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Spatial memory formation is enabled through synaptic information
processing, in the form of persistent strengthening and weakening
of synapses, within the hippocampus. It is, however, unclear how
relevant spatial information is selected for encoding, in preference
to less pertinent information. As the noradrenergic locus coeruleus
(LC) becomes active in response to novel experiences, we
hypothesized that the LC may provide the saliency signal required
to promote hippocampal encoding of relevant information through
changes in synaptic strength. Test pulse stimulation evoked stable
basal synaptic transmission at Schaffer collateral (SC)--CA1 stratum
radiatum synapses in freely behaving adult rats. Coupling of these
test pulses with electrical stimulation of the LC induced long-term
depression (LTD) at SC--CA1 synapses and induced a transient
suppression of theta-frequency oscillations. Effects were N-methyl-
D-aspartate and b-adrenergic receptor dependent. Activation of the
LC also increased CA1 noradrenalin levels and facilitated the encoding
of spatialmemory for a singleepisode via ab-adrenoceptor--dependent
mechanism. Our results demonstrate that the LC plays a key role in the
induction of hippocampal LTD and in promoting the encoding of spatial
information. This LC--hippocampal interaction may reflect a means by
which salient information is distinguished for subsequent synaptic
processing.
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Introduction

It is widely believed that hippocampus-dependent memory is

encoded by means of a close interplay of different forms of

synaptic plasticity, including long-term potentiation (LTP) and

long-term depression (LTD) (Bear and Abraham 1996; Martin

et al. 2000; Kemp and Manahan-Vaughan 2007). The hippocam-

pus is bombarded with sensory and spatial information from the

entorhinal cortex (EC), which is filtered and stored, when

appropriate, in the form of short- or long-term plasticity. This is

believed to comprise a key step in the generation of short- and

long-termmemory. Although it is apparent that the intensity and

frequency of an afferent signal can determine whether short- or

long-term plasticity occurs (Alger and Teyler 1976), it remains

unclear, however, how the hippocampus distinguishes novel or

relevant information from irrelevant information. One possibility

is that neuromodulatory systems may initiate or enhance the

encoding of novel information through persistently modifying

the strength of hippocampal synapses that are believed to be

intrinsically involved in the formation of spatial and episodic

memory (O’Keefe 1978; Eichenbaum 1996). The diffusely pro-

jecting noradrenergic system is one such neuromodulator

(Kety 1970; Harley 1991).

Novelty detection is accompanied by increased hippocampal

noradrenergic activity, driven by enhanced firing of the locus

coeruleus (LC), themain source of noradrenalin (NA) in the brain

(Saraet al. 1994;Kitchiginaet al. 1997). Lesioning the afferents that

carryneuromodulatory inputs (includingNA) to thehippocampus

impairs recollection of episodic-like memory (Easton 2006). LC

stimulation improvesmemory retrieval (Devauges and Sara 1991),

whereas vagus nerve stimulation enhancesmemory encoding and

consolidation (Clark et al. 1995, 1999; Ghacibeh et al. 2006) via LC

activation, suggesting that the LC, and the noradrenergic activity it

mediates in the hippocampus, may be a key factor in driving

synaptic plasticity in response to novel spatial events.

As the LC becomes active in response to novel experiences,

we hypothesized that it may provide the saliency signal required

to promote hippocampal encoding of relevant novel information

through changes in synaptic strength. Recently, it has become

apparent that hippocampal LTP and LTD may be responsible for

the encoding of very different aspects of a spatial cognitive map

(Kemp and Manahan-Vaughan 2007). Although LTP occurs at a

variety of hippocampal synapses in response to changes in space

(Kemp and Manahan-Vaughan 2007), it is facilitated by specific

changes in spatial context, with the CA1 region responding

to fine spatial detail and the dentate gyrus responding to

landmark context (Kemp and Manahan-Vaughan 2008a). The

possibility that the LC influences memory induction through its

efferent activation of postsynaptic b-adrenergic receptors is

supported by experiments showing the b-adrenergic receptor

dependency of LTP (Dahl and Sarvey 1990; Munro et al. 2001;

Straube et al. 2003) and LTD (Kemp and Manahan-Vaughan

2008b), also under conditions of novel information processing

(Straube et al. 2003; Kemp and Manahan-Vaughan 2008b).

We observed that LC activation facilitates the induction

of b-adrenergic and N-methyl-D-aspartate (NMDA) receptor--

dependent LTD in the hippocampal CA1 region, a phenomenon

that has been associatedwith the encoding of spatial information

(Manahan-Vaughan and Braunewell 1999; Duffy et al. 2001; Li

et al. 2003; Kemp and Manahan-Vaughan 2004; Etkin et al. 2006;

Lemon and Manahan-Vaughan 2006; Oomura et al. 2006; Kemp

and Manahan-Vaughan 2007), and may, thus, mediate a key

saliency signal for hippocampal memory formation. In line with

this possibility, we found that NA release in the hippocampus

increases following LC stimulation and facilitates the encoding of

spatial memory for a single episode via a b-adrenoceptor--
dependent mechanism.

Materials and Methods

All experiments were performed according to the guidelines of the

German Animal Protection Law and were approved by the North Rhine

Westphalia State Authority.
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Surgery
Male Wistar rats (Charles River, Sulzfeld, Germany, 7--8 weeks old)

underwent implantation of hippocampal electrodes and a guide cannula

under anesthesia, as described previously (Manahan-Vaughan 1997).

Briefly, under sodium pentobarbitone (Synopharm, Barsbüttel, Ger-

many) anesthesia (‘‘Nembutal,’’ 52 mg/kg, intraperitoneally), animals

underwent implantation of a monopolar recording and a bipolar

stimulating electrode (made from 0.1-mm diameter Teflon-coated

stainless steel wire [Biomedical Instruments, Zöllnitz, Germany]

attached to cardboard). A drill hole (1 mm diameter) was made for the

recording electrode, and a second drill hole (1 mm diameter) was made

for the stimulation electrode. On the contralateral side, 2 holes were

drilled (1.2 mm diameter) into which anchor screws were inserted. The

anchor screws also served as reference or ground electrodes. The

coordinates for CA1 recordings comprised 2.8 mm posterior to bregma

and 1.8mm lateral to themidline for the recording electrode and 3.1mm

posterior to bregma and 3.1 mm lateral to the midline for the stimulation

electrode. The dura was pierced through both holes, and the recording

and the stimulating electrodes were lowered into the CA1 stratum

radiatum and the Schaffer collaterals (SCs), respectively, for CA1

recordings. The correct location of the electrodes was established by

means of the electrophysiological characteristics of the field potentials

evoked. A third drill hole (1 mm diameter) was made ipsilateral to the

hippocampal electrodes for another stimulation electrode at 3.1 mm

posterior and 1.3 mm lateral to lambda. This bipolar stimulation

electrode was implanted in the LC (8.4 mm ventral to dura matter,

entering at a 15� angle to the plane of the skull).

The entire assembly was sealed and fixed to the skull with dental

acrylic (Paladur, Heraeus Kulzer GmbH, Hanau, Germany). In all, 7--10

days after surgery, recordings were obtained in the CA1 stratum

radiatum by stimulation of SCs. Throughout the experiments, the

animals moved freely within the recording chamber (40 3 40 3 40 cm)

because the implanted electrodes were connected by a flexible cable

and swivel connector to the stimulation unit and amplifier. Aside from

the insertion of the connector cable at the start of the experiment,

disturbance of the animals was kept to an absolute minimum.

Throughout the experiments, the electroencephalogram (EEG) of each

animal was continuously monitored.

Measurement of Evoked Potentials
The field excitatory postsynaptic potential (fEPSP) slope was employed

as a measure of excitatory synaptic transmission in the CA1 region. To

obtain these measurements, an evoked response was generated in the

stratum radiatum by stimulating with single biphasic square wave pulses

of 0.1-ms duration per half wave, generated by a constant current

isolation unit (WPI, Sarasota, FL). Five such evoked responses were

recorded every 40 s and averaged to provide a representative average

recording for each 5-min time period. After 90 min of recording, the

period between samples of evoked potentials was extended to 15 min.

The signals from the recording electrodes were amplified using an A-M-

Systems 1700 differential amplifier (1003), filtered (0.1 Hz--10 KHz

bandpass) and digitized at 10 KHz through a DA/AD converter (CED

1401-plus, micro CED; Cambridge Electronic Design, Cambridge, UK).

Waveforms, displayed and analyzed on a PC with data acquisition soft-

ware (Pwin, Leibniz-Institute, Magdeburg, Germany), were stored in the

hard disk online. The fEPSP was measured as the maximal slope through

the 5 steepest points obtained on the first negative deflection of the

potential. By means of input--output curve determination, the maximum

fEPSP was found, and during experiments, all potentials used as baseline

criteria were evoked at a stimulus intensity that produced 40% of this

maximum (100--400 lA). Themean fEPSP slope of the first 6 time periods

recorded in each experiment served as baseline. For data comparison,

one-way analysis of variance (ANOVA) or Fisher’s least significance

difference (LSD) test was used. All data periods were expressed as

a mean percentage ± standard error of the mean (SEM) of the average

baseline value. High-frequency stimulation (4 trains of 30 pulses at 100

Hz, with an intertrain interval of 5 min) was used to induce LTP defined

as lasting over 4 h. LTDwas defined as a persistent depression of synaptic

strength that endured for over 4 h (Manahan-Vaughan 1997). This is in

contrast to in vitro studies, where depression of approximately 40 min is

typically referred to as LTD.

Analysis of Network Activity
The intracortical EEG was obtained via recordings from the stratum

radiatum layer of hippocampal area CA1. EEG was unfiltered and

sampled at 0.5 kHz and stored on a hard disc for additional off-line

analysis. To evaluate delta (1--3.5 Hz), theta (4--10 Hz), alpha (10--13

Hz), beta1 (13.5--18 Hz), beta2 (18.5--30 Hz), and gamma (30--100 Hz)

oscillatory activity during the course of the experiment, 4-s long

epochs, 1 s after each test pulse, were selected. Fourier analysis of

artifact-free epochs was performed with a Hanning window function

using Spike2 software (Cambridge Electronic Design). The absolute

values of spectral power for each individual animal were transformed

into relative ones (with the mean value for the baseline preinjection

period taken as 100%) that were then used further for statistics. For

each time point, the results of Fourier analysis of 5 epochs were

averaged. The statistical treatment and analysis of data included the

calculation of descriptive statistics (mean, SEM) and ANOVA. ANOVA

was used to estimate the effects of LC stimulation in the presence or

absence of drugs. For the correlation analyses, we used Pearson’s

coefficient of comparison.

LC Stimulation
The current level for stimulation of the LC of each animal was chosen

through a preliminary input/output assessment (referring current

injection to behavioral response) performed 1 week prior to experi-

mental recording. Initial experiments established that 200 lA of

current applied within our 100-Hz stimulation protocol consistently

resulted in behavioral stress to the animal as displayed by freezing and

the production of fecal boli and at times a slight head twitch. By

reducing the amount of current to between 60 and 100 lA, no

observable behavioral stress was induced and it did not affect the

amount of time spent by the animal exploring an open field, subsequent

to stimulation. LC stimulation consisted of 2 trains of 100 pulses at 100

Hz with each train lasting 1 s with a 20-s intertrain interval. Stimulus

strength was 60--100 lA with single biphasic square wave pulses of

0.1-ms duration per half wave.

Histology
At the end of the study, brains were removed for histological verification

of electrode and cannula localization. Brain sections (16 lm) were

embedded in paraffin, stained according to the Nissl method using 1%

toluidine blue, and then examined using a light microscope. Brains in

which incorrect electrode localization was found were discarded from

the study.

Compounds and Drug Treatment
±Propranolol (2 lg), ifenprodil (4.9 lg) (all from Biomol, Eching,

Germany), or vehicle (0.9% NaCl) were injected via the ipsilateral

cerebral ventricle (i.c.v.) in a 5-ll volume over 5 min, 25 min before LC

stimulation.

Microdialysis and High-Performance Liquid Chromatography
Electrochemical Detection
A guide cannula for microdialysis (Microbiotech, Arsta, Sweden) was

implanted at the same location in areaCA1, as the recording electrode for

electrophysiology experiments. The exposed membrane portion of the

probewas 2.0mm,with the tip positioned at the depth corresponding to

the recording electrode for stratum radiatum of CA1. The probe had

apolyethersulfone (PES)membranewith a 6-KDacutoff. For collection of

dialysates, the probes (Microbiotech) were perfused at 2 ll/min with

Ringer’s solution by using a microinfusion pump (11 Plus; Harvard

ApparatusGmbH,Hugstetten, Germany).Dialysateswere collectedevery

10 min (20 ll) into vials containing 5 ll of the internal standard solution

(4000 pg dihydroxybenzylamine in 20 ll 0.1M perchloric acid) andwere

immediately stored at –80 �C C until high-performance liquid chroma-

tography electrochemical detection analysis. Baseline concentrations for

all substances were determined as the mean of the 5 dialysates samples

taken prior to LC stimulation. Extracellular monoamine concentrations

are expressed as the mean ± SEM percentage of the baseline levels. For

data comparison, data were normalized to percent baseline, followed by
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one-way ANOVA and a post hoc one-tailed Tukey’s honest significant

difference test for those data thatwere found to be significant by ANOVA.

Behavioral Testing
The episodic-like memory task was performed as described by Kart-

Teke et al. (2006) with modifications as described below. Thirty-seven

naive male Wistar rats between the ages of postnatal day 70 and day 355

were used. Rats were used for behavioral experimentation 10 days after

they were tested for LC stimulation--induced SC--CA1 LTD. Rats were

individually housed and maintained in a temperature- and humidity-

controlled room (20--22 �C) on a 12-h light--dark cycle and had free

access to rodent chow and tap water. Testing occurred between 3:00

and 8:00 PM at the time corresponding to dusk.

In order to reduce possible stress from the testing procedure, rats

were habituated to the procedure of being plugged in, having the

internal cannula inserted for i.c.v. injections and given 10 min of

exploration time in both the empty test field and the holding container

for the 3 days preceding the experiment. For animals that would

receive i.c.v. injections, test saline injections were given while the

animal was in the holding container during the habituation trials. In the

habituation sessions that immediately preceded the actual experiments,

no saline was administered.

The open field (80 3 80 3 80 cm) was made of gray Perspex and

illuminated by two 75W bulbs producing a light intensity of

approximately 3.0 lux. A white circle (20 cm diameter) made of con-

struction paper was fixed 35 cm above the floor on one of the walls.

The floor was virtually divided into 9 quadrants of equal size. The

implanted electrodes and cannula were connected via a flexible cable

and a flexible tube to the stimulation, recording, and drug application

equipment. A swivel connector ensured that the animal was not

restricted in its movement in the chamber. Although not in the

chamber but still in an experimental session, the animal was placed in

a holding container. Different objects were used for the set of

experiments with and without i.c.v. injections. Four different objects

in quadruplicate were used for the experiments. Objects differed in

terms of height (22--26 cm), base diameter (8--11 cm) and color

(transparent, white, or black), shape (rectangle, cylinder, octagon or

cone), and surface texture (plain or grooved). Objects had sufficient

weight to ensure that they could not be displaced by the rat. Before

each trial, the chamber and the objects were thoroughly cleaned with

a 1:1 mixture of water and ethanol to rid them of odor cues. The

objects had not been introduced to the animals before the first

experimental session. Previous trials on another group of rats ensured

that animals showed no significant preference for either object. A

camera was mounted above the chamber to record the experiments on

video for off-line analysis. On the day of the experiment, 30 min before

the first sample trial, the rat was habituated to the empty open field for

5 min and then placed in the container for 25 min. After this

preliminary habituation session, each animal underwent 2 sample trials

and a test trial (Fig. 5). On the first sample trial, the rat was placed in the

center of the open field in which identical novel objects had been

placed in 4 of the 8 possible locations (the middle square was not used

as to avoid entanglement of the cable). After 5 min of exploration

(Episode A), the animal was placed back into the holding container. It

remained in the holding container for 50 min. In the experiments in

which i.c.v. injections were given, after 25 min in the holding container,

a total of 5 ll saline or propranolol, respectively, was administered (0.5

ll every 30 s) using a Hamilton syringe. At the end of the interval

between Episode A and Episode B, the LC was stimulated as previously

described. Immediately after stimulation, the rat was placed into the

open field, where 4 new identical objects were randomly positioned.

The rat was allowed to explore for 5 min, after which it was removed

from the open field and placed in the container for an additional 50 min

until the test trial. The test trial was identical to the 2 sample trials

except that 2 of the objects from each sample trial were placed in the

field. One of the familiar objects was positioned in the same place as

previously encountered (A1 and B1) and one of the familiar objects was

placed in a new position (A2 and B2) (Fig. 3A). Objects were therefore

categorized as; ‘‘old familiar’’ stationary = A1, ‘‘old familiar’’ displaced =
A2, ‘‘recent familiar’’ stationary = B1, and ‘‘recent familiar’’ displaced =
B2. For each rat, the time spent exploring the objects during sample

and test trials was scored offline from videotapes. Exploration of an

object was assumed when the rat approached an object and had

physical contact with it, either with its snout and/or forepaws. At the

end of each test trial, the level of liquid in the tube was checked as an

index of successful injection. The scoring of behavioral exploration was

done blind to the experimenter.

Animals were reused for both electrophysiology and behavior

experiments. Animals were first included in a baseline recording

session 7--10 days after surgery to ensure that stable baseline recordings

could be made for at least 4 h. Subsequent to baseline recordings, the

animals were tested for LC stimulation, and a level of stimulation was

chosen between 60 and 100 lA for subsequent experiments. Animals

were then tested for their response to LC stimulation 7 days later. All

subsequent electrophysiology experiments were performed 7 days

after the initial LC stimulation experiment.

The design of the behavioral experiments was a randomized block

with repeated measures. All animals had been previously handled

extensively and had undergone the initial baseline and LC stimulation

experiments.

Results

LC Stimulation Increases NA Levels in the CA1 Region

To examine whether LC stimulation has direct effects on NA

release in the hippocampal CA1 region, we used microdialysis

analysis to measure extracellular hippocampal monoamine

levels, by means of a probe placed in the CA1 stratum radiatum

of freely moving adult male Wistar rats. Recordings were taken

prior to and following brief (1 s), high-frequency (100 Hz)

burst stimulation of the LC. Data were normalized to a percent

of the pre-LC stimulation baseline.

LC stimulation caused a significant increase in the level of NA

detected in CA1 (Fig. 1) (ANOVA F1,10 = 6.267; P = 0.013) (Tukey’s
test, P = 0.002). The concentration of NA increased from 4.76 ±
0.73 pg/20 ll in the period prior to LC stimulation to 8.94 ± 1.38

pg/20 ll for the 10-min period following LC stimulation. No

change in the levels of dopamine, or its metabolite 3,4-

dihydroxyphenylacetic acid, was observed (Fig. 1).

LC Stimulation Induces CA1 LTD

A primary goal of this study was to assess how LC activation

modulates SC--CA1 synaptic transmission. Bipolar stimulating

Figure 1. Effect of LC stimulation on monoamine levels in CA1. Monoamine levels in
hippocampal CA1 were measured before and after LC stimulation using in vivo
microdialysis (n 5 8). Graph represents the outcome of high-performance liquid
chromatography analysis of NA, dopamine (DA), and 3,4-dihydroxyphenylacetic acid
(DOPAC) levels (mean ± SEM, n 5 8). LC stimulation resulted in a selective increase
in the concentration of NA measured in the dialysate.
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electrodeswere chronically implanted in the LC and SCpathway,

and a recording electrodewas implanted in the stratum radiatum

of hippocampal area CA1 (Fig. 2A,B,C,E). To enable i.c.v.

application of pharmacological agents, a guide cannula was also

implanted in the lateral cerebral ventrical (Fig. 2D). Synaptic

transmission was evoked in the CA1 stratum radiatum by test

pulse stimulation (5 pulses at 0.0025 Hz every 5 min) of the SCs.

LC stimulation (1 s, 100 Hz) resulted in a persistent synaptic

depression in CA1, lasting more than 4 h (Fig. 3A, n = 29, F1,24 =
115.33; P < 0.0001), which had recovered 24 h later (F1,4 = 1.3;

P = 0.255).

Hippocampal theta-frequency oscillations occur as a rat

investigates novel stimuli in the environment and are believed

to be critical for both the encoding and retrieval of spatial

Figure 2. Placement of electrodes and cannula. (A) Schematic representation of electrode placement in the hippocampus and LC (redrawn from Paxinos and Watson’s Atlas,
1997). (B) Microphotograph showing recording electrode placement in the stratum radiatum of CA1. Microphotograph of bipolar stimulation electrode placement in (C) the SC
input from CA3 to CA1 and the (E) LC. (D) A cannula was inserted into the lateral cerebral ventricle to enable drug or vehicle solution administration.
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information (Manns et al. 2007). The onset of LTD, which

immediately followed LC stimulation, was coincident with

a selective suppression of theta-frequency oscillations lasting

15 min (ANOVA F1,24 = 5.865, P < 0.01) (Fisher’s LSD: 5 min

[P = 0.0008], 10 min [P = 0.009], and 15 min [P = 0.014] after

stimulation) (Fig. 3B). The spectral power of gamma frequency

oscillations was unaffected by LC stimulation (Fig. 3B).

The persistence of LTD following LC stimulation was

dependent on the subsequent test pulse stimulation interval.

LC stimulation resulted in LTD when followed by low-

frequency SC test pulse stimulation (5 test pulses at 0.025 Hz

every 5 min) (n = 9). However, when fEPSPs were measured at

a longer 1-h interval, no LTD was observed (Fig. 3C) (n = 9)

(F1,3 = 47.7; P < 0.001). Additionally, the selective suppression

of theta activity was absent without regular SC--CA1 test pulse

activity after LC stimulation (Fig. 3D) (P = 0.285). This suggests

that after LC stimulation, a suppression of theta oscillations is

locally induced at SC--CA1 synapses by the subsequent low-

frequency test pulse stimulation. The local suppression of theta

power at the junction of CA3 input to CA1 (stratum radiatum)

may confer predominance to inputs of a more sensory nature

coming directly from the EC to CA1 stratum lacunosum. This

enhanced temperoammonic pathway input would then facili-

tate the encoding of new information from the EC over the

retrieval of older information from CA3.

LC Stimulation--Induced CA1 LTD is NMDA and
b-Adrenoceptor Dependent

LC stimulation--inducedCA1LTDwas blocked by i.c.v. application

of an NMDA receptor NR2B subunit--selective antagonist

Figure 3. LC stimulation induces LTD at SC--CA1 synapses. LC burst stimulation (100 Hz) coupled with test pulse stimulation of SC--CA1 synapses induces CA1 LTD that lasts for
over 4 h. No depression occurs in the baseline group that did not receive LC stimulation. (B) Induction of LTD is accompanied by a reduction in the spectral power of theta-
frequency network oscillations lasting 15 min. The spectral power of gamma frequency oscillations is unaffected. (C) LC stimulation--induced CA1 LTD requires activation of the
SC--CA1 pathway following LC stimulation. Application of SC test pulses at 1-h intervals after LC stimulation does not induce LTD. (D) Without regular SC test pulse stimulation
after LC stimulation, there is no observable suppression of theta oscillations. (A, C, insets) Analog traces representing SC--CA1 field potentials before LC stimulation, 4 h and 24 h
after LC stimulation. (E) Top row: no LC stimulation baseline group. Bottom row: LC stimulation group. (F) Top row: group with 5-min SC test pulse intervals after LC stimulation.
Bottom row: group with 1 h SC test pulse intervals after LC stimulation. Calibration: vertical bar, 1 mV; horizontal bar, 3 ms. The mean EPSP slope is shown along with the
corresponding SEM.
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ifenprodil (4.9 lg) (Fig. 4A; F1,24 = 47.4; P < 0.0001) and by the

b-adrenergic antagonist propranolol (2 lg) (Fig. 4B; F1,24 = 182.4;

P < 0.0001). Ifenprodil, not only eliminated the theta oscillation

suppression observed following LC stimulation but also resulted

in a persistent increase in theta power (F1,24 = 77.4; P < 0.0001).

Propranolol also blocked the selective suppression of theta power

observed following LC stimulation (P = 0.437). LC stimulation--

induced SC--CA1 LTD and theta oscillation power suppression,

thus, requires not only low-frequency SC stimulation but also

NR2B subunit and b-adrenoceptor activation.

Display of Spatial Memory for an Episode

The synaptic plasticity responses described above may reflect

processes underlying hippocampal encoding of novel spatial

information. We therefore examined novel learning behavior in

our rats and its relationship to NA neuromodulation. Rodents

display novelty preference: they innately prefer to explore objects

that are in new locations or objects they have not recently

encountered. We used this innate preference to test the rats

memory for the ‘‘what, where, and when’’ relationship of spatial

information (Clayton andDickinson 1998; Eacott et al. 2005; Babb

and Crystal 2006; Dere et al. 2006; Ergorul and Eichenbaum2006)

and to investigate if this is regulated by LC and NA activation.

The experiment was composed of 2 consecutive learning

episodes (Episode A and Episode B) followed by a test episode

(Fig. 5A). During Episode A and Episode B, the animal was free

to explore an open field in which 4 identical immovable objects

were randomly positioned. The animal, thus, had the opportu-

nity to learn ‘‘what’’ object was located ‘‘where’’ and during

which trial (‘‘when’’). During the Test Episode, the open field

contained 2 objects from each learning episode, of which one

was in the same place as before and one which had been

displaced. The animal’s memory was evaluated by measuring its

relative level of exploration of the stationary (A1) and displaced

(A2) objects from Episode A and the stationary (B1) and

displaced (B2) objects from Episode B.

We found that the rats clearly preferred to explore the

objects to a different degree (n = 22, ANOVA F1,3 = 22.48;

P < 0.001). A preference was shown to explore the earlier

encountered ‘‘A’’ objects over the more recently encountered

‘‘B’’ objects (n = 22; Fisher’s LSD, P < 0.001). A preference to

explore older displaced objects (A2) over older stationary

objects (A1) was also evident, in accordance with the novelty

preference paradigm (Fig. 3B, n = 22; Fisher’s LSD; P < 0.05).

However, the rats do not appear to distinguish between the

spatial location of the more recently encountered objects (B1

and B2, Fig. 3A, n = 22, Fisher’s LSD; P = 0.286). This lack of

spatial discrimination for the B objects (what) may be

attributed to the recency of Episode B. The temporal order

(when) of presentation appears to have a stronger effect on

memory than the spatial location of the object (where) in this

task. This interaction between what, where, and when

information suggests that the what, where, and when memory

was integrated (Kart-Teke et al. 2006).

LC Stimulation Enhancement of Spatial Memory Is
b-Adrenoceptor Dependent

A 2-way ANOVA revealed a significant interaction effect be-

tween LC stimulation (stimulation vs. no stimulation) and

type of object (displaced vs. stationary) (n = 22, F1,2 = 4.6905;

P = 0.032048).

When the animals received LC stimulation immediately

preceding Episode B, they showed a significant change in their

exploration of the objects from Episode B in the Test Episode

(2-way ANOVA [stimulation 3 type of object], n = 22, F1,2 =
4.6905; P < 0.05), showing greater exploration of the spatially

displaced object (B2) than of the stationary object (B1) during

the test trial (Fig. 5B, n = 22, Fisher’s LSD; P < 0.001). There was

no significant difference in the relative exploration of the

objects from Episode A due to LC stimulation (2-way ANOVA

[stimulation 3 type of object], n = 22, F1,3 = 0.0032; P = 0.9547).

The preference for the older ‘‘A’’ objects over the newer ‘‘B’’

objects was no longer statistically significant in the group that

received LC stimulation (n = 22, F1,2 = 2.906; P = 0.090). No

differences in object exploration levels during Episodes A and B

Figure 4. LC stimulation--induced CA1 LTD is NR2B and b-adrenoceptor
dependent. (A) NMDA receptor subunit 2B (NR2B)--selective antagonist ifenprodil
(4.9 lg) and (B) b-adrenoceptor antagonist propranolol (2 lg) block LC stimulation--
induced SC--CA1 LTD. (C, D, insets), Analog traces representing SC--CA1 field
potentials before LC stimulation, 4 h and 24 h after LC stimulation. Top row: LC
stimulation control. Bottom row: LC stimulation with drug application. Calibration:
vertical bar, 1 mV; horizontal bar, 3 ms. The mean fEPSP slope is displayed along with
the corresponding SEM.
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were observed that could account for differences seen in the

exploration of objects in the Test Episode. There were also no

significant differences in exploration during Episodes A and B

due to NaCl (vehicle) injection (P = 0.255), NaCl injection and

stimulation (P = 0.254), or propranolol (b-adrenoceptor
antagonist) injection and stimulation (P = 0.790).

These findings suggest that LC stimulation facilitates memory

of object--place associations for a particular episode while

Figure 5. LC stimulation prior to an episode results in a b-adrenoceptor--dependent enhancement of spatial memory for that particular episode. (A) Schematic summary of the
experimental design for the episodic-like memory task. (B) In control experiments, during the Test Episode, rats preferred exploring old displaced objects (A2) over old stationary
objects (A1). They showed no spatial preference in the exploration of the more recently seen objects (B1 vs. B2) (n 5 22). In experiments in which rats received LC stimulation
prior to Episode B, there was a distinct exploration preference for the new displaced object (B2) over the new stationary object (B1) (n 5 22). (C) Vehicle (NaCl 0.9%) injected
i.c.v. 25 min prior to Episode B did not alter the rats exploration pattern during the Test Episode (n5 17). Vehicle was also injected 25 min prior to LC stimulation and Episode B.
The rats again exhibited a preference for the displaced B2 objects over the stationary B1 objects (n 5 17). When the b-adrenoceptor antagonist propranolol (2 lg) was injected
i.c.v. prior to LC stimulation and Episode B, the preference for B2 over B1 was blocked leaving the preference for A2 over A1 intact (n5 17). Error bars indicate SEM. *P\ 0.05,
***P\ 0.001.
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simultaneously impairing temporal order memory. The question

remains as to whether the improved spatial memory is due to

the effect of LC stimulation on encoding, consolidation, or

retrieval. To answer this question, we repeated the tests in the

presence of the b-adrenoceptor antagonist propranolol.Weused

new subjects and 2 new sets of objects for these experiments

(Fig. 5C).

Rats given vehicle injections prior to Episode B (n = 17)

showed a similar pattern of Test Episode exploration as those

in control experiments done without injections (Fig. 5B,C).

There was no significant difference in the pattern of explo-

ration during the Test Episode between the subject groups

that did not receive LC stimulation based on the presence or

absence of NaCl injections (2-way ANOVA [injection 3 type

of object], F1,3 = 0.737, P = 0.5309). Likewise, there was no

significant difference due to NaCl injection between the

groups that did receive LC stimulation (2-way ANOVA [in-

jection 3 type of object], F1,3 = 1.117, P = 0.3429).

Interestingly, there was a significant difference in the

exploration pattern between the rats that received LC

stimulation depending on whether they received NaCl or

propranolol injected before Episode B (2-way ANOVA,

F1,3 = 3.06, P < 0.05). When propranolol (2 lg) was administered,

prior to LC stimulation and Episode B, LC-mediated enhanced

spatial memory was completely eliminated (Fig. 5C, n = 17,

Fisher’s LSD; P = 0.663). Critically, the rats continued to prefer

the displaced object for the session that preceded administra-

tion of propranolol (A2 > A1) (n = 17, Fisher’s LSD; P < 0.05).

The LC stimulation--induced increase in spatial discrimination

for a specific episode therefore appears to be b-adrenoceptor
dependent. This improved spatial memory also appears to be

specific for the encoding of that particular episode in memory

(Episode B) as opposed to enhancing consolidation or retrieval

of the previous episode.

Discussion

Our data support that the LC plays an intrinsic role in both

synaptic information storage and memory processing in the

hippocampus. We observed that LC stimulation results in

a significant increase of NA in the CA1 region. LC stimulation

also modified SC--CA1 stratum radiatum synaptic transmission

such that LTD is enabled. To our knowledge, this is the first time

that LC activation has been shown to depress CA1 synaptic

transmission. This novel form of synaptic plasticity is NMDA and

b-adrenoceptor dependent and is associated with a transient

suppression of theta-frequency network oscillations. In addition,

LC activation facilitated the encoding of spatial memory for

a single episode via a b-adrenoceptor--dependent mechanism.

These findings suggest that the LCplays a key role in the induction

of hippocampal LTD and in facilitating the encoding of spatial

information.Thismodulationof hippocampal functionmay reflect

a means by which salient information is distinguished by the

hippocampus for subsequent synaptic processing.

Theprimary sourceofNA in thebrain is theLC. LCneurons fire

phasically in response to novel information and changes in the

environment (Sara et al. 1994; Vankov et al. 1995). These findings

led to the hypothesis that the phasic activation of LC neurons in

time with cognitive shifts could provoke or facilitate dynamic

reorganization of target neural networks, permitting rapid

behavioral adaptation to changing environmental information

(Bouret and Sara 2005). Kety (1970) postulated that noradren-

ergic activation fulfills a dual role in regulating synaptic activity:

‘‘suppressing most, but permitting or even accentuating activity

in those [synapses] that are transmitting novel or significant

stimuli.’’ The hippocampal formation receives abundant NA

input from the LC (Loy et al. 1980). We therefore investigated

whether LC activation can directly influence synaptic strength in

the hippocampus. Test pulse stimulation of SC--stratum radiatum

synapses in the CA1 region enabled recording of highly stable

basal synaptic transmission that could be followed for over

24 h. If test pulse stimulation was coupled with LC activation,

LTD was immediately induced. This finding is intriguing, given

recent reports that LTD is associated with the encoding of

novel spatial information in the hippocampus (Manahan-Vaughan

and Braunewell 1999; Duffy et al. 2001; Li et al. 2003; Kemp and

Manahan-Vaughan 2004; Lemon and Manahan-Vaughan 2006;

Oomura et al. 2006; Kemp and Manahan-Vaughan 2007).

LTD induced in the CA1 stratum radiatum by LC activation is

dependent on activation of NMDA receptors, for which a role

in learning has already been described (Morris et al. 1986;

Morris 2006). This form of LTD is also b-adrenoceptor
dependent. b-Adrenoceptors are G-protein--coupled receptors

that activate adenylyl cyclase, producing cyclic adenosine

3#,5#-monophosphate (cAMP) that binds to regulatory subunits

of cAMP-dependent protein kinase A holoenzymes (Johnson

1998; Gelinas and Nguyen 2007). b-Adrenoceptor activation

facilitates the expression of both LTP and LTD at SC--CA1

synapses (Thomas et al. 1996; Katsuki et al. 1997; Gelinas and

Nguyen 2005; Gelinas et al. 2007). Furthermore, activation of

b-adrenoceptors lowers the threshold for LTP and LTD

induction at SC--CA1 synapses (Katsuki et al. 1997). Our data

support that coincident b-adrenoceptor and glutamatergic

receptor activation, via LC and SC stimulation, respectively,

results in a shift of the frequency-response relationship of

stratum radiatum synapses, thereby lowering the threshold for

LTD induction. This shift, following LC stimulation, permits the

induction of LTD at very low stimulation frequencies (5 test

pulses at 0.025 Hz every 5 min), which normally do not affect

synaptic strength.

Concomitant with the induction of hippocampal LTD via LC

stimulation was the transient onset of a suppression of theta-

frequency network activity. In the hippocampus, one of the

most prominent patterns of network oscillatory activity is theta

rhythm (4--10 Hz), which is highest during behavioral states

such as spatial exploration or rapid eye movement (REM) sleep

and which may reflect active information processing (Kahana

et al. 2001; Buzsaki 2002, 2005). The transient suppression of

theta oscillatory power, which was associated with the induction

of LC stimulation--induced CA1 LTD, may be the manifestation of

a network reset function in the hippocampus (Pavlides et al. 1988;

Huerta andLisman1993, 1995;Givens 1996) that serves to amplify

incoming information and possibly facilitate LTD induction.

Our observation that theta activity was reduced following LC

stimulation is in contrast to an earlier report where an increase

was reported (Berridge and Waterhouse 2003; Brown et al.

2005). However, Berridge and Foote recorded theta between

a narrow range of 2.7--6.8 Hz and saw this range increase in

spectral power after LC stimulation via bethanechol injection,

whereas all other frequencies were decreased. Brown et al.

(2005) defined theta as oscillations occurring between 4 and 8

Hz. They observed a significant increase in 8- to 12-Hz theta in

the dentate gyrus (and not in the CA1), and only within the first

minute after LC stimulation, whereas between 8 and 12 Hz they
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observed a small insignificant decrease in theta within the first

minute after LC stimulation. They used glutamate injection to

the LC to trigger responses. We defined theta as oscillations that

occurred between 4 and 12 Hz and used electrical stimulation.

This may explain the differences in the results seen.

The persistence of LTD following LC stimulation was

dependent on the subsequent test pulse stimulation interval.

LC stimulation resulted in LTD when followed by low-

frequency SC test pulse stimulation. However, when fEPSPs

were measured at a longer 1-h interval, no LTD was observed.

Additionally, the selective suppression of theta activity was

absent without regular SC--CA1 test pulse activity after LC

stimulation. This suggests that after LC stimulation, a suppres-

sion of theta oscillations is locally induced at SC--CA1 synapses

by the subsequent low-frequency test pulse stimulation. The

local suppression of theta power at the junction of CA3 input

to CA1 (stratum radiatum) may confer predominance to inputs

of a more sensory nature coming directly from the EC to CA1

stratum lacunosum. This enhanced temperoammonic pathway

input would then facilitate the encoding of new information

from the EC over the retrieval of older information from CA3.

Our data show that LTD triggered by LC activation depends

critically upon coincident (test pulse) stimulation of afferent

fibers to the CA1 region and is consistent with other reports as

to the necessity of coincident information signals for the

induction of synaptic plasticity. In a previous paper, we reported

that a certain threshold of postsynaptic activity must be passed

in order for LTD to occur (Manahan-Vaughan and Braunewell

1999). Stimulation of the SCs (during exposure to a novel

environment) at a frequency of once every 60 min will not

induce LTD, whereas stimulation at once every 40 s is effective.

This suggests that a coincidence of the novel informational

signal with the activation of a specific set of synapses is sufficient

to induce LTD. Our LC data are an extension of this: It suggests

that a combination of LC activation and postsynaptic (CA1)

activity is essential for the induction of input-specific LTD. This

is an important finding as it suggests that LC activation does not

elicit a global and generalized suppression of synaptic trans-

mission in the CA1 region.

LTP is believed to be one of the mechanisms that underlie

learning and memory (Martin et al. 2000; Whitlock et al. 2006).

Previous studies have shown that LC stimulation can restore

decaying SC--CA1 LTP, thus, contributing to LTP maintenance

(Ezrokhi et al. 1999). In vitro studies have also shown that NA,

and specifically b-adrenoceptor activation, promotes LTP in

adult Wistar rats (Thomas et al. 1996; Katsuki et al. 1997; Izumi

and Zorumski 1999; Gelinas and Nguyen 2005). We have

shown here that stimulating the LC in freely moving rats lowers

the threshold for the induction of hippocampal LTD and

depotentiation. The increased range of the SC--CA1 synaptic

response following LC stimulation may increase the signal to

noise ratio in this pathway and enhance information processing

(Aston-Jones and Cohen 2005). Thus, synapses that receive

a low-frequency afferent stimulation would be more likely to

become depressed, whereas those receiving higher frequency

stimulation would be relatively more potentiated.

We have observed that LTP occurs at all synapses of the

trisynaptic circuit when the environment changes in a global

manner. LTD occurs in the dentate gyrus in response to novel

configurations of landmark cues, whereas LTD occurs in the

CA1 region in response to novel configurations of small

contextual cues (Kemp and Manahan-Vaughan, 2007, 2008a).

Given the temporal dynamics of LTP versus LTD induction

(rapid induction via high-frequency afferent activation vs.

gradual induction via prolonged low-frequency afferent activa-

tion), we hypothesize that LTP may comprise a fundamental

encoding response to general changes in a spatial environment.

Whether LTD participates in this encoding is determined by

the saliency of the contextual information. LTD is believed to

play an important role in the encoding of novel contextual

space (Manahan-Vaughan and Braunewell 1999; Etkin et al.

2006; Lemon and Manahan-Vaughan 2006; Kemp and Manahan-

Vaughan 2007, 2008a, 2008b). In line with this, LC activation

not only facilitated LTD but also facilitated the encoding of

spatial memory for a single episode via a b-adrenoceptor--
dependent mechanism. Taken together, these data suggest that

LC activation in response to novel spatial exploration may

confer informational saliency such that information storage by

means of hippocampal LTD occurs.

To test the effects of LC stimulation on learning and

remembering unique episodes, we employed an open-field

task designed to test the rat’s object recognition memory

(what), memory for object location (where), and temporal

order memory (when) (Kart-Teke et al. 2006). The task

exploited the animals’ innate preference to explore objects

which have not been recently encountered or that are in

different locations. Our research confirms the ability of rats to

form spatial memories for discrete episodes (Dere et al. 2006).

We also show for the first time that LC activation preceding

exposure to a novel environment facilitates memory for the

spatial details of that environment while interfering with

temporal order memory. A number of different explanations

are possible. The LC stimulation may facilitate spatial memory

for Episode B, it may interfere with the recency effect displayed

for the memory of Episode B, or it may do both. Eliminating the

recency effect in this task would increase the exploration of B

objects in the Test Episode. Once the strong temporal order

effect is diminished, the weaker spatial memory may become

more prevalent resulting in B2 being explored more than B1.

Importantly, memory for the previously explored Episode A,

which was not preceded by LC stimulation remained un-

affected. Thus, facilitation of spatial memory for an episode

occurred following LC stimulation, whereas temporal order

memory was unaffected.

The finding that LC activation facilitated spatial memory for

an episode in a b-adrenoceptor--dependent manner, combined

with the observation that LC-mediated hippocampal LTD was

also b-adrenoceptor dependent, provides an interesting link to

reports that support a role for LTD in encoding spatial context in

the hippocampus (Heynen et al. 1996; Lemon and Manahan-

Vaughan 2006; Kemp and Manahan-Vaughan 2007, 2008a).

Recently, it was shown that LTD at CA1 synapses that is

facilitated by novel learning behavior, but not LTD that is elicited

solely by electrical activation of SCs (via low frequency, i.e., 1 Hz,

stimulation), depends on b-adrenoceptor activation (Kemp and

Manahan-Vaughan 2008b). The facilitation of short-term de-

pression (STD) into LTD produced through spatial exploration

may be analogous to the b-adrenoceptor--dependent, LC

stimulation--induced SC--CA1 LTD that we observed. b-Adreno-
ceptor activation in area CA1 initiates local protein synthesis

required for late LTP (Gelinas and Nguyen 2005), suggesting

that activation of translation machinery may play a role in the

induction of b-adrenoceptor--dependent LTD seen in the

present study.
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The release of NA by the LC may provoke or facilitate

dynamic reorganization of neural networks through changes in

synaptic strength (Bouret and Sara 2005). Using the rat as

a model, we have explored how LC stimulation affects

hippocampal SC--CA1 synaptic plasticity and learning and

memory. Stimulating the LC in freely moving rats facilitates

the induction of LTD. LC stimulation immediately prior to

a learning episode also selectively increases memory for the

spatial aspects of that episode. Memory for a nonstressful odor--

award association has previously been shown to be impaired at

the late stages of consolidation by a b-adrenoceptor antagonist
(Sara et al. 1999). We have shown that memory ‘‘induction’’ is

also reliant upon b-adrenoceptor activation. Propranolol

administration prior to an episode impairs the spatial memory

for that particular episode, whereas leaving the spatial memory

for the previous episode intact. LC stimulation therefore not

only induces SC--CA1 LTD but also facilitates memory encoding

for the spatial details of an event.

Conclusion

We have found that the formation of spatial contextual memory

in rats is heavily influenced by activation of the adrenergic

system. Activation of the LC elevates NA levels in the

hippocampus, suppresses theta-frequency network activity,

and also enables the induction of hippocampal long-term

synaptic depression, that is, b-adrenoceptor and NMDA re-

ceptor dependent. Our data support that the LC novelty

response triggers persistent synaptic plasticity in the hippo-

campus and enduring spatial memory. The activity of the LC

may, thus, confer saliency upon novel spatial information such

that hippocampal LTD and spatial memory formation result.
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