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Coactivation of B-Adrenergic and Cholinergic Receptors Enhances
the Induction of Long-Term Potentiation and Synergistically
Activates Mitogen-Activated Protein Kinase in the Hippocampal

CA1 Region

Ayako M. Watabe,” Paulette A. Zaki,2 and Thomas J. O’Dell"

1Department of Physiology, University of California, Los Angeles School of Medicine and 2interdepartmental PhD Program
for Neuroscience, University of California, Los Angeles, Los Angeles, California 90095

Interactions between noradrenergic and cholinergic receptor
signaling may be important in some forms of learning. To inves-
tigate whether noradrenergic and cholinergic receptor interac-
tions regulate forms of synaptic plasticity thought to be involved
in memory formation, we examined the effects of concurrent
B-adrenergic and cholinergic receptor activation on the induction
of long-term potentiation (LTP) in the hippocampal CA1 region.
Low concentrations of the B-adrenergic receptor agonist isopro-
terenol (ISO) and the cholinergic receptor agonist carbachol had
no effect on the induction of LTP by a brief train of 5 Hz stimu-
lation when applied individually but dramatically facilitated LTP
induction when coapplied. Although carbachol did not enhance
ISO-induced increases in cAMP, coapplication of ISO and car-
bachol synergistically activated p42 mitogen-activated protein
kinase (p42 MAPK). This suggests that concurrent B-adrenergic
and cholinergic receptor activation enhances LTP induction by

activating MAPK and not by additive or synergistic effects on
adenylyl cyclase. Consistent with this, blocking MAPK activation
with MEK inhibitors suppressed the facilitation of LTP induction
produced by concurrent B-adrenergic and cholinergic receptor
activation. Although MEK inhibitors also suppressed the induc-
tion of LTP by a stronger 5 Hz stimulation protocol that induced
LTP in the absence of ISO and carbachol, they had no effect on
LTP induced by high-frequency synaptic stimulation or low-
frequency synaptic stimulation paired with postsynaptic depolar-
ization. Our results indicate that MAPK activation has an impor-
tant, modulatory role in the induction of LTP and suggest that
coactivation of noradrenergic and cholinergic receptors regulates
LTP induction via convergent effects on MAPK.
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Numerous behavioral studies indicate that noradrenergic and cho-
linergic systems in the brain are involved in learning and memory
(for review, see McGaugh, 1989; Blokland, 1996; Jerusalinsky et al.,
1997) and that interactions between these two neurotransmitters
may be important for some forms of learning (Decker et al., 1990;
Decker and McGaugh, 1991; Ohno et al., 1997). Although norepi-
nephrine and acetylcholine potentially could modulate memory
formation via multiple effects occurring at different levels of CNS
function, one possibility is that they act and interact at the cellular
level to regulate activity-dependent changes in synaptic strength,
such as long-term potentiation (LTP), that are thought to be
involved in the storage of new information during learning (Izqui-
erdo and Medina, 1995). Indeed, whereas the induction of LTP at
excitatory synapses in the CAl region of the hippocampus is
primarily dependent on activation of NMDA-type glutamate re-
ceptors (Bliss and Collingridge, 1993), noradrenergic (Sah and
Bekkers, 1996; Thomas et al., 1996; Katsuki et al., 1997; Izumi
and Zorumski, 1999) and cholinergic (Blitzer et al., 1990; Huerta
and Lisman, 1993) receptor activation strongly enhances the in-
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duction of LTP by some patterns of synaptic stimulation. More-
over, coactivation of these receptors synergistically enhances the
induction of LTP in rat visual cortex (Brocher et al., 1992).

The cellular mechanisms responsible for the effects of concur-
rent noradrenergic and cholinergic receptor action on LTP induc-
tion are mainly unknown. One possibility is that coactivation of
noradrenergic and cholinergic receptors modulates LTP induction
via synergistic or additive effects on neuronal excitability that
enhance NMDA receptor activation during synaptic activity (Bro-
cher et al., 1992). Alternatively, coactivation of these receptors
might influence LTP induction by modulating components of the
LTP pathway that lie downstream of NMDA receptor activation.
For instance, the induction of LTP by some patterns of synaptic
stimulation requires a protein kinase A (PKA)-dependent suppres-
sion of protein phosphatases (Blitzer et al., 1995, 1998; Thomas et
al., 1996), and coactivation of noradrenergic and muscarinic recep-
tors thus might enhance LTP induction via synergistic or additive
effects on adenylyl cyclase activity (Baumgold, 1992). Noradrener-
gic and cholinergic receptor agonists also activate the mitogen-
activated protein kinase (M APK) signaling cascade in hippocam-
pal neurons (Roberson et al., 1999), whereas inhibitors of MAPK
activation suppress LTP induction (English and Sweatt, 1997; At-
kins et al., 1998; Coogan et al., 1999; Winder et al., 1999; Rosen-
blum et al., 2000). Thus, another possibility is that noradrenergic
and cholinergic receptor signaling pathways modulate LTP induc-
tion via effects on MAPK.

To investigate the potential role of adenylyl cyclase and MAPK
signaling in the noradrenergic and cholinergic modulation of LTP
induction, we examined the effects of B-adrenergic and cholinergic
receptor agonists on cAMP levels, MAPK activation, and LTP
induction in the hippocampal CAl region. Our results show that
coactivation of B-adrenergic and cholinergic receptors facilitates
the induction of LTP in a highly cooperative manner and suggest
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that coactivation of noradrenergic and cholinergic receptors regu-
lates LTP induction via a synergistic activation of MAPK.

MATERIALS AND METHODS

Slice preparation and electrophysiology. Hippocampal slices used in both
electrophysiological and biochemical experiments were obtained from 4- to
7-week-old male C57BL/6 mice. Animals were anesthetized with halo-
thane and killed by cervical dislocation; then the brains were removed
rapidly and placed in cold (4°C) artificial CSF (aCSF) consisting of (in
mM) 124 NaCl, 4.4 KCI, 25 NaHCO;, 1.0 NaH,PO,, 1.2 MgSO,, 2.0
CaCl,, and 10 glucose (gassed with 95% O,/5% CO,). Transverse slices
(400 um thick) were prepared by using standard techniques and then were
transferred to an interface-type recording chamber (Fine Science Tools,
Foster City, CA) where they were perfused continuously (1-3 ml/min)
with warm (30°C) aCSF for at least 1 hr before electrophysiological
experiments. Longer recovery times were used in the biochemical exper-
iments (see below).

A bipolar, nichrome wire stimulating electrode placed in stratum radia-
tum of the CA1 region of the slice was used to activate Schaffer collateral/
commissural fiber synapses onto CAl pyramidal cells. In extracellular
recording experiments the field EPSPs (fEPSPs) evoked by 0.02 Hz pre-
synaptic fiber stimulation were recorded by using an aCSF-filled glass
microelectrode placed in stratum radiatum (electrode resistance ranged
from 5 to 10 MQ). At the start of an experiment we determined the
maximal fEPSP amplitude that could be generated in each slice and then
set the intensity of presynaptic fiber stimulation to evoke baseline fEPSPs
that were ~50% of the maximal fEPSP amplitude.

In some experiments whole-cell current-clamp recordings were used to
record EPSPs from CA1 pyramidal cells in slices maintained in submerged
slice recording chambers. Slices (with the CA3 region removed) were
bathed in a modified aCSF containing elevated levels of CaCl, and MgSO,
(4 mMm each), reduced levels of KCI (2.2 mm), and 100 uM picrotoxin.
Patch-clamp electrodes were fabricated from 1.5 mM outer diameter bo-
rosilicate glass and filled with a solution containing (in mm) 122.5 Cs-
gluconate, 0.9 CsCl, 10 tetracthylammonium chloride (TEA-CI), 0.2
EGTA, 2 Mg-ATP, 0.3 GTP, 10 HEPES, and 0.2% dimethylsulfoxide
(DMSO), pH 7.2 (osmolarity, 290-295 mOsm; electrode resistance, 2.5—
5.0 MQ). A modified electrode-filling solution containing an elevated
concentration of CsCl (17.5 mm) and no DMSO was used in experiments
in which MEK inhibitors were bath-applied. Current injected through the
recording electrode was used to hyperpolarize cells to between —80 and
—85 mV, and 50-msec-long pulses of hyperpolarizing current (100 pA)
were delivered once every 20 sec to monitor access and input resistance.
Only cells with resting membrane potentials more negative than —60 mV
and an input resistance >140 M) were used. Access resistances, deter-
mined from the bridge balance circuit of the intracellular amplifiers
(Dagan 1X2-700, Axon Instruments Axoprobe 1A, Foster City, CA),
ranged from 15 to 34 M(). At the start of each experiment the intensity of
presynaptic stimulation was adjusted to evoke postsynaptic EPSPs between
4 and 7 mV in amplitude (stimulation rate, 0.05 Hz). To induce LTP, we
paired 100 EPSPs evoked at 2 Hz with a constant injection of current
through the recording electrode to depolarize the postsynaptic membrane
potential to between 0 and +20 mV. Whole-cell recordings were main-
tained for 17-20 min before we attempted to induce LTP.

Data acquisition and analysis were performed with programs written
with the Experimenter’s Workbench and Common Processing software
package (Data Wave Technologies). All values are reported as mean =
SEM. Synaptic responses were normalized to average values measured
over a baseline period that was recorded before any experimental manip-
ulation. The average size of EPSPs (obtained from measurements of the
slope) recorded between 40 and 45 min after 5 Hz stimulation (in extra-
cellular recordings) or 25-30 min after pairing EPSPs with low-frequency
stimulation (in intracellular recordings) was used for statistical compari-
sons (paired and unpaired Student’s ¢ tests or ANOVAs, followed by
Dunnett’s test comparisons with control). Complex spike bursting during 5
Hz stimulation was determined by visually inspecting each synaptic re-
sponse during the 5 Hz train and counting the number of negative spikes
evoked by each EPSP (see Thomas et al., 1998).

cAMP assay. Hippocampal slices from the same animal were maintained
in the same interface chambers as those used for electrophysiological
experiments and were allowed to recover for at least 2 hr. Slices (two at a
time) then either were left untreated (control slices) or were exposed to a
10 min bath application of 200 nM isoproterenol (ISO), 200 nM carbachol,
or ISO plus carbachol (200 nM each). At the end of each treatment the
slices were removed rapidly from the chamber and immediately homoge-
nized in ice-cold 3% perchloric acid (PCA). The pH of the samples was
neutralized with 15% KHCO; and, after centrifugation (5 min at 16,000 X
g) the supernatants were assayed for cAMP by using a commercially
available kit (Diagnostic Products, Los Angeles, CA). cAMP levels were
normalized to the amount of protein in the PCA pellet that was determined
with a modified Lowry assay (Sigma, St. Louis, MO) (Peterson, 1977).

Protein preparations and Western immunoblotting analysis. To examine
the effects of B-adrenergic and cholinergic receptor activation on MAPK
activation, we allowed hippocampal slices from the same animal to recover
for 3-4 hr and then either left them untreated (control slices) or exposed
them to 10 min bath applications of ISO alone, carbachol alone, or ISO
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plus carbachol. Then the slices (two to three in each treatment condition)
were frozen quickly on a glass plate on dry ice, and the CA1 regions were
isolated by microdissection. The isolated CA1 regions were transferred to
a microcentrifuge tube kept in a dry ice/ethanol bath and subsequently
were homogenized by sonication (Micron Ultrasonic Cell Disruptor) in 90
wl of an ice-cold lysis buffer containing (in mm) 50 Tris-HCI, pH 7.5, 50
NaCl, 10 EGTA, 10 EDTA, 5 sodium pyrophosphate, 1 sodium orthovana-
date, 4 para-nitrophenyl phosphate, and 1 phenylmethylsulfonyl fluoride
plus 20 pg/ml of leupeptin, 4 ug/ml of aprotinin, and 0.01% Triton X-100.
After centrifugation at 12,000 X g (for 5 min at 4°C) aliquots of the
supernatant were saved for protein determination, and denaturing loading
buffer [0.5 M Tris-HCI, pH 6.8, 4.4% (w/v) SDS, 20% (v/v) glycerol, 2%
B-mercaptoethanol, and bromophenol blue| was added immediately to the
rest of the sample. Protein concentrations were determined by using a
Bio-Rad Protein Assay Kit (Hercules, CA) based on the Bradford method
(Bradford, 1976).

Samples containing equivalent amounts of protein (15-40 ug) were
boiled for 3 min, separated on 12% SDS-PAGE gels, transferred onto
nitrocellulose membranes, and blocked for 3 hr in 5% dry milk in PBS with
0.05% Tween-20 (1 um microcystin LR was also included for phospho-
MAPK blots). Then the blots were incubated overnight with an antiserum
that specifically recognizes the Thr202 and Tyr204 dually phosphorylated,
activated forms of p42/p44 M APK (1:2000; New England Biolabs, Beverly,
MA). Another antibody that recognizes both phosphorylated and unphos-
phorylated forms of p42/p44 MAPK (1:1000; New England Biolabs) was
used to measure total MAPK levels. After three washes (for 10 min each)
with PBS containing 0.05% Tween-20, the blots were incubated with
horseradish peroxidase-conjugated secondary antibodies for 2 hr. Protein
signals were visualized with enhanced chemiluminescence (ECL Western
Blotting Analysis system, Amersham, Arlington Heights, IL) and quanti-
fied with a Molecular Dynamics Personal Densitometer SI with Image-
QuaNT software (Molecular Dynamics, Sunnyvale, CA). Digital resolu-
tion was set at 12 bits per pixel (50 wm pixel size), and areas from a single
experiment (untreated control slices plus slices treated with ISO, carba-
chol, and ISO plus carbachol; all slices from the same animal) were
scanned as a single data set. Western blots were developed to be in a linear
range for densitometry. For each experiment both total MAPK and
phospho-M APK levels were normalized relative to that seen in untreated,
control slices. ANOVAs followed by Dunnett’s test comparisons to un-
treated control groups were used to determine statistical significance in all
biochemical assays.

Materials. Salts in the aCSF were from Sigma. R(—)-isoproterenol (+)-
bitartrate, carbachol, and atropine were purchased from Research Bio-
chemicals (RBI, Natick, MA). The MEK inhibitors U0126 and PD98059
were obtained from Promega (Madison, WI) and New England Biolabs,
respectively. SL327 was a generous gift from DuPont Pharmaceuticals
(Wilmington, DE). All three MEK inhibitors were prepared as concen-
trated stock solutions in DMSO and then diluted into aCSF before each
experiment (maximal final DMSO concentration, 0.33%). Slices were
pretreated with M EK inhibitors for at least 60 min before we attempted to
induce LTP, and the inhibitors remained in the bath for the duration of the
experiment. In experiments investigating the effects of U0126 and
PD98059, aCSF containing the inhibitors (117-133 ml total volume) was
recycled through the recording chambers (no more than twice) during the
course of an experiment. Interleaved vehicle control experiments (0.2%
and 0.33% DMSO) were performed in the same manner.

RESULTS

Coactivation of cholinergic and p-adrenergic
receptors enables the induction of LTP by short trains
of 5 Hz stimulation

To examine the potential role of B-adrenergic and cholinergic
receptor interactions in the induction of LTP, we examined the
effects of ISO and carbachol on the induction of LTP by a 5-sec-
long train of 5 Hz stimulation that by itself induced only a small
potentiation of synaptic transmission (Fig. 14). The amount of
LTP induced by 5 Hz stimulation was not enhanced when 5 Hz
stimulation was delivered at the end of a 10 min bath application of
either 200 nm ISO or 200 nm carbachol alone (Fig. 1B), indicating
that the induction of LTP is not modulated significantly by rela-
tively low levels of B-adrenergic or cholinergic receptor activation.
In contrast, the induction of LTP by 5 Hz stimulation was facili-
tated dramatically when B-adrenergic and cholinergic receptors
were coactivated by a 10 min bath application of aCSF containing
both ISO and carbachol (200 nm each; Fig. 14,B). In control
experiments we found that a 10 min bath application of ISO and
carbachol by itself (no 5 Hz stimulation) had no lasting effect on
synaptic transmission (n = 3; data not shown). Thus, the potenti-
ation induced by 5 Hz stimulation in the presence of ISO plus
carbachol is not attributable to an activity-independent enhance-
ment of synaptic transmission induced by coactivation of
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Figure 1. Coactivation of B-adrenergic and cholinergic receptors enhances
the induction of LTP by a short train of 5 Hz stimulation. 4, A 5 sec train
of 5 Hz stimulation (delivered at time 0) by itself induced only a small
potentiation of synaptic transmission (open symbols; fEPSPs potentiated to
120.5 = 7.12% of baseline; n = 6; p < 0.05, paired ¢ test comparison to pre-5
Hz baseline) but induced robust LTP ( filled symbols; fEPSPs potentiated to
175.6 = 11.2% of baseline; n = 6) when delivered at the end of a 10 min
bath application of ISO plus carbachol (CCh) (200 nm each; presence in
bath indicated by the bar). Traces show fEPSPs recorded during baseline
and 45 min after 5 Hz stimulation in a control experiment (5 Hz stimulation
alone, left traces) and in an experiment in which 5 Hz stimulation was
delivered in the presence of ISO plus carbachol (right traces). Calibration:
2 mV, 5 msec. B, Summary of the effects of 5 Hz stimulation on synaptic
strength when 5 Hz stimulation was delivered alone (open bars; data from
the experiment shown in A4) or at the end of a 10 min application of ISO
(n = 6), carbachol (n = 6), or ISO plus carbachol (data from the experiment
shown in A). Although coapplication of ISO plus carbachol significantly
enhances the amount of LTP induced by 5 Hz stimulation (*p < 0.05),
neither ISO alone nor carbachol alone significantly enhances LTP induction
(fEPSPs were potentiated to 125.4 * 7.9% and 112.9 = 4.1% of baseline,
respectively).

B-adrenergic and cholinergic receptors. The induction of LTP by 5
Hz stimulation in the presence of ISO plus carbachol was blocked
significantly, however, by the NMDA receptor antagonist 2-amino-
S-phosphonovaleric acid (p,.-APV, 100 uwm; fEPSPs were 114.4 +
10.8% of baseline after 5 Hz stimulation; n = 5), suggesting that
coactivation of B-adrenergic and cholinergic receptors facilitates the
induction of NMDA receptor-dependent LTP. Finally, the musca-
rinic receptor antagonist atropine (50 uMm) completely blocked the
enhancement of LTP induction by coapplication of ISO plus carba-
chol (n = 3; data not shown), indicating that the effects of carbachol
are attributable to muscarinic receptor activation.

Carbachol modulation of ISO-induced increases in
cAMP does not account for the enhancement of LTP
induction by coactivation of g-adrenergic and
cholinergic receptors

Although a low concentration of ISO alone failed to enhance the
induction of LTP by 5 sec of the 5 Hz stimulation, we found that the

Watabe et al. « MAP Kinase Activation Modulates LTP Induction

25 —
* *
=
[0}
rn§20_
T>>o.
o
2 g
o =
23
S < 15
£
o
10 -
IS0 - + - +
cch - - + +

Figure 2. Carbachol does not modulate ISO-induced increases in cAMP.
The histogram shows average = SEM cAMP levels (in picomoles per
milligram of protein) from five separate experiments in which hippocampal
slices (from the same animal) either were untreated (open bar) or were
exposed to a 10 min bath application of 200 nm ISO alone, 200 nM carbachol
(CCh) alone, or ISO plus carbachol (filled bars). Compared with basal
levels of cAMP seen in untreated control slices, only ISO alone and ISO
plus carbachol induced significant increases in cAMP levels (*p < 0.05). In
four of these experiments a pair of slices also was exposed to a 10 min bath
application of 50 uM forskolin. In these slices cAMP levels were increased
to 92.5 * 13.1 pmol/mg of protein.

amount of potentiation induced by 5 Hz stimulation was increased
significantly by a higher concentration of ISO (1.0 um; n = 7; data
not shown). This suggests that stronger activation of G-linked
B-adrenergic receptors alone, and by extension larger increases in
cellular levels of cAMP, can enhance the induction of LTP by a
brief train of 5 Hz stimulation. The diverse regulation of different
adenylyl cyclase isoforms by increases in intracellular Ca?",
G-protein vy subunits, and protein kinase C phosphorylation as
well as a subunits of heterotrimeric G-proteins (for review, see
Cooper et al., 1995; Mons and Cooper, 1995) provides a number of
potential signaling pathways through which coactivation of G-
coupled B-adrenergic and G,/G;,,-coupled muscarinic receptors
might activate adenylyl cyclase synergistically (Baumgold, 1992).
We thus investigated whether coapplication of ISO and carbachol
might facilitate the induction of LTP by 5 Hz stimulation via
additive or synergistic effects on adenylyl cyclase activity. In these
experiments we measured cCAMP levels in hippocampal slices that
either were untreated or were exposed to 10 min bath applications
of 200 nm ISO alone, 200 nm carbachol alone, or a combination of
ISO plus carbachol (Fig. 2). Compared with basal levels measured
in untreated control slices, cCAMP levels were increased signifi-
cantly in slices exposed to ISO (levels were 159 = 17.1% of that
measured in control slices; n = 5). In contrast, cCAMP levels were
not elevated significantly in slices treated with carbachol alone
(cAMP levels were 106 * 9.1% of control; n = 5). Carbachol also
had no significant effect on ISO-induced increases in cAMP
(cAMP levels in slices simultaneously exposed to both carbachol
and ISO were 152.6 = 19.9% of control; n = 5). In control
experiments we found that a 10 min application of the adenylyl
cyclase activator forskolin (50 um) induced a more than sevenfold
increase in cAMP levels (cAMP levels in forskolin-treated slices
were 799 * 39.2% of control; n = 4). This indicates that 200 nm
ISO does not induce a saturating level of adenylyl cyclase activation
that masks a modulatory effect of carbachol on ISO-induced in-
creases in cAMP. On the basis of these observations it seems
unlikely that coactivation of cholinergic and B-adrenergic receptors
facilitates the induction of LTP by 5 Hz stimulation via additive or
synergistic effects on cAMP production.
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MEK inhibitors suppress 5 Hz stimulation-induced LTP

Numerous studies have demonstrated that a variety of neurotrans-
mitters can activate signaling cascades that lead to M APK activa-
tion in neurons (Bading and Greenberg, 1991; Kurino et al., 1995;
Baron et al., 1996; English and Sweatt, 1996; Fukunaga and Miy-
amoto, 1998; Otani et al., 1999; Roberson et al., 1999; Winder et al.,
1999; Rosenblum et al., 2000). Indeed, Roberson et al. (1999)
recently have shown that, in the hippocampus, both muscarinic and
B-adrenergic receptors are linked to the MAPK signaling cascade
(see also Winder et al., 1999; Rosenblum et al., 2000). This, along
with the results from studies showing that MAPK activity is re-
quired for the induction of NMDA receptor-dependent LTP by
high-frequency stimulation (English and Sweatt, 1997; Atkins et al.,
1998; Coogan et al., 1999, Jones et al., 1999; Rosenblum et al.,
2000), led us to investigate whether MAPK activation has an
important role in either the induction of 5 Hz stimulation-induced
LTP or its modulation by concurrent B-adrenergic and cholinergic
receptor activation. In these experiments we first examined the
effects of MEK inhibitors on the induction of LTP by a longer-
duration 5 Hz stimulation train (30 sec) that induces robust levels
of LTP even in the absence of ISO and carbachol (Thomas et al.,
1996, 1998). Although 30 sec of 5 Hz stimulation induced signifi-
cant LTP in vehicle control-treated slices (0.33% DMSO), it had
little effect on synaptic strength in slices incubated in aCSF con-
taining the MEK inhibitor PD98059 (50 um) for 60 min before the
5 Hz stimulation (Fig. 3B). Although this suggests that MAPK
activation is required for the induction of LTP by 5 Hz stimulation,
PD98059 not only prevents high-frequency stimulation-induced
activation of MAPK but also can inhibit activation of the Ca?"*/
calmodulin-dependent kinase CaMKII in hippocampal slices (Liu
et al., 1999). Thus, some of the effects of PD98059 on the induction
of LTP might be attributable to indirect effects on CaMKII acti-
vation. We therefore also examined the effects of two additional
MEK inhibitors, U0126 (Favata et al., 1998) and SL327, which have
been shown to block MAPK activation potently at concentrations
that have little effect on PKA, protein kinase C (PKC), and
CaMKII activity (Atkins et al., 1998; Roberson et al., 1999). As
shown in Figure 3, 4 and B, both U0126 (20 uMm) and SL327 (10
uM) inhibited the induction of LTP by a 30-sec-long train of 5 Hz
stimulation. Consistent with the recent report by Winder et al.
(1999), we found that the same concentration of U0126 that inhib-
ited 5 Hz stimulation-induced LTP had no significant effect on the
amount of LTP present 60 min after high-frequency stimulation
(Fig. 3C), suggesting that MAPK activation may be particularly
important for the induction of LTP by low-frequency synaptic
stimulation.

How might MAPK activation be involved in the induction of
LTP by low-frequency stimulation? Unlike high-frequency stimu-
lation, the induction of LTP by 5 Hz trains of synaptic stimulation
in the hippocampal CAl region requires EPSP-evoked, complex
spike-like bursts of postsynaptic action potentials (Thomas et al.,
1998). Recently, Winder and colleagues (1999) found that both
PD98059 and U0126 suppress complex spike bursting during 5 Hz
stimulation, suggesting that MEK inhibitors may inhibit 5 Hz
stimulation-induced LTP by suppressing the EPSP-evoked complex
spike bursting required for LTP induction by this protocol. Al-
though we did observe a tendency for EPSP-evoked complex spike
bursting to be reduced in PD98059- and SL327-treated slices, none
of the MEK inhibitors used in our experiments produced a statis-
tically significant inhibition of EPSP-evoked complex spike bursting
during 5 Hz stimulation (Fig. 3D). Although this suggests that a
suppression of complex spike bursting is unlikely to account for the
effects of MEK inhibitors on 5 Hz stimulation-induced LTP, ex-
tracellular recordings of complex spike bursting may lack the res-
olution needed to detect modest changes in excitability that still
could influence LTP induction substantially. Moreover, effects of
MEK inhibitors on excitability that are near threshold for detection
in extracellular recordings also might be more or less obvious
depending on experimental conditions and thus also could account
for the different effects of MEK inhibitors on complex spike burst-
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Figure 3. MEK inhibitors suppress low-frequency, but not high-frequency,
stimulation-induced LTP. 4, The amount of LTP induced by 30 sec of 5 Hz
stimulation (delivered at time 0) in slices continuously bathed in 20 um
U0126 ( filled symbols; fEPSPs were 122.2 + 5.1% of baseline; n = 6) was
reduced significantly (p < 0.01) as compared with that seen in interleaved
vehicle control experiments (open symbols; 0.2% DMSO; fEPSPs were
potentiated to 167.7 + 9.9% of baseline; n = 5). B, Summary of the effects
of three different MEK inhibitors on 5 Hz stimulation-induced LTP. Values
show the amount of LTP present 40—45 min after 5 Hz stimulation. Similar
amounts of LTP were induced by 5 Hz stimulation in interleaved vehicle
control experiments (0.1-0.33% DMSO; n = 17), and the combined results
are shown by the open bar. Results for U0126 are from the same experi-
ments shown in 4. fEPSPs in PD98059 (PD)-treated slices were 109.9 + 9%
of baseline (n = 5) after 5 Hz stimulation (**p < 0.01 compared with 0.33%
DMSO control experiments), whereas fEPSPs were 118.4 + 13.4% of
baseline (n = 7) after 5 Hz stimulation in SL327 (SL)-treated slices (*p <
0.05 compared with 0.1% DMSO control experiments). In interleaved
control experiments the fEPSPs were 155.1 = 5.9% of baseline (0.33%
DMSO; n = 5) and 165.1 £ 17.4% of baseline (0.1% DMSO; n = 7),
respectively. C, High-frequency stimulation-induced LTP is not inhibited
by U0126. Two 1-sec-long trains of 100 Hz stimulation (intertrain interval,
10 sec; delivered at time 0) induced similar amounts of LTP in vehicle
control experiments (0.2% DMSO; open symbols; n = 6) and in slices
continuously bathed in 20 um U0126 ( filled symbols; n = 5). In control
experiments 55-60 min after 100 Hz stimulation the fEPSPs were poten-
tiated to 185.9 *= 20.5% of baseline, whereas in U0126-treated slices the
fEPSPs were 188.7 + 43.2% of baseline. D, Summary of the effects of MEK
inhibitors on 5 Hz stimulation-induced complex spike bursting. The plot
shows the percentage of EPSPs during the 5 Hz stimulation train that
evoked complex spike bursts (CSB, defined as two or more negative-going
spikes after EPSP onset; see Thomas et al., 1998) in vehicle control
experiments (left) and in the presence of MEK inhibitors (right). Measure-
ments were taken from the experiments shown in B. Although complex
spike bursting tended to be reduced in slices pretreated with MEK inhib-
itors, none of the inhibitors produced a statistically significant suppression
of complex spike bursting when compared with interleaved vehicle control
experiments (PD98059 vs 0.33% DMSO controls: ¢, = 1.78, p = 0.11;
U0126 vs 0.2% DMSO controls: £,6) = 1.16, p = 0.28; SL.327 vs 0.1% DMSO
controls: ¢,y = 1.12, p = 0.29).

ing observed in our experiments and those of Winder et al. (1999).
We thus examined whether blocking MAPK activation inhibits
LTP under conditions in which changes in postsynaptic excitability
should have little effect on LTP induction. In these experiments we
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Figure 4. SL327 does not inhibit the induction of LTP by low-frequency
synaptic stimulation paired with postsynaptic depolarization. 4, One hun-
dred EPSPs (evoked at 2 Hz) were paired with tonic postsynaptic depolar-
ization to between 0 and +20 mV at time 0 in vehicle control experiments
(open circles; 0.2% DMSO in electrode-filling solution; n = 12) and in
experiments in which SL327 was present either in the bath ( filled circles; 10
uM, 0.1% DMSO; n = 7) or in the recording electrode-filling solution ( filled
triangles; 100 uM, 0.2% DMSO; n = 12). The 25-30 min postpairing EPSPs
were potentiated to 241.5 * 26.9% of baseline in control experiments,
255.5 = 28.7% of baseline in experiments in which SL327 was bath-applied,
and 234.1 = 27.5% of baseline in experiments in which SL327 was injected
into CAl pyramidal cells via the recording electrode. The inset shows
EPSPs (average of three responses) recorded during baseline and 30 min
postpairing (larger response) in a control experiment (lef? traces) and in an
experiment in which 100 wm SL327 was present in the recording electrode
(right traces). Calibration: 5 mV, 15 msec. B, Cumulative probability distri-
bution showing results from all of the experiments depicted in 4. Results
from experiments in which SL327 was bath-applied (filled circles) and
applied via the recording electrode ( filled triangles) have been combined
into one distribution.

used whole-cell current-clamp techniques to record EPSPs from
individual CAl pyramidal cells and applied SL327 either in the
bath or selectively to the postsynaptic CAl pyramidal cells via the
recording electrode. To minimize potential effects of SL327 on
LTP induction that might arise from changes in postsynaptic ex-
citability, we used a cesium-based intracellular solution containing
TEA to block potassium conductances and induced LTP by pairing
low-frequency presynaptic stimulation with depolarization of the
postsynaptic cell to near 0 mV (see Materials and Methods).
Although bath-applied SL327 inhibited the induction of LTP by 5
Hz stimulation, neither bath application nor postsynaptic injection
of SL327 inhibited pairing-induced LTP (Fig. 4). Because SL327
does not inhibit the induction of LTP by a low-frequency stimula-
tion protocol under conditions designed to minimize potential
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effects on LTP induction attributable to changes in neuronal excit-
ability, our results suggest that MEK inhibitors may suppress the
induction of LTP by low-frequency stimulation-induced complex
spike bursting via effects on membrane excitability that reduce
NMDA receptor activation.

Coactivation of -adrenergic and cholinergic receptors
synergistically activates p42 MAPK

Because our experiments with MEK inhibitors suggested that
MAPK activation has a role in the induction of LTP by low-
frequency stimulation protocols, we investigated whether concur-
rent activation of B-adrenergic and cholinergic receptors enhances
the induction of LTP by a brief train of 5 Hz stimulation by
activating MAPK. First, this hypothesis predicts that the potenti-
ation induced by 5 sec of 5 Hz stimulation in the presence of ISO
and carbachol should be suppressed by inhibitors of MAPK acti-
vation. Consistent with this, U0126 had little effect on the change
in synaptic strength induced by 5 Hz stimulation alone (fEPSPs
were 116.0 = 8.8% of baseline 45 min after 5 Hz stimulation alone
in U0126-treated slices; n = 6) but significantly inhibited the
induction of LTP by 5 Hz stimulation in the presence of ISO and
carbachol (Fig. 54). The MEK inhibitor PD98059 (50 um) also
significantly (p < 0.05) suppressed the induction of LTP by 5 Hz
stimulation in ISO plus carbachol (fEPSPs were potentiated to
110.9 = 7.2% of baseline, n = 4, compared with 163.9 = 9.9% of
baseline in DMSO control experiments, n = 5). Second, this
hypothesis indicates that ISO and carbachol should have at least
additive effects on MAPK activation in hippocampal slices. To
examine this possibility, we used Western blotting analysis with
antibodies that specifically recognize dually phosphorylated p42/
p44 M APK to examine levels of MAPK activation in hippocampal
slices exposed to a 10 min bath application of either ISO alone,
carbachol alone, or ISO plus carbachol. At the low concentrations
of ISO and carbachol used in our experiments, neither ISO nor
carbachol alone produced a significant increase in phospho-M APK
levels in seven separate experiments (Fig. 5B1,B2). In contrast,
levels of dually phosphorylated p42-M APK were increased >10-
fold, whereas total MAPK levels were not changed significantly, in
slices in which ISO and carbachol were coapplied (Fig. 5B1,B2).

DISCUSSION

Coactivation of B-adrenergic and cholinergic receptors
has synergistic effects on both LTP induction and MAPK
activation in the CA1 region of the hippocampus

Behavioral studies indicate that interactions between noradrener-
gic and cholinergic receptor signaling have an important role in
learning and memory (Decker and Gallagher, 1987, McGaugh,
1989; Decker et al., 1990; Harrell et al., 1990; Riekkinen et al.,
1990; Decker and McGaugh, 1991; Ohno et al., 1993, 1997). Al-
though the behavioral expression of these interactions potentially
could arise from effects of norepinephrine and acetylcholine at
multiple levels of CNS function, one possibility is that these trans-
mitters interact at the cellular level to regulate activity-dependent
changes in synaptic strength involved in the storage of new infor-
mation during learning. We thus examined whether coactivation of
cholinergic and B-adrenergic receptors modulates LTP induction in
the hippocampal CAl region. Our results show that, whereas low
concentrations of carbachol and ISO by themselves have little effect
on LTP, coapplication of carbachol and ISO dramatically facilitates
the induction of LTP by low-frequency trains of synaptic stimula-
tion. This effect does not appear to arise from synergistic or
additive effects on adenylyl cyclase activity, because cAMP levels
in slices exposed to both ISO and carbachol were not different from
those seen in slices exposed to ISO alone. Instead, coapplication of
ISO and carbachol synergistically activated p42 MAPK, suggesting
that the MAPK signaling pathway may have an important role in
the modulation of 5 Hz stimulation-induced LTP by concurrent
B-adrenergic and cholinergic receptor activation.
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Figure 5. M APK activation may underlie the effects of ISO plus carbachol
on 5 Hz stimulation-induced LTP. 4, U0126 inhibits the induction of LTP
by 5 sec of 5 Hz stimulation delivered during the coapplication of ISO and
carbachol. A 5 sec train of 5 Hz stimulation delivered at the end of a 10 min
bath application of ISO plus carbachol (200 nm each; the presence of
agonists in the bath indicated by the bar) induced robust LTP in vehicle
(0.2% DMSO) control experiments (open symbols; fEPSPs were potenti-
ated to 163.9 = 6.8% of baseline; n = 5) but had little effect on synaptic
strength in slices continuously bathed in 20 um UO0126 ( filled symbols;
fEPSPs were 112.8 = 7.3% of baseline; n = 5). The traces show superim-
posed fEPSPs recorded during baseline and 45 min post-5 Hz stimulation in
a control experiment (left) and in a slice bathed in U0126 (right). Calibra-
tion: 1 mV, 5 msec. B, Synergistic activation of MAPK by coactivation of
B-adrenergic and cholinergic receptor agonists. B/, Representative Western
immunoblots showing protein bands visualized with antibodies to dually
phosphorylated p42/44 MAPK (PP) and total p42/44 MAPK (Total) in
control, untreated slices (Con), and slices bathed for 10 min in aCSF
containing 200 nm ISO, 200 nMm carbachol (CCh), or ISO plus carbachol
(ISO + CCh). B2, Average results = SEM from seven separate experiments
like that shown in BI. Only coapplication of ISO plus carbachol induced a
statistically significant (*p < 0.05) increase in phospho-p42 MAPK levels.

MAPK signaling is required for the induction of LTP by 5
Hz trains of synaptic stimulation

Emerging evidence indicates that the M APK signaling cascade has
an important role in learning (Atkins et al., 1998; Berman et al.,
1998; Crow et al., 1998; Blum et al., 1999) and in forms of synaptic
plasticity, such as LTP, that are thought to be involved in learning
(English and Sweatt, 1997; Rosenblum et al., 2000) (see also Martin
et al., 1997; Atkins et al., 1998; Coogan et al., 1999; Winder et al.,
1999). Although many of the molecular details of the role of MAPK
in synaptic plasticity are unknown, it seems likely that MAPK is
involved in multiple aspects of synaptic plasticity. First, MAPK
appears to contribute to the CREB-dependent activation of gene
expression required for the long-lasting, protein synthesis-
dependent stages of long-term memory and synaptic potentiation
in both the hippocampus (Impey et al., 1998) and in Aplysia
(Martin et al., 1997). Second, recent findings suggest that MAPK
also acts on cytoplasmic targets required for the induction and/or
early stages of LTP maintenance (English and Sweatt, 1997; Atkins
et al., 1998; Coogan et al., 1999; Jones et al., 1999; Winder et al.,
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1999; Rosenblum et al., 2000). Consistent with this, we found that
three different inhibitors of M APK activation strongly suppressed
LTP induced by 5 Hz trains of synaptic stimulation. Although our
results do not rule out a role for MAPK in the maintenance phase
of LTP, the effects of M EK inhibitors on 5 Hz stimulation-induced
LTP were evident almost immediately after 5 Hz stimulation,
suggesting that inhibiting MAPK activation interferes with LTP
induction (see also English and Sweatt, 1997).

Although all three MEK inhibitors used in our experiments
strongly suppressed the induction of LTP by 5 Hz stimulation,
U0126 and SL327 had no effect on high-frequency stimulation-
induced and pairing-induced LTP, respectively. Unlike high-
frequency stimulation-induced LTP, the induction of LTP by trains
of 5 Hz stimulation requires EPSP-evoked complex spike-like
bursts of postsynaptic action potentials to provide the depolariza-
tion needed for NMDA receptor activation (Thomas et al., 1998).
Thus, the selective effects of M EK inhibitors on 5 Hz stimulation-
induced LTP seen in our experiments might be attributable to
changes in postsynaptic excitability that inhibit complex spike
bursting during 5 Hz stimulation (see Winder et al., 1999). Al-
though we did not observe a strong suppression of complex spike
bursting during 5 Hz stimulation in slices treated with MEK
inhibitors, there was a nonsignificant trend toward less bursting in
the presence of M EK inhibitors. Thus, to examine further whether
changes in excitability might contribute to the effects of MEK
inhibitors on low-frequency stimulation-induced LTP, we exam-
ined the effects of SL.327 on the induction of LTP by low-frequency
presynaptic stimulation paired with postsynaptic depolarization, a
protocol in which changes in postsynaptic excitability should have
little effect on LTP induction. Although blocking M APK activation
with SL327 strongly inhibited the induction of LTP in experiments
in which postsynaptic bursting during low-frequency stimulation is
required for the induction of LTP, it did not inhibit the induction
of LTP by low-frequency synaptic stimulation paired with depolar-
izing current injections delivered through the intracellular record-
ing electrode. On the basis of these findings it seems likely that
MEK inhibitors suppress the induction of LTP by low-frequency
trains of synaptic stimulation via effects on postsynaptic excitability.
One possibility is that a NMDA receptor-dependent activation of
the M APK signaling pathway during 5 Hz stimulation enables LTP
induction by a positive feedback mechanism that amplifies NMDA
receptor activation via a MAPK-dependent modulation of ion
channels that facilitates EPSP-induced postsynaptic depolariza-
tion. Indeed, NMDA receptor activation leads to activation of the
MAPK signaling cascade in hippocampal neurons (Bading and
Greenberg, 1991; Kurino et al., 1995; English and Sweatt, 1996),
and MAPK may phosphorylate and inhibit the activity of some
types of K™ channels in hippocampal neurons (Adams et al., 1997).

MAPK activation may underlie the effects of modulatory
neurotransmitters on LTP induction

Because M EK inhibitors suppress the induction of LTP by stronger
trains of 5 Hz stimulation that induce LTP in the absence of ISO
and carbachol, it is difficult to determine whether M APK activation
mediates the modulatory effects of coactivation of B-adrenergic and
cholinergic receptors on LTP induction by weaker 5 Hz stimulation
trains or whether inhibiting MAPK activation simply blocks the
ability of synapses to undergo LTP. MEK inhibitors do not, how-
ever, block the induction of LTP by low-frequency synaptic stimu-
lation paired postsynaptic depolarization or by high-frequency
stimulation, suggesting that MAPK activation is not a necessary
component of the pathways responsible for LTP. Instead, our
results suggest that MAPK activation is part of a modulatory
process important for LTP induction by some patterns of synaptic
stimulation. We thus favor the idea that coactivation of
B-adrenergic and cholinergic receptors enhances the induction of
LTP via convergent effects on MAPK activation. Importantly,
synergistic activation of MAPK also appears to have a role in the
induction of long-term depression after coactivation of G-protein-
linked receptors for dopamine and glutamate at excitatory synapses
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in prefrontal cortex (Otani et al., 1999). Thus, the MAPK signaling
cascade may represent a common mechanism by which a variety of
neurotransmitters may act to regulate activity-dependent changes
in synaptic strength.

In the hippocampus the activation of MAPK after p-adrenergic
receptor activation is blocked by PKA inhibitors, whereas MAPK
activation induced by carbachol is prevented by inhibitors of PKC
(Roberson et al., 1999). Because direct activation of adenylyl cy-
clase with forskolin and of PKC with phorbol esters synergistically
activates MAPKSs in some cells (Frodin et al., 1994; Yamazaki et
al., 1997), the synergistic effects of B-adrenergic and cholinergic
receptor agonists on MAPK activation in the hippocampus ob-
served in our experiments most likely arise from interactions
occurring downstream of adenylyl cyclase and PKC activation. One
possibility is that this occurs at the level of M EK activation via the
combined effects of a PKC-mediated activation of Raf-1 (Kolch et
al., 1993; Marais et al., 1998) and a cAM P-dependent activation of
B-Raf (Vossler et al., 1997; de Roojj et al., 1998; Kawasaki et al.,
1998). Recent evidence suggests, however, that B-Raf and Raf-1
are localized to different cellular compartments (dendritic vs so-
matic, respectively) in CA1 pyramidal cells (Morice et al., 1999).
Moreover, muscarinic receptor activation also can activate the
MAPK signaling pathway in neurons via a PKC-independent
mechanism involving Src family kinases and phosphoinositide-3
kinase (Rosenblum et al., 2000). Finally, some of the effects of
B-adrenergic receptor activation on LTP induction appear to be
attributable to a PKA-dependent suppression of protein phospha-
tase activity (Thomas et al., 1996), and protein phosphatase inhi-
bition can lead to MAPK activation in hippocampal neurons
(Runden et al., 1998). Thus, interactions at several points in the
MAPK signaling cascade potentially might contribute to the syn-
ergistic effects of ISO and carbachol on M APK activation in the
CALl region of the hippocampus. Our results suggest, however, that
understanding the actions and interactions of G-protein-coupled
receptors on MAPK signaling may provide important insights into
how modulatory neurotransmitters regulate activity-dependent
changes in synaptic strength that contribute to memory formation
during learning.
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