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Locus Ceruleus Activation Initiates Delayed Synaptic
Potentiation of Perforant Path Input to the Dentate Gyrus in
Awake Rats: A Novel ␤-Adrenergic- and Protein SynthesisDependent Mammalian Plasticity Mechanism
Susan G. Walling and Carolyn W. Harley
Behavioral Neuroscience, Department of Psychology, Memorial University of Newfoundland, St. John’s, Newfoundland, Canada A1B 3X9

Norepinephrine, acting through ␤-adrenergic receptors, is implicated in mammalian memory. In in vitro and in vivo studies, norepinephrine produces potentiation of the perforant path– dentate gyrus evoked potential; however, the duration and dynamics of
norepinephrine-induced potentiation have not been explored over extended time periods. To characterize the long-term effects
of norepinephrine on granule cell plasticity, the present study uses glutamatergic activation of the locus ceruleus (LC) to induce
release of norepinephrine in the hippocampus of the awake rat and examines the subsequent modulation of the dentate gyrus
evoked potential for 3 hr (short term) and 24 hr (long term) after LC activation. LC activation initiates a potentiation of the field EPSP
slope observed 24 hr later. This late-phase potentiation of the synaptic potential is not preceded by early phase potentiation, although
spike potentiation can be seen both immediately after, and 24 hr after, LC activation. Intracerebroventricular infusion of the ␤-adrenergic
antagonist, propranolol, or the protein synthesis inhibitor, anisomycin, before LC activation blocks the potentiation of perforant path
input observed at 24 hr. The initiation of late-phase synaptic potentiation observed at 24 hr but not at the 3 hr after LC activation parallels
the observation of a cAMP- and protein synthesis-dependent long-lasting synaptic facilitation in Aplysia that is not preceded by shortterm synaptic facilitation. Locus ceruleus-initiated synaptic potentiation may selectively support long-term, rather than short-term,
memory. The observation of selective initiation of long-term synaptic facilitation in a mammalian brain, as in invertebrates, is additional
evidence that these two forms of memory depend on separable biological mechanisms.
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Introduction
In 1970, Seymour Kety proposed that “the state of arousal by
means of adrenergic input to each (cerebral, hippocampal and
cerebellar cortices) may serve to concurrently reinforce and to
consolidate the significant sensory patterns, the affective associations and the motor programs necessary in the learning of a new
adaptive response.”
The diffuse anatomical distribution of noradrenergic fibers
and pharmacological data underpinned Kety’s proposal that locus ceruleus (LC) activation initiates memory storage (Kety,
1970). Kety envisaged persistent synaptic facilitation linked to
norepinephrine’s (NE) elevation of cAMP by ␤-adrenergic receptor activation and to the consequent recruitment of protein
synthesis. He hypothesized that novelty and affective events triggered noradrenergic activity and that inputs occurring in associReceived Sept. 30, 2003; revised Nov. 5, 2003; accepted Nov. 9, 2003.
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ation with such events would be incorporated into memory. LC
neurons do respond to novelty (Vankov et al., 1995) and to affective events (Berridge and Waterhouse, 2003).
Pharmacological data since Kety’s proposal continue to support a role for norepinephrine in memory, particularly long-term
memory, in rodents (Izquierdo et al., 1979; Roullet and Sara,
1998; Sara et al., 1999; Berman et al., 2000; Clayton and Williams,
2000; Berman and Dudai, 2001) and humans (Cahill et al., 1994;
Nielson and Jensen, 1994; van Stegeren et al., 1998; Quevedo et
al., 2003). However, physiological studies support an attentional,
rather than a memory, role for the LC. As reviewed recently, LC
activation enhances the efficacy of both excitatory and inhibitory
synaptic transmissions in sensory areas, increases the signal-tonoise ratio in sensory responses, promotes detection of perithreshold sensory events and the sharpening of suprathreshold
events, facilitates the fidelity of sensory transmission in the thalamus, and supports arousal patterns of EEG activity in cortical
structures (Berridge and Waterhouse, 2003). These effects depend on the level of LC activity and do not persist when LC
activity returns to baseline.
Although in vitro studies have demonstrated norepinephrineinduced long-term potentiation (LTP) of perforant path synaptic
strength in the dentate gyrus of the hippocampus, which is de-
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pendent on ␤-adrenergic receptors coupled to cAMP, the potentiation is limited to the medial perforant path, because the lateral
perforant path is depressed by norepinephrine (Dahl and Sarvey,
1989). In in vivo studies using anesthetized rats, norepinephrine,
or activation of the LC, increases granule cell excitability, as indexed by larger population spikes to perforant path stimulation,
without increasing synaptic strength, as indexed by EPSP slope
(Neuman and Harley, 1983; Harley and Milway, 1986; Harley et
al., 1989).
In the invertebrate, Aplysia, a cAMP-dependent increase in
synaptic strength has been demonstrated to occur 24 hr after
pairing of sensory input and the monoamine serotonin (Brunelli
et al., 1976; Schacher et al., 1988). This long-term synaptic facilitation does not require short-term synaptic facilitation
(Emptage and Carew, 1993) and supports other evidence for separate short- and long-term memory processes. In mammals, a
cAMP-associated plasticity that uniquely relates to long-term facilitation of synaptic strength has not been reported.
In the present study we monitor the dentate gyrus response to
perforant path input in freely moving rats for 3 hr after glutamate
infusion into the LC to induce NE release and also at 24 hr after
LC glutamate infusion. We show that LC activation initiates a
␤-adrenergic and protein synthesis-dependent long-term, but
not short-term, increase in the synaptic strength of concurrently
activated perforant path input to the dentate gyrus.

Materials and Methods
Surgical procedures. Male Sprague Dawley rats (Memorial University of
Newfoundland) weighing 250 –350 gm were housed singly and allowed
ad libitum access to food and water. Experimental procedures occurred
within the dark phase of the animals’ cycle and were performed in accordance with the Canadian Council of Animal Care guidelines following a
protocol approved by the Institutional Animal Care Committee.
Rats were anesthetized with chloral hydrate (80 mg/kg, i.p.) and placed
in a stereotaxic instrument in the skull-flat position. Trephine holes were
drilled, and four jewelers’ screws were used to anchor the recording
assembly, with two serving as reference and ground electrodes. A 22
gauge stainless steel cannula (Plastics One) was angled 20° from the
vertical, positioned ⬃2.7 mm above the LC (12.4 mm posterior to
bregma, 1.3 mm lateral from midline), and held in place with dental
acrylic. Teflon-coated stainless steel wire (A-M Systems) was used to
construct stimulating (bipolar, 150 m) and recording (50 m) electrodes. The electrodes were positioned in the perforant path (7.2 mm
posterior to bregma, and 4.1 mm lateral from midline, ⬃3.0 mm ventral
from brain surface) and the granule cell layer of the dentate gyrus (3.5
mm posterior and 2.0 mm lateral, ⬃2.5 mm ventral from brain surface),
respectively. The field EPSP and the population spike were maximized by
small movements of the electrodes before they were cemented into place.
Electrodes were secured in a nine-hole McIntyre connector (Ginder Scientific). A second cannula was placed above the lateral ventricle (0.8 mm
posterior to bregma and 1.5 mm lateral) ipsilateral to the electrodes and
LC cannula in those animals receiving an intracerebroventricular injection. After an injection of chloramphenicol (10 mg in 0.2 ml, s.c.), animals were allowed to recover for 1 week.
Habituation and recording procedures. The recording chamber consisted of a Plexiglas box measuring 42 ⫻ 30 ⫻ 42 cm in which the animals
could roam freely while attached to a commutator (Joseph Biela Idea
Development). Bedding covered the floor, and rat chow and water were
provided. During the recovery period rats were handled daily. After 5 d
rats were habituated to recording conditions by being placed in the
chamber and connected to the recording apparatus for a ⬃30 min period
on 2 successive days. On the following day recording was begun. The first
recording session consisted of 10 min habituation, 10 min of input–
output data collection, and 60 min of baseline recording. The second
session began at the same time of day and continued as described for the
first recording session, except that after the hour of baseline recording
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drug infusions were performed followed by an additional 3 hr of recording. The third and last recording sessions were conducted exactly as the
first session had been, and recording started at the same time of day.
Stimulation to the perforant path consisted of a single, 0.2 msec square
wave pulse [interstimulus interval (ISI), 30 sec] delivered by a constant
current unit (Neurodata Instruments). Evoked potentials were differentially amplified at a bandwidth of 1 Hz–3 kHz using P511 polygraph
amplifiers (Grass Instruments), digitized at 10 kHz, and stored on a PC
for further analysis.
Each recording session began with the determination of an input–
output current intensity relationship (I–O curve) followed by a baseline
or test period, or both. Sessions proceeded as follows: session 1 (24 hr
pre-LC activation): I–O curve and 1 hr baseline stimulation; session 2
(LC activation): I–O curve, 1 hr baseline stimulation, glutamate injection
into the LC, and 3 hr test period (short-term test); and Session 3 (24 hr
post-LC activation): I–O curve and 1 hr test period (long-term test). I–O
stimulation of the perforant path consisted of increasing current intensities (50 –1000 A, ISI of 10 sec, 50 A increments) collecting three
samples at each current level. Baseline and test sessions consisted of
stimulation of the perforant path (ISI 30 sec) at the intensity that elicited
a population spike 50% of maximum during the I–O curve of session 1.
Drug application. Monosodium-L-glutamate (Sigma, St. Louis, MO)
was mixed fresh (250 mM) in sterile saline before injection into the LC. A
28 gauge internal cannula attached to a 1 l syringe (Hamilton) by autoanalyzer tubing (Fisher Scientific, Houston, TX) was positioned in the
LC. Glutamate (200 –250 nl) was infused over 30 sec, and the injection
cannula was left in place for 3 min.
DL-Propranolol (Sigma; 30 g in 5 l) was mixed in saline before each
experiment and injected into the lateral ventricle over 5 min beginning 15
min before the glutamate infusion. Anisomycin (Sigma; 5 mg) was dissolved in 30 l 1N HCl, the pH was adjusted (⬵pH 7.0) with NaOH, and
the solution was diluted to 100 l with saline. Infusion of anisomycin (5
l, 1 l/min) began 30 min before the glutamate infusion. After the last
recording session, rats were anesthetized with chloral hydrate and 250 nl
of methylene blue (1%) was infused into the LC, followed by decapitation
and removal of the brain. Brains were frozen in chilled methylbutane and
stored at ⫺70°C for sectioning and Nissl staining.
Experimental groups. In the first experiment, three groups of rats were
used: (1) a group that received glutamate infusion into the LC (GLUTLC; n ⫽ 7), (2) a group that received intracerebroventricular infusion of
the ␤-adrenergic receptor antagonist, propranolol (30 g in 5 l) 15 min
before LC activation (PROP; n ⫽ 5), and (3) a control group that only
received perforant path stimulation (Control; n ⫽ 7). Control animals
did not receive infusions of a vehicle into the LC because mechanical
stimulation may activate LC neurons (Stone et al., 1995), presumably
promoting NE release.
In the second experiment, to determine whether protein synthesis was
necessary for NE-induced long-term potentiation observed at 24 hr, another three groups of rats were used: (1) a group that received glutamate
infusion into the LC with previous infusion of the protein synthesis
inhibitor, anisomycin (250 g in 5 l), into the ipsilateral lateral ventricle
30 min before LC activation (GLUT-LC ⫹ Aniso; n ⫽ 7); (2) a group that
received glutamate infusion into the LC without previous infusion of
anisomycin (GLUT-LC2; n ⫽ 7); and (3) a group that received intraventricular infusion of anisomycin only to assess whether inhibition of protein
synthesis affects baseline responses over a 24 hr period (Aniso; n ⫽ 5).
Data analysis. Two-way (group by time) repeated measures ANOVAs
were used to compare baseline and I–O data between sessions 1 and 2 for
both experiments. The I–O curves were normalized to the largest mean
EPSP slope or population spike of the I–O curve taken during the second
session. Sessions 1 and 2 I–O field EPSP slope and population spike
amplitude values were not different among groups in the same experiment. Field EPSP slope and population spike values also did not change
between the two 1 hr baseline periods (sessions 1 and 2) for either the first
or second set of experiments, demonstrating that I–O relationships and
baselines were stable before experimental procedures were begun.
Additional repeated measures ANOVAs were performed to compare
the effects of LC activation on EPSP slope and population spike mea-
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sures. When significant F values were obtained,
Duncan’s multiple range tests were used to
probe specific differences ( p ⬍ 0.05).

Results

Experiment 1:
norepinephrine-induced potentiation
Glutamatergic activation of the LC resulted in a substantive increase in the 24 hr
synaptic response to perforant path input
as measured by the slope of the field EPSP
over previous baseline levels (126%; p ⬍
0.00005) (Fig. 1 A1) and by an increase in
the population spike amplitude (156%;
p ⬍ 0.001) (Fig. 1 A2). All rats in the
GLUT-LC group of the first experiment
exhibited these increases. ␤-Receptor
blockade prevented the facilitation of both
EPSP slope and population spike amplitude (PROP group: EPSP 101%; population spike amplitude 102%) (Fig. 1 B1,B2).
In the absence of LC activation in control Figure 1. NE-induced late-phase LTP after LC activation requires ␤-adrenergic receptor activation. A1, Inset, Examples of the
rats, there was no change in EPSP slope or evoked potential waveforms from a GLUT-LC rat during the baseline period of session 2 (solid line), 1 and 24 hr after injection
population spike amplitude over the 24 hr (dotted lines). Calibration: 2 mV, 2 msec. A1, Graph, EPSP slope for the GLUT-LC group (n ⫽ 7) receiving glutamate at the arrow
and the control group (n ⫽ 7) during session 2. Data are normalized to the baseline of session 2, and 5 min averages with SEMs are
period (Fig. 1 A, B).
During the immediate 3 hr period after shown for both the 3 hr test and long-term test (24 hr) periods. EPSP slope of the GLUT-LC group did not increase during the 3 hr
LC activation, EPSP slope did not vary; test period, but an increase was observed at 24 hr. A2, Population spike data as outlined for EPSP slope in A1. The population spike
amplitude in the GLUT-LC group increased over baseline after the glutamate injection and was elevated at 24 hr. B, Bar graphs of
however, an overall long-lasting increase
data from A representing 1 hr means for the baseline period of session 1 (24 hr previously), the 3 hr test session, and the long-term
in the amplitude of the population spike test period (24 hr after) for GLUT-LC, control, and PROP (n ⫽ 5) groups. The 1 hr baseline period of session 2 is taken as 100%. B ,
1
was observed (118, 122, and 130%, respec- The GLUT-LC group showed a significant EPSP slope increase at 24 hr. The PROP group demonstrated a small decrease in EPSP slope
tively, for the each of the 3 hr) (Fig. 1 A, B). over the 3 hr test period but had returned to baseline at 24 hr. Controls showed no change in EPSP slope at any time point. B2, The
Propranolol prevented the increase in GLUT-LC group showed significant increases in spike amplitude in all sessions after glutamate injection. Neither the control nor
population spike amplitude, and there was PROP group showed any change in spike amplitude. Data are normalized to the baseline taken during the second session and are
a small reduction in the synaptic compo- shown with the SEM. Duncan’s multiple range tests were performed on raw data but are shown as percentage change. *p ⬍ 0.05;
nent of the evoked potential lasting for the **p ⬍ 0.001; ***p ⬍ 0.00005.
3 hr ( p ⬍ 0.05) (Fig. 1 B1,B2). Individual
tion in the mammalian hippocampus (Sarvey et al., 1989) rely on
animals in the GLUT-LC group varied in their profiles of initial
the products of protein synthesis.
spike potentiation. Five rats exhibited elevated spike amplitude
An analysis of the results of experiment 2 comparing the mean
throughout the 3 hr period, whereas in the other two rats, popu24 hr after LC activation with that of session 2 baseline again
lation spikes were elevated in the first 2 hr but decreased at 3 hr.
revealed that all animals receiving LC activation (GLUT-LC2; n ⫽
The I–O curve analyses revealed that the EPSP slope (Fig. 2 A)
7) show a significant increase in EPSP slope (110%; repeated
increased at all but the lowest current intensity 24 hr after LC
activation in the GLUT-LC group. The population spike (Fig.
measures ANOVA; F(1,6) ⫽ 19.20; p ⬍ 0.005) and population
2 B) was increased at higher current intensities. Control animals
spike amplitude (130%; repeated measures ANOVA; F(1,6) ⫽
showed no change in the I–O curves of the EPSP slope (Fig. 2 A)
9.31; p ⬍ 0.02) at 24 hr (Fig. 3). Animals receiving intraventricor population spike amplitude (Fig. 2 B) over the three recording
ular anisomycin to inhibit protein synthesis before LC activation
sessions. The effect of late-phase NE-induced LTP on EPSP slope
(GLUT-LC ⫹ Aniso) showed no change in EPSP slope (F(1,6) ⫽
to population spike (E-S) coupling was probed by plotting the
3.80; p ⬍ 0.10) or in the amplitude of the population spike
mean percentage EPSP slope versus spike amplitude in GLUT-LC
(F(1,6) ⫽ 1.12; p ⬍ 0.33). Animals receiving intraventricular
and control animals (Fig. 2C). There was no leftward shift in the
application of anisomycin alone did not vary from baseline levels,
EPSP–population spike relationship at 24 hr, suggesting that
indicating that inhibition of protein synthesis in the absence of
EPSP slope potentiation at 24 hr accounted for the population
LC activation does not affect baseline synaptic efficacy.
spike potentiation seen at the same time.
During the 3 hr post-LC activation in this experiment, there
Histological analysis of LC activation sites for both GLUT-LC and
was a 5–10 min increase in EPSP slope in five of seven rats but no
PROP ⫹ GLUT-LC animals revealed a mixture of intranuclear and
significant EPSP slope effect over the three 1 hr blocks. There was
pericerulear locations, although pericerulear locations predominated.
also no overall population spike potentiation; however, individual animals varied. Two rats in the GLUT-LC group and in the
GLUT-LC ⫹ Aniso group exhibited spike potentiation throughExperiment 2: norepinephrine-induced potentiation is
out the 3 hr block; the remainder showed no change or a decrease
dependent on protein synthesis
in spike amplitude.
One condition, common across memory models, is that longLocations of the glutamate infusion sites were predominantly
term changes in neural responses are dependent on the synthesis
in the body of the LC, as revealed by histological analysis. A
of new proteins. Both long-term facilitation in Aplysia (Dale et
separate analysis of LC activation effects in rats with pericerulear
al., 1987) and late-phase frequency-induced long-term potentia-
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Figure 2. I–O analysis. I–O curves for the three recording sessions. The mean population
spike amplitude or EPSP slope for each intensity was converted to a percentage of the largest
mean spike amplitude or EPSP slope obtained during the ( I–O) curve of the second session. All
data represent the mean across groups ⫾ SEMs. A, I–O analysis of the EPSP slope. No differences were observed in the population spike during the baseline periods in GLUT-LC and control
groups. In contrast, significant differences were observed in the GLUT-LC group 24 hr after the
glutamate injection. B, I–O analysis of the population spike amplitude. No differences were
observed in the population spike during the baseline periods in GLUT-LC and control groups. As
with the EPSP slope data, significant differences were observed 24 after the injection of glutamate (repeated measures ANOVA; Duncan’s range; *p ⬍ 0.05). C, E–S coupling ratio for
GLUT-LC and control groups. At 24 hr after glutamate injection, there is no leftward shift in E-S
coupling as occurs in short-term NE potentiation. There is no change in the control group.

versus direct cerulear locations of the cannula over the two sets of
experiments (Fig. 4) revealed that pericerulear sites were associated more often with early potentiation of spike amplitude and
no change in EPSP slope (five of seven), whereas cerulear sites
were associated with a brief 5–10 min increase in EPSP slope
without early potentiation of spike amplitude (four of seven).
One cerulear-targeted rat showed both effects. Both locations
produced a protein synthesis and ␤-adrenergic receptordependent potentiation of EPSP slope and spike amplitude at 24 hr.

Discussion
To our knowledge, this is the first study to demonstrate persistent
facilitation of synaptic strength after activation of the LC, as predicted originally by Kety (1970), confirming the hypothesis that
the LC provides a mechanism for memory. Two important features of these observations are the occurrence of the increase in
synaptic strength at 24 hr and a failure to see the increase in
synaptic strength during the immediate 3 hr after LC activation.
This suggests the LC mechanism supports long-term, but not
short-term, memory. Thus, glutamate infusion in the LC, known
to produce a burst of LC cell activity (Harley and Sara, 1992), may
initially promote spike potentiation, as seen here and in previous
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Figure 3. Late-phase NE-LTP is protein synthesis dependent. A, EPSP slope amplitude during the long-term test (24 hr). Infusion of anisomycin, an inhibitor of protein synthesis (GLUTLC ⫹ Aniso), blocks the increase in EPSP slope induced by injection of glutamate into the LC
(GLUT-LC2 ; repeated measures ANOVA; ***p ⬍ 0.005). Responses in animals receiving anisomycin alone (Aniso) did not vary from baseline response. B, Population spike amplitude during
the long-term test (24 hr). As with the EPSP slope, anisomycin prevented the increase in the
population spike observed after glutamate injection into the LC (repeated measures ANOVA;
**p ⬍ 0.02). Anisomycin alone did not alter the population spike.

studies (Harley and Milway, 1986; Harley et al., 1989; Washburn
and Moises, 1989); however, a significant increase in EPSP slope
is observed 24 hr later. The increase in EPSP slope at 24 hr predicts the increase in population spike amplitude at that time. The
initial increase in spike amplitude after glutamate infusion in the
LC may reflect an increase in cell excitability [but see Lacaille and
Harley (1985)]. Both the 24 hr EPSP slope and population spike
amplitude increase induced by LC activation depend on
␤-adrenergic receptor mediation and protein synthesis as predicted by Kety (1970).
In Aplysia, repeated 5-HT application produces long-term facilitation of the sensorimotor neuron synaptic response (Montarolo et al., 1986; Mauelshagen et al., 1998). This depends on
activation of a receptor coupled to the cAMP cascade (Schacher et
al., 1988), is blocked by anisomycin (Montarolo et al., 1986;
Schacher et al., 1988; Sherff and Carew, 1999), and can occur in
the absence of short-term facilitation (Emptage and Carew,
1993). Thus, the noradrenergic promotion of long-term synaptic
potentiation observed in the rat parallels serotonergic promotion
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Figure 4. Glutamate infusion sites in experiments 1 and 2. Intracerulear sites are within the
outlined LC boundary; pericerulear sites are adjacent. Sites for experimental and control groups
in experiment 1 ( A) and experiment 2 ( B) overlapped. Pericerulear sites in both experiments
were associated with potentiation of population spike amplitude in the first 3 hr after glutamate
infusion.

of a long-term synaptic facilitation in Aplysia. The ability to induce LTP, without an initial short-term potentiation, is consistent with other evidence for separate mechanisms supporting
short-term and long-term memory processes (Warrington, 1979;
Sullivan and Sagar, 1991; Izquierdo et al., 2002).
NE-induced LTP at 24 hr also shares important similarities
with late-phase tetanic-induced LTP. The latter has been examined at all synapses in the tri-synaptic hippocampal pathway
(Huang et al., 1996). This form of LTP also depends on the
cAMP–protein kinase A cascade (Nguyen and Kandel, 1996; Abel
et al., 1997) and protein synthesis (Krug et al., 1984; Frey et al.,
1988; Barea-Rodriguez et al., 2000). ␤-Adrenergic receptor activation is a requirement for tetanus-induced late-phase LTP at
both the lateral and medial perforant path– dentate gyrus synapses (Bramham et al., 1997), at the mossy fiber–CA3 synapse
(Huang and Kandel, 1996), and for late-phase LTP in the lateral
amygdala (Huang et al., 2000). In a recent study, using the population spike as the index of potentiation, Straube and Frey
(2003) have shown that LTP induced by moderate or strong protocols in the perforant path requires ␤-adrenergic receptor activation for late-phase maintenance, although the strongest protocol was independent of ␤-adrenergic receptor activation. Most
recently, Straube et al. (2003) have shown that novelty exploration, up to 30 min after an early LTP protocol, transforms early
LTP in the dentate gyrus into late LTP. Both propranolol and
anisomycin prevent this transformation. Positive and negative
reinforcers have also been reported to produce a ␤-adrenergicdependent enhancement of LTP duration in dentate gyrus (Seidenbecher et al., 1997). Thus, multiple mechanisms recruit persistent facilitation at this synapse, and tetanic LTP protocols
synergize with ␤-adrenergic receptor activation-supported heterosynaptic facilitation.
Although repeated presentations of serotonin and tetani are
typically used to produce long-term facilitation and late-phase
LTP, respectively, a 3 sec theta-burst tetanus will trigger latephase LTP in the hippocampus (Nguyen and Kandel, 1997). LC
activation initiates theta rhythm in the hippocampus (Berridge
and Foote, 1991). We suggest that the combination of convergent
glutamatergic and strong phasic noradrenergic input coincident
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with theta recruitment may be initiating conditions for the latephase NE-induced LTP seen here. Late-phase LTP of EPSP slope
can also be induced with repeated, spaced application of a low
concentration of the ␤-adrenergic agonist, isoproterenol, in vitro.
(Dahl and Li, 1994).
The early effects of LC activation parallel those reported in
other studies (Lacaille and Harley, 1985; Harley et al., 1989;
Washburn and Moises, 1989; Klukowski and Harley, 1994) and
suggest that there may be both short-term and intermediate
forms of NE potentiation. There is some evidence presented here
that the site of LC activation (cerulear vs pericerulear) influences
short- and intermediate-term effects on the evoked activity. It is
possible that differences in NE release patterns between the two
sites of activation could differentially affect early potentiation,
although both sites elicit a ␤-adrenergic receptor- and protein
synthesis-dependent increase in the field EPSP and spike amplitude at 24 hr. The early effects of LC activation are either predominantly on cell excitability or on medial perforant path input
(Dahl and Sarvey, 1989). The critical conditions for their appearance, such as differing sites of LC activation, and the details of
their properties require further investigation. The early effect of
spike potentiation alone is consistent with other evidence implicating activation of LC in attention (Berridge and Waterhouse,
2003) rather than memory.
The 24 hr data suggest, however, that LC also acts to selectively
promote synaptic LTP, a putative mediator of long-term memory. LC activation paired with sensory input does produce longterm memory in some paradigms (Sullivan et al., 1989). In rat
pup olfactory preference learning, ␤-adrenoceptor stimulation in
the olfactory bulb paired with glutamatergic input from olfactory
neurons produces an odor preference 24 hr later (Sullivan et al.,
2000). This olfactory memory depends on cAMP elevation (Yuan
et al., 2003) and the phosphorylation of cAMP response elementbinding protein (CREB) at the time of acquisition (Yuan et al.,
2000). Both cAMP and phosphorylation of CREB are widely implicated in memory formation (Bernabeu et al., 1996; Silva et al.,
1998). Delayed long-lasting CREB phosphorylation is also associated with nondecremental LTP induced by tetani to the perforant path of awake rats (Schulz et al., 1999).
Although few behavioral studies have investigated the effects
of NE on memory using designs that assess both short-term and
long-term memory, there are data suggesting that NE may have a
more important role in long-term than short-term memory. Infusing NE into the hippocampus immediately after training,
Izquierdo and colleagues (1998) found no difference in the retention of an inhibitory avoidance task measured 1.5 hr after NE
infusion, but when tested 24 hr after NE infusion, retention of the
memory task was greater than that of controls. In an active avoidance task, the level of NE release at training correlated positively
with the strength of memory at 24 hr (McIntyre et al., 2002). In a
taste aversion task, activation of the protein kinase A pathway is
necessary for long-term but not short-term memory (Koh et al.,
2002). With genetic reduction of NE synthesis, long-term memory, but not short-term memory, for three forms of associative
learning is selectively impaired (Kobayashi et al., 2000). Other
paradigms demonstrate a critical role for the cAMP cascade in
long-term mammalian memory (Abel et al., 1997). Most recently, in humans, the enhancement of memory by emotional
arousal, previously shown to depend on the activation of central
␤-receptors (van Stegeren et al., 1998), improved long-term
memory tested at 1 week but not short-term memory tested at 1
hr (Quevedo et al., 2003). The present pattern of results, after
burst activation of the locus ceruleus, is consistent with a selective
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role for an NE and ␤-adrenergic receptor-mediated potentiation
of synaptic circuitry in long-term memory.
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