA, SpcAMPS is used: when
given into CA1 0 or 170 min posttraining it enhanced
LTM, when given 22, 45 or 90 min posttraining, it
enhanced STM selectively (Figure 2).
The PKC Signal Transduction Cascade
To measure the involvement of calcium-dependent
protein kinase (PKC) and the relative contribution
of different PKC isoforms we used two inhibitors:
one selective to the calcium-dependent isoforms α
and βI, Gö 6976, and other unspecific as to PKC
isoforms, Gö 7874. As shown in Figure 3, STM was
suppressed by Gö 6976 given into the CA1 region
of the hippocampus 10 min before or 50 min after
training. The two compounds given 10 min before,
or 50 or 110 min after training canceled LTM.
The MAPK Signal Transduction Cascade
Finally, to evaluate the contribution of the mitogenactivated protein kinase (MAPK) signalling pathway we used the selective inhibitor of MAPKK (mitogen activated protein kinase kinase), an upstream
activator of MAPK, PD098059. As shown in figure
4, STM was cancelled when PD098059 was given
immediatelly after training whereas LTM was sensitive to the inhibitor only when administration occurred three hours later.
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Neurobiological Separation of Short- and
Long-Term Memory
As shown in Figures 1-4, we were indeed able to
replicate and considerably extend the separation of
short- and long-term plastic events demonstrated by
Emptage and Carew (1993). Our results clearly
demonstrate that STM and LTM are in a great
degree independent phenomena, recruiting cellular and molecular events in a separate manner.
Several of the neurotransmitter systems and signal
transduction cascades studied were demonstrated to
be selectively involved in STM and LTM processing,
contributing at diferent time-windows of the posttraining period. Moreover, the abolishment of STM
without interference on LTM retention by several
drugs definitively points to the independence of both
memory types.
Of course, in addition, there are links between
the mechanisms of STM and of LTM at the receptor
and at the post-receptor level. The links are to be
expected, after all, both STM and LTM do deal with
the same basic sensorimotor representation. Frey
and Morris (1998) have suggested various possible
mechanisms of ‘synaptic tagging’in order to explain
the links between STP and LTP, or between the very
early (0 min) and the much later (3-6 h) molecular events that determine persistence of the plastic
change over long periods of time. The persistence
of LTP or LTM for more than 3-6 h requires gene activation and protein synthesis, which distinguishes
it from STP or STM (Bernabeu et al. 1997a, Frey &
Morris 1998, Izquierdo & Medina 1997, Quevedo
et al. 1999).
Inklings into the Biochemistry of Short-Term
Memory
Several of the treatments provide hints on a separation of the biochemistry of STM and that of LTM,
particularly in CA1. STM, like LTM (Izquierdo &
Medina 1995, Izquierdo & Medina 1997), is dependent immediately after training on the integrity of
AMPA, NMDA and metabotropic glutamate recep-
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Fig. 2 – Same training-test procedures as in Figure 1. Data from this figure is published elsewhere (Vianna et
al. 2000a). Rats received post-training bilateral infusions in the dorsal CA1 region of saline, of the selective
inhibitor of the regulatory site of PKA, Rp-cAMPS (0.5µg/side), or of the selective stimulant of that site,
Sp-cAMPS (0.5µg/side). The infusions were: 0, 22, 45, 90 or 170 min after training. STM testing was at 90,
112, 135, 180, 180 and 180 min after training respectively. ∗ Indicates significant difference from control values
at p < 0.001 level. In groups not marked by asterisks the training-test latency differences were significant at a
p < 0.001 level. The PKA inhibitor given 0 min post-training inhibited both STM and LTM, given 22-90 min
after training it inhibited STM but not LTM, given 170 min after training LTM but not STM. The time-course
of the effect of Rp-cAMP-RS reproduces that obtained using an inhibitor of the catalytic site of the enzyme,
KT5720 (Vianna et al. 1999).

tors, and on their presumable modulation by cholinergic muscarinic, β-noradrenergic (stimulant) and
GABAA receptors (inhibitory).
PKA clearly has separate influences on the two
memory types. It is in charge of STM between 0 and
90 min after training, and it is in charge of LTM at
0 and again at 180 min after training, but not in the
period between these two peaks (Vianna et al. 1999,
2000a, b). The role of PKA in LTM formation involves phosphorylation of the nuclear transcription
factor CREB1 (Bernabeu et al. 1997a) twice: first
immediately, and again 3-6 h after training. There
are peaks of PKA activity and P − CREB1 in CA1
at both periods (Bernabeu et al. 1997a, Vianna et al.
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2000a), and both are necessary for LTM formation
(Bernabeu et al. 1997a, Vianna et al. 1999, 2000a).
The role of PKA in STM presumably uses other substrates, inasmuch as P − CREB1 levels are low
between those two peaks (Bernabeu et al. 1997a),
while STM is highly dependent on PKA activity between 22 and 90 min after acquisition (Vianna et al.
1999, 2000a) (Figure 2).
Results obtained with the PKC inhibitors extend the STM and LTM separation, demonstrating
it occurs even at the isoform level. Whereas LTM
apparently does not discriminate among the PKC
isoforms, depending on their activity during almost
two hours after training, STM selectively recruits
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Fig. 3 – Same procedures as in Figure 1. Data from this figure is published elsewhere (Vianna et al. 2000b).
Rats received bilateral infusions in the dorsal CA1 region of vehicle, of the selective inhibitor of the PKC α and
βI isoforms, Gö 6976 (4.6 nM), or of the generic inhibitor of the PKC, Gö 7874 (8 nM). The infusions were
given 10 min before or 50, 110 or 170 after training. STM testing was at 180 min after training. ∗ Indicates
significant difference from control values at p < 0.001 level. In groups not marked by asterisks the trainingtest latency differences were significant at a p < 0.001 level. The selective α and βI PKC inhibitor given 10
min before or immediately after inhibited both STM and LTM, given 110 min after training it only partially
inhibited LTM. The generic PKC inhibitor in-hibited only LTM, when given 10 min before and 50 min after
training. It also had a less intense amnestic effect when infused 170 min after training.

the α and βI isoforms in a more restricted timewindow (Figure 3). The findings on the effect of
the two PKC inhibitors on LTM formation are very
similar in nature and time course to those previously
reported for the generic PKC inhibitors staurosporin
and CGP 41231 (Jerusalinsky et al. 1994). This also
correlates with the report by Paratcha et al. (2000)
showing a specific learning-induced increase of the
activity of βI-PKC within the first few min after inhibitory avoidance training. The findings on STM
may also agree with those of Bourtchouladze et al.
(1990) in which they described an amnesic effect
of the unspecific PKC inhibitors mellitin and H7 on
memory of inhibitory avoidance in the chick measured 3 h after training.

Finally, the separation on STM and LTM also
occurs in relation to the MAPK signaling pathway
(Figure 4). This pathway, of which MAPKK is part,
probably plays a rather complex regulatory role in
plastic events, since it is linked at various different levels with the PKC, CaMKII and PKA cascades (Bhalla & Iyengar 1999, Lisman & Fallon
1999), all of which are crucial for LTP and LTM
(Izquierdo & Medina 1997). As recently reported
inhibitory avoidance LTM for depends on the activation of hippocampal MAPKK on the late period
(3-6 h) of memory consolidation (Walz et al. 2000a,
b) whereas it is important in the induction of STM
(Walz et al. 1999).
Taken together these biochemical characteris-
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Fig. 4 – Same procedures as in other figures. Data from this figure is published else-where (Walz et al. 1999).
Rats received bilateral infusions in the dorsal CA1 region of saline or of the selective inhibitor of MAPKK, PD
98059 (50µM). The infusions were given 0, 30, 90, 120 or 170 min after training. STM testing was at 180 min
after training. ∗ Indicates significant difference from control values at p < 0.001 level. In groups not marked by
asterisks the training-test latency differences were significant at a p < 0.001 level. PD 98059 given immediately
after training selectively inhibited STM without affecting LTM. When given 170 min after training PD 98059
caused amnesia for LTM.

tics point to similarities between STM and STP
(Bliss & Collingridge 1993), as well as, once more
(Izquierdo & Medina 1995, 1997), between LTP and
LTM in CA1. It is tempting to suggest that some
substrate of the studied kinases may be involved in
the tagging of synapses during the early phase of
memory formation in CA1, during which STM runs
its full course (Vianna et al. 1999, 2000a, b, Walz
et al. 1999), as has indeed been suggested for the
early phase of LTP, during which STP runs it course
(Frey & Morris 1998).
FINAL COMMENTS

The results not only show that the mechanisms of
STM and LTM are essentially distinct, but also, suggest links between STM and LTM in CA1 both at the
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receptor level and at the post-receptor level: i.e., in
signal transduction cascades known to be related to
glutamate receptor stimulation (Vianna et al. 1999,
2000a, b, Walz et al. 1999).
The relative importance or intervention of one
or other link, or one or other modulatory mechanism, would be expected to vary with the nature of
the task, and with the relation of each task to others
(Izquierdo 1989, Medina et al. 1999) or to other ongoing physiological events (Morris 1998). Therefore, it might be judicious at this stage to refrain
from postulating theoretical connections or disconnections among memory types. Further research
will no doubt contribute to this, and will eventually
find out the extent to which some or all of the many
hypothetical constructs on cognition (Gold 1986,
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McGaugh 1968, Squire 1992) are right or wrong.
The popular concept that STM is just a passageway
to LTM certainly is wrong, as is the idea that WM
may in any way constitute a sort of STM.
At this stage it is safe to say that STM and
LTM pertain to and are regulated by separate subsystems of the brain, which belong in some cases to the
same and in others to different brain structures (see
Izquierdo et al. 1999), and involve a great variety
of molecular mechanisms at the receptor and postreceptor level, some of which may be linked. This
fits with modern concepts of memory organisation
(Fuster 1998, Izquierdo & Medina 1997, Izquierdo
et al. 1997), which supersede old phrenological concepts based on lesion studies (i.e., “hippocampal”
as opposed to, say “amygdala-dependent” tasks, see
references (Fuster 1998). All types of memory depend on the integrated activity of various brain sites
and involve more than one receptor or post-receptor
mechanism (Izquierdo & Medina 1997, Izquierdo et
al. 1999, 2000).
From a biological standpoint, it clearly sounds
reasonable to search for integrative mechanisms for
the various memory types among those proposed
for “synaptic tagging” (Frey & Morris 1998), looking perhaps very particularly at substrates of the
studied kinases. From a clinical point of view, the
monoaminergic pathways that regulate STM and
LTM (Ardenghi et al. 1997, Bevilacqua et al. 1997,
Izquierdo et al. 1998c) may be the most interesting to examine. All these pathways are physiologically related to cAMP/PKA-mediated signaling in
CA1, the entorhinal cortex and the parietal cortex
(Ardenghi et al. 1997, Bevilaqua et al. 1997, Bernabeu et al. 1997a).
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