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Abstract

Male Wistar rats were trained in one-trial step-down inhibitory avoidey words

ance using a 0.4-mA footshock. At various times after training (0, 1:5ytemory formation

3, 6 and 9 h for the animals implanted into the CA1 region of thétemory modulation
hippocampus; 0 and 3 h for those implanted into the amygdala), thesippocampus
animals received microinfusions of SKF38393 (7.5 ug/side)/Amygdala

SCH23390 (0.5 pg/side), norepinephrine (0.3 pg/side), timolol (0.%AMP/RKA/CREB'P pathway
ug/side), 8-OH-DPAT (2.5 ug/side), NAN-190 (2.5 pg/side), forskolin B_f\ze‘rr;‘rlgief’gic*"ptors
(0.5 pg/side), KT5720 (0.5 pg/side) or 8-Br-cAMP (1.25 ug/side).SHT1A receF|)ot0rs

Rats were tested for retention 24 h after training. When givenintothe .~~~
hippocampus 0 h post-training, norepinephrine enhanced memory

whereas KT5720 was amnestic. When given 1.5 h after training, all

treatments were ineffective. When given 3 or 6 h post-training, 8-Br-

cAMP, forskolin, SKF38393, norepinephrine and NAN-190 caused

memory facilitation, while KT5720, SCH23390, timolol and 8-OH-

DPAT caused retrograde amnesia. Again, at 9 h after training, all

treatments were ineffective. When given into the amygdala, norepi-

nephrine caused retrograde facilitation at O h after training. The other

drugs infused into the amygdala did not cause any significant effect.

These data suggest that in the hippocampus, but not in the amygdala,

a cCAMP/protein kinase A pathway is involved in memory consolida-

tion at 3 and 6 h after training, which is regulated hy®and 5SHT1A

receptors. This correlates with data on increased post-training cCAMP

levels and a dual peak of protein kinase A activity and CREB-P levels

(at 0 and 3-6 h) in rat hippocampus after training in this task. These

results suggest that the hippocampus, but not the amygdala, is in-

volved in long-term storage of step-down inhibitory avoidance in the

rat.
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The cyclic adenylyl monophosphateside), the PKA inhibitor, KT5720 (0.5 pg/
(cCAMP)/PKA/CREB-P signalling pathway side), 8-Br-cAMP (1.25 pug/side) and the
plays a key role in the link between the earladenylyl cyclase stimulator, forskolin (0.5
phase of memory formation and long-termug/side), infused bilaterally into the hippo-
neural plasticity (1). The CREB factor be-campus or into the amygdala at various times
comes active when phosphorylated (CREBafter one-trial inhibitory avoidance training
P) and this phosphorylation is mediated by10). Control groups received vehicle (20%
cAMP-dependent protein kinase A (PKA)dimethylsulfoxide in saline) or saline de-
(2). The cAMP/PKA/CREB-P pathway leadspending on which was used to dissolve the
to gene activation crucial for the persistencdrugs.
of memory of inhibitory avoidance in rats  Under deep thionembutal anesthesia, all
beyond 3-6 h (3). animals had 27-g cannulae implanted bilat-

One-trial step-down inhibitory avoidanceerally into the CA1 region of the hippocam-
learning in rats depends on the hippocampuysus, or at the junction between the basolateral
and amygdala (4). At 3-6 h after training,and the central nucleus of the amygdala.
step-down avoidance is followed by an in-Coordinates were A -4.3, L +4.0, V 3.4 for
crease in cCAMP levels in the hippocampu€Al and A -2.3, L £4.5, V 8.4 for the
(5), CREB-P (3), and PKA activity (3). One-amygdala, according to the atlas of Paxinos
trial inhibitory avoidance in rats is also fol-and Watson (11). The infusion procedures
lowed by hippocampal ultrastructuralwere carried out through a tight-fitting inner
changes (6). Some evidence (intra-amygdalarobe placed within the guide cannulae at
infusion of AMPA receptor antagonist im- appropriate times (0, 1.5, 3, 6 and 9 h post-
pairs retrieval) has suggested that the&aining for animals implanted into the hip-
amygdala may be involved in storage topocampus; 0 and 3 h post-training for those
gether with the hippocampus. However, theremplanted into the amygdala) (12). Two to
is also evidence suggesting that the amygda2a h after the end of the behavioral proce-
may instead modulate storage processes Glures, the animals were sacrified by decapi-
the hippocampus and elsewhere (7). tation. Anatomical verification of cannula

Serotoninergic, dopaminergic and norplacements was carried out and only behav-
adrenergic fibers innervate both hippocamioral results for animals with correct cannula
pus and amygdala and 5HT1A, dopamine Dplacement (i.e., within 1 m#of the in-
and RB-adrenergic receptors are present ianded sites) were considered (13).
both structures (8). These pathways and re- One-trial step-down avoidance was cho-
ceptors play a role in the regulation of emosen for three reasons: a) it involves a simple
tions and mood (9). and quick form of learning in which post-

To address the involvement of the abovéraining memory processing can be meas-
structures and receptors in memory formadred quite precisely (14); b) its post-training
tion, we studied the effect of various drugpharmacology and biochemistry are well
infused into the hippocampus or the amygdalenown (4,15), including information related
at different times post-training: SKF38393to the cAMP/PKA/CREB-P pathway (1), and
(a dopamine Preceptor agonist; 7.5 pg/ €) it is representative of the type of events
side), SCH23390 (a dopaming Eeceptor that are “instantly encoded” in which this
antagonist; 0.5 ug/side), norepinephrine (pathway has been best studied (16).
3-adrenoceptor agonist; 0.3 pg/side), timolol Training session step-down differences
(a R-blocker; 0.3 pg/side), 8-OH-DPAT (aamong groups were not significant at the P =
5HT1A receptor agonist; 2.5 pg/side), NAN-0.05 level by Kruskal-Wallis analysis of vari-
190 (a 5HT1A receptor antagonist; 2.5 pgance. Results of test session step-down la-



Modulation of the cAMP/CREB cycle and memory

tency measurements are shown in Tablesand 3 receptors are found throughout the
(hippocampus) and 2 (amygdala). Traininghippocampal formation. These pathways and
test latency differences were significant irreceptors are involved in central mechanisms
all groups (Mann-Whitney U-test, P<0.002)of emotions and mood (9). Brain diseases in
except those that received KT5720 in thevhich one of these systems is deficient are
hippocampus 0, 3 or 6 h post-training, or 8eften accompanied by cognitive disorders
OH-DPAT, timolol, and SCH23390 in the (9). This may be related to the long duration
hippocampus 3 or 6 h post-training, thusf the period during which memory is ex-
indicating good retention levels in all groupsposed and susceptible to the influence of
except these. these modulators (3 h) and to the strength of
When given into the hippocampus 0 hthis modulation. When given 3 to 6 h after
after training, only two of the treatmentstraining, SCH23390, timolol, 8-OH-DPAT
showed an effect: norepinephrine, whictand KT5720 induced full retrograde amne-
caused retrograde facilitation, and KT5720sia comparable to that observed with imme-
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which caused retrograde amnesia. All treat-
ments were ineffective when given 1.5 h
after training. When given 3 or 6 h after
training into the hippocampus, SKF38393,
norepinephrine, NAN-190, 8-Br-cAMP and
forskolin caused memory facilitation, and
SCH23390, timolol, 8-OH-DPAT and
KT5720 were amnestic. When given 9 h
after training into the hippocampus, again all
the treatments were ineffective (Table 1).
Only one treatment was effective by in-
tra-amygdala infusion: norepinephrine
caused retrograde facilitation when given 0
h post-training. All other treatments, includ-
ing norepinephrine given at 3 h, were with-
out any effect on retention scores (Table 2).
There were clearly two time “windows”
for drug action in the hippocampus. The first
one was at 0 h after training and coincided
with the early labile phase of memory (7).
The second one (3 to 6 h) coincided with an
increase in cCAMP (3,5), PKA activity (3,5)
and CREB-P levels (3) described in the hip-
pocampus following training in this task.
This second “window” slightly precedes a
peak of hippocampal glycoprotein synthesis

(8) and ultrastructural changes in the dentate g,

gyrus (6) observed after similar tasks. It is
tempting to suggest that the second “win-
dow” may be linked to cell adhesion changes
involved in long-term storage.

As is known, serotonergic, dopaminergic
and noradrenergic endings and 5HT1A, D

Table 1 - Median test session latency in groups
infused bilaterally into the hippocampus with the
following drugs: 8-OH-DPAT (DPAT), NAN-190
(NAN), norepinephrine (NE), timolol (TIM),
SKF38393 (SKF), SCH23390 (SCH), 8-Br-cAMP
(cAMP), KT5720 (KT), forskolin (FOR), vehicle
(VEH) and saline (SAL).

*P<0.002 compared to saline control group (all
drugs except KT and FOR) or vehicle group (KT
and FOR) (two-tailed Mann-Whitney U-test). N =
9-12 per group. Note that when treatments were
given immediately after training (0 h), NE caused
retrograde memory facilitation and KT caused ret-
rograde amnesia. When given 1.5 or 9 h after
training, all treatments were ineffective. When
infused 3 or 6 h post-training, NAN, NE, SKF,
cAMP and FOR induced a pronounced facilitation.
At the same time, DPAT, TIM, SCH and KT caused
full retrograde amnesia.

Drug Latency (min)
Time after injection

Oh 1.5h 3h 6 h 9h
SAL 55 50 51 54 52.5
DPAT 55 46 10* 5.6% 48
NAN 58.5 54 165* 180* 60
NE 180* 49 180* 180* 50.5
TIM 56 & B 6* 51

40 53  180* 180* 435
SCH 43 45 10* 11* 51
cAMP 38 46 166.5* 180* 57
VEH 495 63 515 58 51.5
KT 9* 38 10* 9* 58
FOR 53.5 52 151* 165.5* 485

Table 2 - Median test session
latency in groups infused bi-
laterally into the amygdala
with the following drugs: 8-
OH-DPAT (DPAT), NAN-190
(NAN), norepinephrine (NE),
timolol (TIM), SKF38393
(SKF), SCH23390 (SCH), 8-Br-
cAMP (cAMP), KT5720 (KT),
forskolin (FOR), vehicle (VEH)
and saline (SAL).

*P<0.002 compared to saline
control group (two-tailed
Mann-Whitney U-test). Only
treatments given 0 or 3 h post-
training were studied. NE
caused retrograde facilitation
when given 0 h after training.
All other treatments were in-
effective. N = 10-12 per group.

Drug Latency (min)
Time after injection
0h 3h
SAL 40 54
DPAT 42 455
NAN 39 40
NE 180* 40.5
TIM 43 455
SKF 875 54.5
SCH 59.5 B2
cAMP 42.5 55
VEH 455 48
KT 46.5 44
FOR 46 40
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diate post-training electroconvulsive shocksupport the suggestion that the amygdala
(14) or intrahippocampal or intra-amygdalamay play an important role in modulation
infusions of aminophosphonovaleric acid orather than in storage (19). The amygdala
scopolamine (17). may be important by “adding” aversive or
Aside from immediate post-training fa- emotional information at the time of consoli-
cilitatory effect of norepinephrine (Table 2),dation (7,17).
which confirms earlier findings (18) and has The present findings agree with others in
been attributed to interactions with synaptishowing that the hippocampus participates
transmission (17), the amygdala was insenn memory consolidation of inhibitory avoid-
sitive to all treatments. Thus, there was nance by a biochemical cascade of events
evidence for a role of the cAMP-dependensimilar to that of various forms of long-term
events regulated by,PR or 5SHT1A recep- potentiation (15), but do not support a simi-
tors in this structure. lar mechanism for the amygdala.

As a consequence, the present findings
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