Consolidation of Memory for Odor—-Reward

Association:

B-Adrenergic Receptor

Involvement in the Late Phase

Susan J. Sara,' Pascal Roullet, and Jean Przybyslawski

Institut des Neurosciences

'Centre National de la Recherche Scientifique (CNRS UMR 7624)

Université Pierre et Marie Curie
75005 Paris, France

Abstract

Experimentally naive rats can learn
rapidly to discriminate among three odors
to obtain food reinforcement. After three
massed trials, they show almost errorless
performance. This task has proved to be
useful in studying time-dependent
postacquisition intracellular processes
necessary for long-term memory. The
present experiments evaluated the temporal
dynamics of the role of B-noradrenergic
receptors in long-term consolidation. Rats
were implanted with intracerebroventricular
cannulae and trained in a single session to
find reinforcement in a hole in a sponge
impregnated with a particular odor.
Injections of the B-receptor antagonist
timolol were made at 5 min, 1, 2, or 5 hr
after training. Memory and relearning
ability were evaluated 48 hr later. Rats
treated with timolol 2 hr after training
showed a memory deficit at the retention
test, but were able to relearn the task
normally. Injections at the earlier or later
time points were ineffective. The results
reinforce previous observations with
systemic injections that 3-noradrenergic
receptors are involved in the late phase of
memory consolidation and suggest a critical
time window during which they are
necessary. The time window is compatible
with the current view that long-term
memory depends on late involvement of the
cAMP cascade leading to new protein
synthesis necessary for synaptic
reorganization.

'Corresponding author.

Introduction

It has been known for more than a century
from clinical studies of retrograde amnesia that
memory consolidates slowly over time. Animal
models of experimental amnesia have shown that
these time-dependent processes involve dynamic
interaction between different brain regions and a
myriad of intracellular biochemical events. Al-
though these studies have not really produced any
consensus concerning the duration of consolida-
tion processes, it is generally agreed that memory
formation involves at least two phases—a short-
term transient phase, lasting [B hr and a long-term
phase, requiring new protein synthesis. This has
been revealed through studies using antibiotics to
inhibit protein synthesis at the time of training and
in the hours after the acquisition. Animals are able
to express memory for a period of [B hr after learn-
ing, but did not have long-term memory when
tested the next day (Barondes and Cohen 1966; for
review, see Davis and Squire 1984).

New protein synthesis is also necessary for the
enduring synaptic plasticity elicited by long-term
potentiation (LTP) protocols (Fifkova et al. 1982;
Stanton and Sarvey 1986; Otani et al. 1989) and
great advances have been made in delineating the
intracellular cascade of events on which this pro-
tein synthesis-dependent enduring LTP depends
(Stanton and Sarvey 1986; Frey et al. 1993). Al-
though unequivocal evidence establishing LTP as
the mechanism by which the brain stores informa-
tion is sparse (Barnes 1995; Eichenbaum 1995;
Stevens 1998), LTP as a model system of synaptic
plasticity has proved of great heuristic value in hy-
pothesizing cellular mechanisms underlying long-
term memory, facilitating the determination by di-
rect behavioral experiments, of intracellular events
related to memory processes. In particular, the role
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of the cAMP-PKA (protein kinase A) cascade, es-
sential for the maintenance of LTP (Stanton and
Sarvey 1985a; Abel et al. 1997) has been shown to
be necessary for the establishment of long-term
memory. These behavioral studies have for the
most part used single trial avoidance learning (for
review, see Rose 1995; Izquierdo and Medina
1997) or, more recently, contextual fear condition-
ing (Bourtchuladze et al. 1994; Impey et al. 1998).
Because the understanding of the temporal dynam-
ics of the intracellular events occurring subsequent
to the learning event is a major objective of these
studies, these rapidly learned behavioral tasks are
essential in pinpointing the time of the learning
event. On the other hand, fear conditioning and
avoidance training involve exposing the animal to
aversive stimuli, such as electric shock or bitter
tastes, raising the question of whether the impor-
tance of the cAMP cascade is limited to or particu-
larly important in learning involving stress. We
have developed an odor-reward association task
for the rat that involves a minimum of stress,
is rapidly acquired in a single session, and well
remembered over several days. The task has
proved useful in confirming the general role of
neural cell adhesion molecules (NCAMs) in the sta-
bilizing of long-term memory in the rat (Roullet et
al. 1997).

In the experiments reported here, we use this
task to plot the temporal dynamics of involvement
of the P-noradrenergic receptor in long-term
memory formation. 3-Noradrenergic receptors are
part of a family of adenylate cyclase-linked, G pro-
tein dependent receptors and as such, are linked
positively to the cAMP cascade. Their role in LTP is
well established; pharmacological blockade of 3-re-
ceptors can prevent the establishment of LTP and
application of -receptor agonists can induce LTP
in the hippocampus on its own (Lacaille and Harley
1985; Huang and Kandel 1996). At the behavioral
level, there is some evidence for the involvement
of B-receptors in memory in rats and humans, but
the evidence has been confined mostly to proce-
dures involving emotional memories (Cahill et al.
1994). The present study evaluates the role of 3-re-
ceptors in the formation of long-term memory for
nonstressful odor-reward association. By treating
rats with a (3-receptor antagonist at different inter-
vals after learning, and using intracerebroventricel-
lular (ICV) injections, the experiment attempts to
determine whether there is a critical time window
when the B-receptor is important or essential to
the establishment of long-term memory.

ODOR-REWARD ASSOCIATION

Materials and Methods
ANIMALS

Seventy-four Sprague-Dawley rats obtained
from IFFA-Credo were used in this experiment.
They weighed 220 g upon arrival in the laboratory
and were housed by pairs in plastic cages with
wire mesh floors in a temperature- and light-con-
trolled vivarium. Lights were on from 8 a.m. until 8
p-m. and experiments were carried out between
10 a.m. and 5 p.m. Rats were weighed and handled
daily from the day of their arrival in the laboratory.
There was free access to food and water except
during the pretraining, training, and test days,
when food was restricted to 20-25 grams/rat per
day, to maintain body weight at [00% of freely
feeding weight.

SURGERY

One week after arrival in the laboratory rats
were implanted with bilateral ICV cannulae under
pentobarbital anesthesia (60 mg/kg). Cannulae
were constructed from 24-gauge stainless-steel
tubes cut to 11-mm length. They were premounted
in pairs 4 mm apart and held in place by dental
cement. Rats were mounted in a stereotaxic appa-
ratus with the head level and holes were drilled
over the lateral ventricles (1 mm posterior to
bregma and 2 mm lateral to the midline).

Three other holes were drilled to accommo-
date small screws that served to anchor the dental
cement. The cannula assembly was lowered into
the brain to a depth of 3 mm below the surface of
the skull. A thin stainless-steel wire was inserted
inside each cannula to prevent blockage. The can-
nulae were cemented in place, the wound treated
with antiseptic powder, and closed with a wound
clip, if necessary.

PHARMACOLOGICAL TREATMENT

Injection cannulae were constructed from 36-
gauge stainless-steel tubing cut to 20-mm length.
The tube was inserted into a 24-gauge cannula so
that exactly 12 mm protruded and was glued in
place. The larger tube was inserted into a catheter,
which was attached to a 10-ul Hamilton syringe.
The thin wire was removed from the ICV cannula
and replaced by the injection cannula, which was
inserted to a depth of 12 mm (i.e., 1 mm below the
edge of the guide cannula). The injection was
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given over a period of 2-3 min while the rat was
held gently in the hand of the experimenter with
minimal of restraint. This injection was then re-
peated on the other side. Injection volumes were 4
ul per side. Control rats were injected with sterile
saline and the experimental group, with timolol at
a concentration of 5 ug/ul.

APPARATUS

The training apparatus was a square box con-
structed of opaque plastic measuring 40 x 46 x 24
cm. Sponges measuring 7 X 6 x 2 cm deep had a
hole of 2 cm in diameter cut into the center and
were placed in glass side-holders of the same size.
The food reinforcement was placed at the bottom
of the opening in the sponge so the rat had to put
its head inside the hole (nose poke) to obtain the
reward—chocolate rice crispy breakfast food (Cho-
copops, Kellog’s, France). On the first trial, four
Chocopops were also placed on the corners of that
sponge, which was impregnated with the target
odor, as well as in the hole. The sponges with
nontarget odors did not contain food. Sponges
were placed in three corners of the box and the
position of each odor within the box was changed
for each trial according to a previously determined
protocol. The actual sets of sponges were changed
between trials as well to preclude any identifica-
tion based on visual cues. Sponges were impreg-
nated with an odor by placing 15 ul of essence on
each corner of the sponge. Odors used were cof-
fee, lemon, and mint, with the rewarded odor be-
ing randomly assigned to different rats. A video
camera was fixed above the apparatus and the rat
was observed on a video monitor in the same
room. The session was also recorded on video tape
for possible reanalyses off-line.

EXPERIMENTAL DESIGN AND BEHAVIORAL
PROCEDURES

Rats were allowed to recover from surgery for
1 week. They were handled and weighed daily dur-
ing this recovery period. Food restriction began
the day before the first pretraining session. The
purpose of the pretraining was to familiarize the
rats with the Chocopops used as reinforcement
during training. Rats were given free access to this
food for 20 min in a neutral cage during two daily
sessions. The first session was shared with the cage
mate and at the second session the rat was alone.

Training was carried out in a single session;
cage mates were trained during the same session.
They were kept in the experimental room in a
holding cage and one rat was introduced into the
behavioral apparatus, in the corner without a
sponge, head toward the wall. A 5-min ceiling was
imposed for the rat to find and consume the rein-
forcement. The rat was removed from the appara-
tus when it had consumed the Chocopops at the
edge of the sponge and had performed an unam-
biguous nose-poke response and consumed Cho-
copops from the hole in the center of the sponge.
The second rat was then submitted to the first
training trial. Intertrial intervals were a minimum
of 2 min and a maximum of 5 min. The spatial
configuration of the sponges was changed be-
tween trials and the reinforcement was confined to
the bottom of the hole and thus no longer visible to
the rat. The reinforcement was always associated
with the same odor.

Each rat was submitted to three training trials,
because previous experiments had shown that
most rats had errorless performance after three tri-
als, although they were not at an asymptotic per-
formance in terms of latency to nose poke. Rats
that did not nose-poke within 2 min at the third
trial were eliminated from the experiment (7 = 4)

Animals were assigned to treatment groups ac-
cording to their performance during training in an
attempt to avoid any pretreatment differences be-
tween groups. Rats were injected with saline, 5
min 2=8), 1 hr im=11), 2 hr #=8), or 5 hr
(n=7), or timolol, 5 min (7 =9), 1 hr (n =12), 2
hr (n =7), 5 hr (n = 8), after training. During the
training-to-injection interval the rats were returned
to their home cage. The injection took place in a
quiet room, different from the experimental room,
as described above.

RETENTION TEST

Forty-eight hours after training, rats were
tested for retention and relearning ability using the
same procedure as during training, except that the
first test trial was not reinforced and there were a
total of four trials. The first two trials were a mea-
sure of the memory of the previous training and
the last two trials were an index of the rats relearn-
ing ability. The behavior was monitored on video
and recorded on tape for possible reanalysis. Nose
pokes were scored by an observer who was blind
to the treatment groups.
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CONTROL FOR CANNULAE PLACEMENT

On the day following the test rats were in-
jected with angiotensin (200 ng/2 ul per side; An-
giotensin II, Sigma), placed in an observation cage
with a drinking bottle readily available and were
observed for latency to drink. Rats that drank
within 2 min were considered to have correct can-
nulae placements. In one replication, rats were
anesthetized with an overdose received ICV injec-
tions of methyl blue, brains removed, and exam-
ined for the presence of blue in the third ventricle.
Using either method of verification, all rats had
correctly placed cannulae.

DATA ANALYSIS

Latency to nose poke and number of errors
(nose pokes into incorrect sponges) were taken as
the performance measure. The experiment was
run in three replications. Acquisition scores for the
entire data set, in terms of latencies and errors,
were submitted to an analysis of variance for re-
peated measures (ANOVA). There was no effect of
replication; therefore the data were pooled for sub-
sequent analysis.

Test scores for each rat were averaged for the
two retention trials and the two relearning trials
and the data were submitted to a 2 x 4 x 2 ANOVA
with a repeated measure (test and retraining) on
one factor. The two other independent factors
were drug treatment and training-treatment delay
(5 min, 1 hr, 2 hr, or 5 hr). ANOVA was comple-
mented by planned comparisons using the Tukey-
Kramer procedure.

Results
TASK ACQUISITION

On the first trial rats engaged in much investi-
gation of the experimental environment and sniff-
ing at the sponges. The rat usually consumed the
reinforcement visible on the edge of the sponge as
soon as it was encountered. It took as long as 5 min
for some rats to nose poke into the correct sponge
and consume the reinforcement. On the second
trial, many rats returned to the place where they
were reinforced on the first trial, before investigat-
ing the other sponges. On the third trial there was
a significant decrease in latency to find the correct
sponge and make the nose-poke response, as can
be seen in Figure 1A. The rats sniffed the edges of
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Figure 1: Acquisition of odor-reward association. (A)
Latency to make the nose-poke response to the target
odor. (B) Errors during acquisition trials. An error was
scored when the rat made a nose-poke into a nonrein-
forced hole. There was a significant decrease in the time
to emit the nose-poke response and consume the rein-
forcement over the three trials and a significant decrease
in the number of errors. Most rats had an errorless per-
formance at the third trial.

the sponges and rarely made a nose poke (error) to
a nontarget odor. Thus, by the third trial errors
rarely occurred (Fig. 1B).

TEST AND RETRAINING

The mean latency for each treatment group on
the two test trials and on the two retraining trials
can be seen in Figure 2. A three-way ANOVA for
repeated measures was applied to these data, one
factor being drug treatment, one factor being time
of injection, and the repeated factor being the test
and retraining. There was a significant effect
of drug (F, ¢ =5.75, P=0.02), a significant ef-
fect of time interval post-training (F s = 17.6;
P <0.0001), a significant repetition effect
(Fy 70 =24.9; P<0.0001), and most important, a
significant drug x injection time X repetition inter-
action (F5 g, = 8.62; P < 0.0001). Planned orthogo-
nal comparisons using the Tukey-Kramer proce-
dure revealed a significant difference between sa-
line and timolol 2-hr groups at the test trial. The
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Figure 2: Latency for correct response,

which was a nose-poke into sponge with
the reinforced odor. Independent groups
were treated at 5 min, 1, 2, or 5 hr after
training with saline (solid lines) or timo-
lol (dotted lines). (T) test score; (R) re-
training score. Testing and retraining
took place in a single session, 48 hr after
initial training. (*) Significantly different
from the saline control group; (@) differ- 10
ent from timolol 5 min; & 1 hr and (¢)

5 hr groups (all P < 0.01). There were no ol
other significant orthogonal compari-

sons.
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timolol 2-hr group was significantly different from
the other three timolol groups, as well (all
P <0.01). There were no significant differences
between groups for any other injection time for
either the saline or timolol groups. The timolol 2-hr
group showed significant improvement at retrain-
ing compared to its own test performance
(P <0.0D).

A similar pattern of results is seen when errors
are considered as the performance measure. The
mean of the two test trials and the two retraining
trials is shown in Figure 3. The data were analyzed
as described above for latencies. Here there was a
significant main effect on the repetition fac-
tor (F,5,=5.27; P=0.02), and a highly signifi-
cant drug X repetition interaction (F 59 = 12.55;

errors
25+

Figure 3: Errors (nose pokes to the nontarget
odor) at test (T) and retraining (R) for indepen-
dent groups treated at 5 min, 1, 2, and 5 hr
after acquisition, with saline or timolol; test
and retraining took place in a single session,
48 hr after initial training. (*) Significantly dif-
ferent from saline control group; (@) signifi-
cantly different from 5 min, (£%) 1 hr; () 5 hr
timolol groups (P < 0.01). There were no other
significant orthogonal comparisons.

05+

min th 2h 5h

anb*

P =0.0008), as well as a drug x time of in-
jection x repetition  interaction  (F; 4, = 5.35;
P =0.002). Planned orthogonal comparisons re-
vealed that the timolol 2-hr group made signifi-
cantly more errors at the test than all other timolol
groups and significantly more errors than the saline
2-hr control group. The within-group difference
between test and retraining was significant for this
group as well (P < 0.05). There were no other sig-
nificant orthogonal comparisons.

Discussion

LEARNING THE ODOR REWARD
ASSOCIATION TASK

Using the procedure described above, acquisi-

5min 1h 2h » 5h
: ;0001&
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tion of the discrimination among three odors was
accomplished in only three trials for most rats. Af-
ter three trials there is almost errorless perfor-
mance, although there is still room for improve-
ment in terms of latency to respond. Most odor
discrimination studies use training procedures in-
volving many more trials and often repeated ses-
sions, even for a discrimination between a single
pair of odors. For example, Otto et al. (1991) re-
port that rats require >200 trials to learn to dis-
criminate between two odors for water reward and
this after a 60 trial pretraining session to learn the
operant (nose poke) response. On the other hand,
once the rat learns the rule, there is progressive
savings as the animal applies it to successive dis-
criminations and the rat has proved to have re-
markable capacity to learn and remember long lists
of odor pairs (Staubli et al. 1985).

Given the marked difference in the acquisition
rate in the present experiment compared with per-
formances obtained in other laboratories using
slightly different procedures (Otto et al. 1991; Saar
et al. 1998), the behavior observed here merits fur-
ther description. First, it should be emphasized
that the behavioral performance is reliable, even
after only three trials, especially in terms of errors.
This has been seen in a previous series of experi-
ments in which rats were submitted to five trials,
after which they were sacrificed for autoradiogra-
phy. In those experiments, the rats sustained
nearly errorless performance from trial 3 through
trial 5 (Roullet et al. 1999). In the present experi-
ments, control rats continued to show errorless
performance at retention test 48 hr after the three
trial training. Comparing the behavior after three
trials to that of an overtrained rat, qualitative dif-
ferences can be noted. On the first trial, rats ex-
plore randomly and consume the reinforcement
when it is encountered. On the second trial, most
animals return to the place within the box where
the sponge containing the reinforcement had been
on the previous trial. By the third trial they sniff the
sponges until they encounter the odor associated
with the reinforcement and then search in the hole
for the Chocopop. This usually involves sniffing all
three sponges and returning to the target odor. By
the fourth or fifth trial, most rats detect the loca-
tion of the odor from the start point in the box and
go directly to that sponge to nose poke and con-
sume the reinforcement. Thus, there is an improve-
ment in performance in terms of latency.

The reason for the extraordinarily rapid acqui-
sition rate using this procedure compared to others

ODOR-REWARD ASSOCIATION

is not clear. In other odor discrimination experi-
ments, rats are water deprived, whereas in the pre-
sent experiments the rats are only slightly food
deprived and receive a very palatable reinforce-
ment, to which they have been habituated before-
hand. The rats are handled for 10 days before the
experiments. These procedures assure a minimum
of stress during the experiment. The response of
nose poking into a sponge is very much a part of
the spontaneous behavioral repertoire of a foraging
rat, as is sniffing the edges of the sponges in active
search; therefore the rat is not required to learn
any new behavior, but merely the association be-
tween the odor and the food.

RETENTION AND RELEARNING

This association is well retained over 48 hr, as
indicated by the good discrimination performance
at the retention test. Even in the absence of rein-
forcement on the first test trial, the rat persists on
the next trial to nosepoke in the sponge with the
target odor, indicating a durable memory, resistant
to extinction by a single nonreinforced trial. Those
rats treated with timolol at 5 min, 1 hr, and 5 hr
showed similar robust memory 48 hr later. Only
the rats treated at 2-hr post-training displayed am-
nesia on the test trials. They relearned the task
rapidly, assuring that the drug did not impair their
ability to make the odor discrimination and per-
form the consumatory response.

TEMPORAL DYNAMICS OF B-RECEPTOR
ANTAGONIST EFFECT

The present results indicate that there is a
rather precise time window of [2 hr post-training
when B-receptors are essential for the formation of
a long-term memory of the odor-reward associa-
tion. Previous experiments from our laboratory
had suggested a late involvement of -receptors in
reconsolidation of a reactivated memory for a spa-
tial discrimination. Systemic injections of the 3-re-
ceptor antagonist propranolol yielded an extended
temporal gradient of efficacy in inducing amnesia,
with the intraperitoneal injections being effective
at 5 min but not 5 hr after training (J. Przybyslaw-
ski, P. Roullet, and S.J. Sara, in prep.). ICV injec-
tions using the same behavioral paradigm revealed
a restricted time window of efficacy at 1 hr post-
trial (Roullet and Sara 1998). There was no effect of
ICV injections made at 5 min, 30 min, or 5 hr after
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the trial. The 2-hr time point, which proved to be
critical in the present experiments, was not tested
in the previous studies. In the present experi-
ments, there was no effect of the treatment admin-
istered 1 hr after the training. There are major dif-
ferences between the two sets of experiments that
could account for the differences in temporal dy-
namics of consolidation. The previous experi-
ments used a spatial task that was learned with
trials spaced over several days. The rats received a
single reactivation trial lasting <1 min before drug
treatment. The present experiments addressed the
question of the role of these P-receptors in the
initial formation of new memories. For this reason
the rapidly acquired odor discrimination task was
used; nevertheless, the rat required [112-15 min to
run the three trials. Given these essential differ-
ences in protocol—reactivation lasting 1 min ver-
sus initial learning lasting 12 min and differences in
cognitive requirements of the tasks—spatial versus
odor discrimination, the conclusions derived from
the two series of results are unequivocal. 3-Recep-
tors are not necessary for the early stages of post-
acquisition information processing, but play a role
in a later phase of memory consolidation or recon-
solidation.

3-RECEPTORS AND THE cAMP CASCADE

[3-Noradrenergic receptors are part of a family
of adenylate cyclase-linked, G protein-dependent
receptors and as such, are positively linked to the
CAMP cascade. The results of the present experi-
ments, showing that blockade of these receptors at
2 hr after odor-reward association training, rein-
force the current view that long-term memory is
dependent on the cAMP cascade, phosphorylation
of cAMP response element-binding (CREB) pro-
tein, and the resultant new protein synthesis nec-
essary for the synaptic modification underlying
memory. The time frame fits well with other data
showing that there is a critical time window when
CAMP is elevated (Bernabeu et al. 1996) and a criti-
cal time window for modification of NCAMs at
[5-6 hr after training (Alexinsky et al. 1997; Roul-
let et al. 1997). Rose and colleagues (1995) have
pioneered this approach and have provided an
elaborate description of the temporal dynamics of
sequential events lasting for hours after acquisition
of a simple avoidance task in the day-old chick. In
the rat, CAMP is elevated 3-6 hr after single trial
avoidance training and the blockade of cAMP is
effective in this time window, but not before or

after (Bernabeu et al. 1997a). Similar results have
been obtained for late involvement of PKA in both
rodent and chick (Rose 1995; Abel et al. 1997,
Bernabeu et al. 1997b). This intracellular cascade
of events presumably results in a new protein syn-
thesis that provides the substance of long-term syn-
aptic facilitation.

That noradrenaline may be one of the possible
signals for formation of long-term memory is very
plausible given the cognitive context that governs
the firing activity of noradrenergic neurons of the
locus ceruleus (LC). Recording activity of single
units of the LC in the behaving rat, we have ob-
served phasic increases when the rat is exposed to
a novel environment (Sara et al. 1994; Sara 1998)
and tonic responds in bursts of activity when the
rat is exposed to salient novel stimuli (Hervé-Min-
vielle and Sara 1995; Vankov et al. 1995). When the
stimulus is not followed by reinforcement, the LC
response habituates rapidly, but as soon as a rein-
forcement contingency is introduced, the LC cells
respond anew. Whenever the stimulus-reinforce-
ment contingency changes, that is, when there is a
change in the predictive value of the stimulus, the
LC fires in bursts (Sara and Segal 1991). Prolonged
action at the B-receptor, of the norepinephrine re-
leased by these bursts of LC neurons would assure
the activation of the cAMP-PKA cascade, increas-
ing the probability of long-term memory formation.
The question remains as to whether there is a pro-
longed increase in noradrenergic activity lasting up
to 2 hr after the training or whether there is a
rebound of activity occurring 2 hr after the initial
learning.
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