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ABSTRACT We previously found a reduction in the ability of a single 100 Hz 3 1 sec
tetanus to induce long-term potentiation (LTP) in the CAl region of hippocampal slices
prepared from adult animals. To determine whether this reduction in LTP generation
results from changes in neuromodulator function, we examined the ability of several
neuromodulators to promote LTP in slices prepared from mature rats. Although
acetylcholine, N-methyl-D-aspartate, and an agonist at metabotropic glutamate recep-
tors failed to promote LTP, administration of norepinephrine allowed robust LTP. The
effects of norepinephrine were mimicked by an a1-adrenergic agonist and were blocked
by an a1-receptor antagonist. b-adrenergic agonists and antagonists were ineffective.
These results suggest that norepinephrine acting via a1-adrenoceptors may be an
important cofactor in promoting lasting synaptic plasticity in the adult central nervous
system and that changes in adrenergic function may contribute to maturation- or
aging-associated changes in memory function. Synapse 31:196–202, 1999.
r 1999 Wiley-Liss, Inc.

INTRODUCTION

Disorders of memory function typically occur in the
elderly, although younger adults may also show defects
in learning ability. Multiple factors are likely to contrib-
ute to age-related memory impairment, including
changes in specific neurotransmitter systems and alter-
ations in synaptic function. Long-term potentiation
(LTP) is a form of persistent synaptic plasticity that is a
candidate memory mechanism in the central nervous
system. Importantly, LTP can be studied in vitro where
the contributions of neurotransmitters, neuromodula-
tors, and second messengers can be examined in detail.
Furthermore, it is possible to prepare brain slices from
animals of various ages to determine how synaptic
function and synaptic plasticity change with postnatal
development and aging (Harris and Teyler, 1983; Gein-
isman et al., 1995).

In the CAl region of rat hippocampal slices, the
ability of a single 100 Hz 3 1 sec tetanus to induce LTP
shows developmental changes with a peak for LTP
induction at postnatal day (PND) 15–30, an age range
roughly equivalent to childhood in humans (Harris and
Teyler, 1983; Izumi and Zorumski, 1995). In slices
prepared from adult rats, this same tetanic stimulus
produces an initial enhancement of synaptic responses
that fades over 60–90 min (Hori et al., 1992; Deupree et

al., 1993; Izumi and Zorumski, 1995), suggesting that
there are age-related factors that make LTP generation
more robust in younger animals.

Prior studies of LTP in hippocampal slices from
young animals have shown an important role for
metabotropic glutamate receptors (mGluRs) that are
linked to phosphatidylinositol (PI) metabolism in LTP
induction in the CAl region (Izumi et al., 1987; 1991;
Reymann and Matthies, 1989; Behnisch et al., 1991;
Bashir et al., 1993). During development, there is a
reduction in the ability of mGluRs to promote PI
turnover, with these receptors becoming much less
effective in the adult hippocampus (Nicoletti et al.,
1986). This change in mGluR function during develop-
ment is mimicked by a decrease in the ability of mGluR
antagonists to block LTP in slices prepared from adult
animals (Izumi and Zorumski, 1994). These observa-
tions raise the possibility that transmitter systems that
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promote PI metabolism may help to foster LTP in slices
from adult animals. To test this possibility, we prepared
hippocampal slices from adult and fully matured albino
rats and examined the ability of agents that promote PI
metabolism, including norepinephrine (NE), acetylcho-
line (ACh), and mGluR agonists to alter LTP induction.

MATERIALS AND METHODS

Hippocampal slices were prepared from the septal
half of the hippocampus of male Sprague-Dawley albino
rats at postnatal age 30 6 2, 120 6 2, 300 6 2, and
600 6 3 days using standard techniques (Zorumski et
al., 1996). Rats were anesthetized with halothane and
decapitated. Hippocampi were rapidly dissected into
ice-cold (4–6°C), gassed (95% O2–5% CO2) artificial
cerebrospinal fluid (ACSF) containing (in mM): 124
NaCl, 5 KCl, 2 CaCl2, 22 NaHCO311.25 NaH2PO4, 2
MgSO4, and 10 glucose. Transverse slices (500 µm
thick) were cut with a Campden vibratome. After
recovery for at least 1 h at 30°C in an incubation
chamber, slices were transferred individually to a sub-
mersion recording chamber. Experiments were done at
30°C. Drugs were dissolved in the ACSF and adminis-
tered by bath perfusion (2 ml/min). Solution exchange
in the recording chamber is complete in 90 sec.

Extracellular field recordings were obtained from the
apical dendritic layer of the CAl region using 5–10 MV
glass electrodes filled with 2 M NaCl. Synaptic re-
sponses were evoked with 0.1–0.2 msec constant cur-
rent pulses delivered through a bipolar electrode placed
in the Schaffer collateral–commissural pathway. Excita-
tory postsynaptic potentials (EPSPs) were monitored
by applying single test pulses every minute at an
intensity sufficient to evoke 50% to 60% maximal
EPSPs based on control input–output curves. This
stimulus intensity ranged between 5–10 mA, and we
did not observe systematic differences among slices
prepared from animals of different ages either in the
magnitude of the half-maximal stimulus or in the
half-maximal EPSP slope. Table I shows the average
EPSP slopes from slices used for experiments with and
without norepinephrine. EPSP monitoring was inter-
rupted 20 min and 60 min after tetanic stimulation to
obtain complete input–output curves. The protocol for
LTP induction consisted of a single electrical tetanus
for 1 sec at 100 Hz with the same stimulus intensity
used to monitor EPSPs. The degree of synaptic enhance-

ment reported in the text was measured as the change
in the EPSP slope at the 50% point on the EPSP
input–output curve 60 min after tetanic stimulation
compared to the value obtained 10–20 min prior to the
tetanus. Values in the text represent means 6 SEM.
For statistical comparisons between groups, the Mann-
Whitney U-test and Student’s t-test were used.

RESULTS

As previously reported (Izumi and Zorumski, 1995), a
single 100 Hz 3 1 sec high-frequency stimulation (HFS)
using a stimulus intensity that evoked 50% maximal
EPSPs failed to induce LTP in slices from PND 120,
300, and 600 rats ( 17.2 6 4.6% change in EPSP slopes
60 min after HFS (n 5 12) at PND 120; 20.7 6 6.6%
change (n 5 9) at PND 300, 22.7 6 5.8% change (n 5 5)
at PND 600). At these ages, the HFS was followed by a
rapid posttetanic increase in synaptic responses that
faded to baseline over the next hour. In contrast, the
same HFS reliably induced LTP at PND 30
(137.7 6 8.1% change, n 5 7). At PND 90, HFS in-
duced only a small degree of lasting synaptic enhance-
ment (110.8 6 7.3% change, n 5 15, P , 0.05 com-
pared to PND 30). At PND 120, repeated HFS consisting
of three 100 Hz trains administered 10 sec apart also
failed to induce robust LTP (112.2 6 5.4%, n 5 5). The
failure of a single tetanus to generate sustained LTP in
slices from rats $PND 120 in the presence of 2 mM
calcium and 2 mM magnesium appears to reflect a shift
in the threshold for LTP induction, because slices
tetanized in the presence of 2.5 mM calcium and 1.3
mM magnesium exhibited LTP (134.6 6 6.7% change
at PND 120, n 5 8). In the presence of 2.5 mM calcium
and 1.3 mM magnesium, the degree of LTP induced in
slices from PND 30 animals was similar to that ob-
served in ACSF containing 2 mM calcium and 2 mM
magnesium (131.2 6 9.1% change, n 5 6).

The sensitivity of LTP induction to changes in extra-
cellular calcium and magnesium suggests that neuro-
modulators that influence intracellular calcium may
also affect LTP generation in adult hippocampal slices.
We therefore examined several agents known to alter
intracellular calcium levels in the hippocampus, includ-
ing NE, ACh, NMDA, and activators of mGluRs. Al-
though 5 min administration of 10 µM NE during the
delivery of HFS did not alter LTP in slices prepared
from PND 30 rats (132.3 6 10.1% change, n 5 3), NE
promoted LTP in slices at PND 90 (Fig. 1, 144.0 6 10.0%
change (n 5 5), P , 0.05). Clear augmentation of LTP
induction was also obtained with 10 µM NE in slices
from PND 120, 300, and 600 rats (160.0 6 16.1%
change (n 5 5) at PND 120, P , 0.01; 128.8 6 11.5%
change (n 5 7) at PND 300, P , 0.05; 123.6 6 5.5%
change (n 5 6) at PND 600, P , 0.01).

Because there could have been differences in the
condition of the slices in the control and NE experi-
ments described above, we also performed experiments

TABLE I. Baseline half-maximal EPSP slopes (mV/msec 6 SEM) for
experiments without and with norepinephrine

Without norepinephrine With norepinephrine

PND30 0.91 6 0.12 0.78 6 0.15
PND90 0.98 6 0.11 0.94 6 0.13
PND120 0.82 6 0.14 0.79 6 0.07
PND300 1.00 6 0.25 0.89 6 0.09
PND600 0.90 6 0.17 0.94 6 0.16

Results of these experiments are shown in Figure 1.
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in which a first HFS was administered in the absence of
NE while a second HFS was delivered 60 min later in
the presence of NE. At PND 120, the first HFS failed to
produce LTP (14.8 6 11.6% change, n 5 5), whereas
the second HFS delivered in the presence of 10 µM NE
produced lasting synaptic enhancement (Fig. 2A,
164.6 6 23.2% change). In control slices, a second HFS
delivered in the absence of NE failed to induce LTP
(21.4 6 3.4% change, n 5 3). At PND 300, a second
HFS administered in the presence of 10 µM NE also

produced LTP (Fig. 2B, 1120.2 6 11.1% change, n 5 5),
60 min after the failure of LTP induction by an HFS
delivered in the absence of NE (24.6 6 5.7% change).

The ability of NE to foster LTP induction at PND 120
was attenuated by 10 µM MK-801, a noncompetitive
NMDA receptor antagonist, when it was coadminis-
tered with 10 µM NE during HFS (Table II). This
suggests that the effects of NE are independent of the
requirement for NMDA receptors during HFS in LTP
induction. Furthermore, 10 µM NE allowed LTP when
NE was administered immediately after HFS
(138.7 6 10.6% change, n 5 8). The latter results also
support the idea that the effects of NE on LTP induction
do not result from changes in NMDA receptor function
because NMDA receptors are not required for LTP
initiation in the period following tetanic stimulation
(Izumi et al., 1991). Similarly, administration of 10 µM
NE during HFS allowed LTP induction when 10 µM
MK-801 was administered after HFS (134.3 and
165.1% changes, n 5 2).

In contrast to the effects of NE, 5 min administration
of 10 µM ACh before and during the delivery of HFS
failed to facilitate LTP at PND 120. Similarly, 30 µM
trans- (6)-1-amino-1,3-cyclopentanedicarboxylic acid
(ACPD) and 1 µM NMDA, other agents that increase
intracellular calcium, failed to mimic the effects of NE
on LTP induction in PND 120 slices (Table II).

The ability of NE to promote LTP induction in slices
from PND 120 rats was mimicked by 10 µM methox-
amine, an agonist at a-adrenergic receptors, but not by
10 µM isoproterenol, a b-adrenergic receptor agonist
(Fig. 3A). Moreover, coadministration of 10 µM prazo-
sin, an a1-adrenergic receptor antagonist, with 10 µM
NE blocked LTP induction in slices from PND 120
animals, whereas 1 µM propranolol, a b-adrenergic
receptor blocker, failed to alter the effects of NE (Table
II). A higher concentration of propranolol (10 µM)
depressed baseline synaptic transmission (Izumi et al.,
1992b). In slices from PND 300 rats, 10 µM prazosin,
but not 1 µM propranolol, also blocked the effects of NE

Fig. 1. Effects of NE on LTP in hippocampal slices from rats of
various ages. The histogram shows the percent change (6SEM) of
EPSP slope measured 60 min after delivery of HFS consisting of 100
pulses for 1 sec. The effects of the HFS in control slices (open bars) and
in the presence of NE (solid bars) are shown. Ten µM NE was
administered for 5 min prior to HFS. **P , 0.01, *P , 0.05 compared
to control slices in each age.

Fig. 2. Effects of NE on LTP in hippocampal slices from adult
animals. The graphs show the time course of change (6SEM) of EPSP
slope in slices from PND 120 (A) and PND 300 (B) rats treated with 10
µM NE (solid bar) prior to the second HFS. HFS was delivered in all
figures at the time shown by the arrows (>). The first HFS delivered in
the absence of NE failed to induce LTP but the second HFS in the
presence of NE successfully induced LTP at both ages. The traces
depict EPSPs obtained 10 min before (a) and 60 min after (b) the first
HFS and 60 min after the second HFS (c). The dashed traces are the
initial baseline responses for comparison. Calibration bar: 5 ms, 1 mV.

TABLE II. Effects of various agents administered 5 min before HFS
on LTP induction in slices from PND 120 rats

Agents (µM) EPSP slope 6 SEM (%) N

None 17.2 6 4.6 12
ACh (10) 18.1 6 1.5 3
ACPD (30) 24.3 6 7.3 4
NMDA (1) 13.9 6 8.0 4
APV (10) 12.3 6 5.2 4
L-NMMA (100) 111.2 6 3.5 3
NE (1) 116.1 6 4.3 6
NE (10) 144.0 6 10.0 5
NE (10) 1 MK 801 (10) 111.8 6 3.0 3
NE (10) 1 prazosin (10) 10.8 6 0.6 5
NE (10) 1 propranolol (1) 151.1 6 11.1 5
Methoxamine 138.8 6 7.2 5
Isoproterenol 15.0 6 9.3 5

MK-801, prazosin, and propranolol were administered for 10 min.
EPSP slopes were measured 60 min after the tetanus and are compared to
baseline.

198 IZUMI AND ZORUMSKI



on LTP induction (Fig. 3B, 24.4 6 5.3% change, n 5 4
for prazosin, 143.1 6 10.7% change, n 5 4 for proprano-
lol).

In hippocampal slices from PND 30 rats, we previ-
ously found that untimely activation of NMDA recep-
tors inhibits LTP induction through activation of nitric
oxide (NO) synthase (Izumi et al., 1992a,c). This LTP
inhibition is overcome by NE and a1-adrenergic ago-
nists (Izumi et al., 1992b). Because of similarities with
the present findings, we examined whether untimely
NMDA receptor activation and/or NO release may
participate in the failure of LTP generation in slices
from mature animals. At PND 120, neither 10 µM
2-amino-5-phosphonovaleric acid (APV) nor 100 µM
L-NG -monomethylarginine (L-NMMA) mimicked the
effects of NE (Table II). L-NMMA (100 µM) also failed to

promote sustained synaptic enhancement in slices from
PND 300 rats (Fig. 4, 111.6 6 7.5% change, n 5 6).

DISCUSSION

Compared to PND 15–30, when the peak degree of
LTP is observed (Harris and Teyler, 1983; Izumi and
Zorumski, 1995), the ability of a single HFS to induce
LTP is diminished by PND 120 in rat hippocampal
slices. The failure of a single HFS to induce robust LTP
in slices from adult animals may be related to the
stimulus intensity, because several studies have re-
ported LTP in adult slices using more intense or
repeated tetanic stimulation (Geinisman et al., 1995,
Norris et al., 1996). Although we did not observe robust
LTP with three trains of 100 Hz HFS, it has recently
been reported that repeated trains of 200 Hz pulses
produce LTP (Shankar et al., 1998). Of interest is that
the LTP produced by 200 Hz HFS in slices from aged
animals does not depend on activation of NMDA recep-
tors. This finding suggests that even with 200 Hz
repeated HFS it is difficult to induce conventional LTP
through activation of NMDA receptors in aged slices.
An alternative explanation concerns differences in the
composition of the ACSF, because other studies have
used ACSF with increased calcium (Chang et al., 1991,
Deupree et al., 1993). Our studies indicate that increas-
ing the extracellular calcium/magnesium ratio pro-
motes LTP in adult slices when using a single tetanus of
fixed intensity. However, the ability of a single 100 Hz 3
1 sec tetanus to induce LTP in the presence of a
relatively lower calcium/magnesium ratio at PND 30
suggests that there may be changes in slice conditions
with maturation. Because there appears to be little
change in basal synaptic function mediated by NMDA
or non-NMDA receptors between PND 30 and PND 120,
we considered whether the actions of certain neuro-
modulators may be diminished in slices prepared from
adult animals. In particular, glutamate stimulated PI
turnover peaks at PND 7 and decreases in adulthood
(Nicoletti et al., 1986). Consistent with this, we previ-
ously observed that the ability of mGluR antagonists to
block LTP induction is diminished at PND 60 compared
to PND 15–30 (Izumi and Zorumski, 1994). However,
the time course of reduction in PI metabolism by
mGluRs during development does not exactly parallel
the developmental changes in LTP generation, suggest-
ing that other factors may be important.

In addition to glutamate, ACh and NE are important
modulators of hippocampal function and have been
implicated in memory function. Furthermore, these
agents stimulate PI metabolism through muscarinic
receptors and a1-adrenoceptors, respectively. Although
the involvement of cholinergic systems in age-related
memory disorders has been studied extensively (Decker
et al., 1988; Yavich et al., 1993; Puumala et al., 1996),
the role of muscarinic receptors in CAl hippocampal
LTP induction is less certain. Carbachol, a muscarinic

Fig. 3. Effects of adrenergic agonists during HFS in hippocampal
slices from PND 120 rats (A) and effects of adrenergic antagonists on
NE-mediated LTP facilitation in hippocampal slices from PND 300
rats (B). (A) The graphs show the time course of change in EPSP slope
in slices treated with 10 µM methoxamine (open bar), an a1-
adrenoceptor agonist, and isoproterenol (solid bar), a b-adrenoceptor
agonist, prior to HFS. Methoxamine promoted LTP (open circles),
whereas isoproterenol did not (filled circles). The traces in the graph
depict EPSPs obtained 60 min after HFS delivered in the presence of
methoxamine (upper) and isoproterenol (lower trace). The dashed
trace is the initial baseline response for comparison. (B) The graphs
show the time course of change of EPSP slope in PND 300 slices
treated with 10 µM NE (solid bar) plus an a1- or b-receptor antagonist
(open bar). Ten µM prazosin, an a1-adrenoceptor antagonist, blocked
the effects of NE on LTP generation (open circles), whereas 1 µM
propranolol did not (solid circles). The traces depict EPSPs obtained 60
min after HFS delivered in the presence of NE with propranolol
(upper) and prazosin (lower trace). The dashed trace is the initial
baseline response for comparison. Calibration bar: 5 ms, 1 mV.
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agonist, facilitates LTP induction (Blitzer et al., 1990),
while scopolamine, a muscarinic antagonist, may im-
pair LTP generation (Hirotsu et al., 1989; Sokolov and
Kleschevnikov, 1995). However, it has also been re-
ported that cholinergic denervation does not alter LTP
(Jouvenceau et al., 1996), suggesting that ACh is not
essential for LTP induction in the CAl region. Musca-
rinic agonists can improve memory function in aged
rats (Markowska et al., 1995) and pharmacological
agents that enhance cholinergic function have benefi-
cial effects in dementing illnesses (Knapp et al., 1994).
In our studies, we found that 10 µM ACh failed to
promote LTP in adult slices. However, these studies do
not exclude a role for ACh and this issue will need to be
considered in future experiments taking into account
the actions of cholinesterases. While the PI turnover
stimulated by ACh and glutamate peaks early in devel-
opment, the PI turnover produced by NE develops with
maturation into adulthood (Balduini et al., 1991). In
the present study, we observed that NE promotes LTP
induction in hippocampal slices from mature animals
via activation of a1-adrenergic receptors.

Recent studies have shown that NE, acting at b-adren-
ergic receptors, enhances the ability of low-frequency
stimulation (LFS, 5–10 Hz) to induce LTP in the CAl
region of slices prepared from young animals (Thomas
et al., 1996; Katsuki et al., 1997). At higher stimulation
frequencies (30–100 Hz), NE has no effect on LTP
induction. Consistent with these reports, we found that
NE failed to alter LTP produced by 100 Hz 3 1 sec
stimulation in slices from PND 30 rats. However, the
ability of NE to foster LTP produced by HFS in slices
from mature animals differs from the enhancement of
LFS-induced LTP in that the effects in mature animals
required activation of a1-adrenoceptors. Although the

involvement of a1-receptors in memory function is
unclear, it is interesting that prazosin, an a1-receptor
antagonist, impairs memory acquisition (Didriksen,
1995; Riekkinen et al., 1996). Furthermore, Stone and
colleagues (1988) reported that scopolamine-induced
amnesia in mice, a model of age-related memory impair-
ment, is attenuated by epinephrine.

In prior studies, we found that low micromolar
concentrations of NMDA inhibit LTP in slices from
PND 30 rats when administered either immediately
before or following tetanic stimulation (Izumi et al.,
1992a). Similar to the findings presented here, the
inhibition of LTP by NMDA is overcome by NE acting
via a1-adrenoceptors (Izumi et al., 1992b). Additionally,
NMDA inhibits PI turnover stimulated by mGluRs and
cholinergic receptors (Palmer et al., 1988; Gonzales et
al., 1991; Bohner et al., 1992; Lee and Fain, 1992; Myles
et al., 1996) but not PI turnover mediated by a1-
adrenoceptors (Jope and Li, 1989). The inhibition of
LTP by NMDA is also blocked by administration of 10
µM APV and 100 µM L-NMMA, suggesting that NO
release produced by untimely NMDA receptor activa-
tion has a negative influence on LTP induction in slices
from younger animals (Izumi et al., 1992c). Although
the biological targets of NO responsible for LTP inhibi-
tion in young animals have not yet been determined,
one potential candidate is suppression of PI turnover
through an increase in cyclic-GMP (Oliva and Garcia,
1995; Samochocki et al., 1996; Yu and Chuang, 1996).
In this case, the increase in NO synthase activity in
older animals (Inada et al., 1996) would be consistent
with a decline in LTP generation. However, in slices
from PND 120 rats LTP could not be produced in the
presence of either 10 µM APV or 100 µM L-NMMA,
suggesting that untimely NMDA receptor activation

Fig. 4. Effects of L-NMMA and NE on LTP in hippocampal slices
from PND 300 rats. The graph shows the time course of change of
EPSP slope in slices from PND 300 rats treated with 100 µM L-NMMA
(open bar) during the first HFS and 10 µM NE (solid bar) during the
second HFS. The first HFS delivered in the presence of L-NMMA

failed to promote sustained LTP while the second HFS in the presence
of NE successfully induced LTP. The traces depict EPSPs obtained 10
min before (a) and 60 min after (b) the first HFS and 60 min after the
second HFS (c). The dashed traces in figures are the initial baseline
responses for comparison. Calibration bar: 5 ms, 1 mV.
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and NO release do not contribute to the decline in LTP
generating ability in older animals. Similarly, 100 µM
L-NMMA failed to promote LTP in slices from PND 300
rats.

Taken together, the present results demonstrate that
hippocampal slices prepared from mature rats show
diminished ability to sustain LTP under conditions that
produce LTP in slices from younger animals. Although
the mechanisms responsible for the change in LTP
generation are not certain, activation of a1-adrenergic
receptors promotes LTP in slices from mature animals.
This suggests that strategies targeted towards enhanc-
ing adrenergic function and/or second messenger sys-
tems activated by these receptors could have an impact
on several forms of memory and learning disorders.
Because there are changes in the adrenergic system in
several dementing illnesses, including senile dementia
(Bondareff et al., 1981; Cash et al., 1984; Shimohama et
al., 1987), these results suggest strategies that might
improve function in these disorders as well.
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