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Abstract

The induction of long-term potentiation
(LTP) and long-term depression (LTD) at
excitatory synapses in the hippocampus can
be strongly modulated by patterns of
synaptic stimulation that otherwise have no
direct effect on synaptic strength. Likewise,
patterns of synaptic stimulation that induce
LTP or LTD not only modify synaptic
strength but can also induce lasting changes
that regulate how synapses will respond to
subsequent trains of stimulation.
Collectively known as metaplasticity, these
activity-dependent processes that regulate
LTP and LTD induction allow the recent
history of synaptic activity to influence the
induction of activity-dependent changes in
synaptic strength and may thus have an
important role in information storage
during memory formation. To explore the
cellular and molecular mechanisms
underlying metaplasticity, we investigated
the role of metaplasticity in the induction of
LTP by 0-frequency (5-Hz) synaptic
stimulation in the hippocampal CA1 region.
Our results show that brief trains of
0-frequency stimulation not only induce LTP
but also activate a process that inhibits the
induction of additional LTP at potentiated
synapses. Unlike other forms of
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metaplasticity, the inhibition of LTP
induction at potentiated synapses does not
appear to arise from activity-dependent
changes in NMDA receptor function, does
not require nitric oxide signaling, and is
strongly modulated by f3-adrenergic receptor
activation. Together with previous findings,
our results indicate that mechanistically
distinct forms of metaplasticity regulate LTP
induction and suggest that one way
modulatory transmitters may act to regulate
synaptic plasticity is by modulating
metaplasticity.

Introduction

Studies of the potential cellular mechanisms
responsible for information storage during learning
have focused on forms of synaptic plasticity that
involve activity-dependent changes in synaptic
strength, such as those seen in long-term potentia-
tion (LTP) and long-term depression (LTD). Accu-
mulating evidence suggests, however, that even
patterns of synaptic activity that have no direct
effect on synaptic strength can nonetheless modify
synaptic function by inducing long-lasting changes
that regulate LTP and/or LTD induction by subse-
quent patterns of synaptic activity (Abraham and
Bear 1996; Abraham and Tate 1997). For instance,
some patterns of synaptic stimulation that have no
direct effect on synaptic strength at lateral perfo-
rant path synapses onto granule cells in the dentate
gyrus can enhance the induction of LTP by subse-
quent 0 burst stimulation (Christie et al. 1995).
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Conversely, in the hippocampus some patterns of
synaptic activity that have no lasting, direct effect
on synaptic strength at Schaffer collateral fiber syn-
apses onto CAl pyramidal cells can induce a per-
sistent inhibition of LTP induction by subsequent
high-frequency stimulation (Huang et al. 1992; Fujii
et al. 1996; Abraham and Huggett 1997). This regu-
lation of LTP and LTD induction by prior pre- and
postsynaptic activity is known as metaplasticity
(Abraham and Bear 1996; Abraham and Tate 1997).

Compared with our current understanding of
the cellular and molecular processes responsible
for synaptic plasticity, relatively little is known
about the mechanisms underlying metaplasticity.
The inhibition of LTP induction by prior synaptic
stimulation is blocked when the conditioning
stimulation is delivered in the presence of NMDA
receptor antagonists (Huang et al. 1992; Fujii et al.
1996; Abraham and Huggett 1997), suggesting that
NMDA receptor activation during conditioning
stimulation has a crucial role in this form of meta-
plasticity (see also Coan et al. 1989). Although the
signaling pathways downstream of NMDA receptor
activation have not yet been well characterized,
these pathways may inhibit the induction of LTP by
producing a persistent inhibition of NMDA recep-
tor activity that raises the threshold for LTP induc-
tion (Selig et al. 1995). Because nitric oxide syn-
thase (NOS) inhibitors can both prevent the inhi-
bition of LTP induction produced by transient
NMDA receptor activation (Izumi et al. 1992a) and
facilitate NMDA receptor-mediated synaptic cur-
rents in CA1 pyramidal cells (Kato and Zorumski
1993), it has been suggested that some forms of
metaplasticity may arise from a NO-dependent,
negative-feedback modulation of NMDA receptors
(Abraham and Tate 1997) or other targets (Zorum-
ski and Izumi 1998). Consistent with this notion,
Murphy and Bliss (1999) have recently shown that
a brief pulse of photolytically released NO induces
both a long-lasting depression of NMDA receptor-
mediated synaptic potentials and a persistent inhi-
bition of LTP induction in the CA1l region of hip-
pocampal slices.

Although NMDA receptor modulation may
contribute to the metaplastic inhibition of LTP in-
duction by some patterns of synaptic stimulation, it
seems likely that other processes are also involved.
For instance, the induction of LTP by high-fre-
quency stimulation is not typically associated with
a depression of NMDA receptor-mediated synaptic
responses in CA1l pyramidal cells (Kauer et al.
1988; Muller et al. 1988; Muller and Lynch 1990;
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Perkel and Nicoll 1993; but see Bernard and Wheal
1995). Under some experimental conditions, high-
frequency stimulation can induce LTP of NMDA
receptor-mediated synaptic responses (Bashir et al.
1991; Asztely et al. 1992; Clark and Collingridge
1995; see also O’Conner et al. 1995). Yet, high-
frequency synaptic stimulation can induce meta-
plastic changes that inhibit the induction of addi-
tional LTP (Frey et al. 1995) and/or facilitate the
subsequent induction of LTD (i.e., depotentiation)
(Barrionuevo et al. 1980; Staubli and Lynch 1990;
Fujii et al. 1991; Wexler and Stanton 1993; O’Dell
and Kandel 1994; Wagner and Alger 1995). Thus,
although long-term modifications of NMDA recep-
tor function may be involved in some forms of
metaplasticity, it is unclear what role, if any, these
modifications might have in the inhibition of addi-
tional LTP induction and facilitation of LTD induc-
tion at potentiated synapses.

In this study we investigated the mechanisms
underlying the inhibition of additional LTP induc-
tion at previously potentiated synapses. Our results
indicate that neither NO signaling nor an activity-
dependent down-regulation of NMDA receptor ac-
tivity has an important role in this form of meta-
plasticity. In contrast to a previous report showing
that B-adrenergic receptor activation has no effect
on the inhibition of LTP induction produced by
low levels of NMDA receptor activation (Izumi et
al. 1992b), we find that the (3-adrenergic receptor
agonist isoproterenol (ISO) re-enables the induc-
tion of LTP at potentiated synapses. Our results
suggest that distinct metaplastic mechanisms regu-
late LTP induction at excitatory synapses onto hip-
pocampal CA1 pyramidal cells.

Materials and Methods
ELECTROPHYSIOLOGY

Standard techniques were used to obtain 400-
um thick hippocampal slices from halothane anes-
thetized, 4- to 6-week-old, male C57BL/6 mice.
Slices were maintained in an interface-type slice
chamber (Fine Science Tools, Inc.) perfused (2-3
ml/min) with a warm (30°C) artificial cerebrospi-
nal fluid (ACSF) containing 124 mm NacCl, 4.4 mm
KCl, 25 mm NaHCO;, 1 mm NaH,PO, 1.2 mm
MgSOy, 2.0 mm CaCl,, and 10 mm glucose that was
gassed with 95% O,/5% CO,. Slices were allowed
to recover for at least 1 hr following slice prepara-
tion, and unless indicated otherwise, all experi-
ments were done at 30°C. Techniques described
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previously were used to record Schaffer collateral/
commissural fiber stimulation-evoked excitatory
postsynaptic potentials (EPSPs) in the CAl pyrami-
dal cells (Thomas et al. 1998; Makhinson et al.
1999). In general, field EPSPs (fEPSPs) evoked at
0.02 Hz were recorded using glass microelectrodes
(filled with ACSF, resistance = 5-10 M) placed in
stratum radiatum. In all experiments the intensity
of presynaptic fiber stimulation was adjusted to
evoke fEPSPs that were 50% of the maximal fEPSP
amplitude determined at the beginning of each ex-
periment. Baseline measurements of fEPSPs were
collected for at least 20 min prior to any experi-
mental manipulation.

Whole-cell voltage-clamp techniques were
used to record NMDA receptor-mediated excit-
atory postsynaptic currents (EPSCs) evoked by pre-
synaptic stimulation pulses delivered at 0.05 Hz. In
these experiments the CA3 region was removed,
slices were placed in a submerged-slice recording
chamber, and experiments were performed at
room temperature. Low resistance (3-5 M())
patch-clamp electrodes were filled with a solution
containing 122.5 Cs gluconate, 17.5 mM CsCl, 10
mm TEA-Cl, 0.2 mm EGTA, 2 mm Mg-ATP, 0.3 mm
GTP, and 10 mm HEPES (pH 7.2). Cells were volt-
age-clamped at —60 mV using an Axopatch 1-D am-
plifier, and the NMDA receptor-mediated compo-
nent of the EPSC was isolated by bathing slices in
a modified ACSF containing 3.5 mm CaCl,, 0.5 mm
MgSOy,, 10 um CNQX or NBQX, and 100 um picro-
toxin. In control experiments we confirmed that
the EPSCs recorded in these conditions were
blocked by the NMDA receptor antagonist
2-amino-5-phosphonovaleric acid (p,1.-APV, 100 um,
N = 5; data not shown). In all voltage-clamp experi-
ments, a 30-msec duration voltage step (2 mV) was
applied 50-60 msec before each synaptic stimula-
tion pulse to monitor input and access resistance
throughout the experiment. Experiments where
access resistance (typically 15-25 M()) changed by
>16% were excluded from the analysis.

DATA ANALYSIS

The delivery of presynaptic fiber stimulation
pulses as well as data acquisition and analysis were
performed using the Experimenter’s Workbench
and Common Processing software package (Data
Wave Technologies). All values are listed as
means + s.e. Complex spike bursting during 5-Hz
stimulation was measured as described previously
(Thomas et al. 1998). For statistical comparisons,
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responses recorded at various time points before
and after stimulation were averaged over 5-min pe-
riods. Statistical significance of within-group com-
parisons in experiments in which more than one
stimulation train was delivered were determined
using one-way repeated measures ANOVAs (mul-
tiple pairwise comparisons were performed using
Student-Newman-Keuls tests). Paired #-tests were
used for within-group comparisons in experiments
in which only one stimulation protocol was deliv-
ered. Unpaired #tests or, where appropriate, one-
way ANOVAs were used to compare results be-
tween different experiments (Bonferroni tests
were used for multiple comparisons to control

groups).

Results

AN NMDA RECEPTOR-DEPENDENT FORM
OF METAPLASTICITY SUPPRESSES THE INDUCTION
OF LTP BY MULTIPLE TRAINS OF 5-HZ STIMULATION

We investigated the metaplastic effects of LTP-
inducing patterns of synaptic stimulation using
brief trains of 0-frequency (5-Hz) stimulation that
produce a modest, submaximal level of LTP in the
CA1 region of mouse hippocampal slices (Thomas
et al. 1996, 1998). As shown in Figure 1A, whereas
a high-frequency stimulation protocol consisting of
two, 100-pulse trains of 100-Hz stimulation (inter-
train interval = 10 sec) induced an approximately
twofold potentiation of synaptic transmission, a
single 5-Hz stimulation train consisting of 75 pulses
produced a robust, but more modest, level of po-
tentiation. To determine whether additional 5-Hz
stimulation trains could progressively increase syn-
aptic strength up to some saturating level, we ex-
amined the amount of LTP induced by two 75-
pulse trains of 5-Hz stimulation delivered with an
intertrain interval of 20 min. As shown in Figure
1B, although the first 5-Hz stimulation train in-
duced a significant potentiation, no additional po-
tentiation was induced by the second 5-Hz stimu-
lation train. The amount of potentiation observed
at the end of these experiments (fEPSPs were
154.1 £ 6.9% of baseline 35-40 min after the first
5-Hz train) was not significantly different (unpaired
ttest) from that seen in slices where only a single
5-Hz stimulation train was delivered (fEPSPs were
143.4 + 6.6% of baseline 35-40 minutes after the
first 5-Hz train). A shorter train of 5-Hz stimulation
(25 pulses) that induced a smaller, but significant
(P < 0.01, paired #-test), initial potentiation (fEPSPs
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Figure 1: Five-hertz stimulation induces a submaxi-
mal, but “saturating,” level of LTP. (A) Following a 20-
min period of baseline recording, LTP was induced by
either two 100-pulse trains of 100-Hz stimulation (O,
N=9) or 75 stimulation pulses delivered at 5 Hz (@,
N=11). Although 5-Hz stimulation induced a signifi-
cant potentiation of synaptic transmission (fEPSPs were
potentiated to 142.3 £ 6.3% of baseline, P < 0.001
compared with pre-5-Hz stimulation baseline, paired t-
test), a larger level of potentiation was generated by 100-
Hz stimulation (45 min after 100-Hz stimulation fEPSPs
were 195.9 + 15.5% of baseline). (B) Seventy-five pulses
of 5-Hz stimulation delivered to potentiated synapses
fails to induce additional LTP. Two trains of 5-Hz stimu-
lation (75 pulses) were delivered with an intertrain in-
terval of 20 min starting at time = 0. Only the last 10 min
of the 20-min baseline recording period are shown.
Note that although a clear potentiation was induced by
the first train of 5-Hz stimulation (fEPSPs were
150.0 = 5.9 % of baseline 20 min after 5-Hz stimula-
tion), the second train had little effect on synaptic
strength. The traces show fEPSPs recorded in a typical
experiment at the times indicated by the numbers. Cali-
bration bars, 2 mV and 5 mSec.

were potentiated to 118.7 + 3.8% of baseline in
control experiments, N = 6) also inhibited the in-
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duction of significant additional LTP by 75 pulses
of 5-Hz stimulation. In these experiments a 75-
pulse train of 5-Hz stimulation delivered 20 min
later induced only a small ((J13%), nonsignificant
increase in synaptic strength above that induced by
the initial 25-pulse 5-Hz stimulation train (20 min
after the second 5-Hz stimulation train fEPSPs were
131.4 = 6.7% of baseline, N = 5). Thus, 5-Hz stimu-
lation of naive synapses not only induces LTP but
also appears to activate a metaplastic process that
inhibits the induction of additional LTP by subse-
quent 5-Hz stimulation. In experiments in which
two stimulation electrodes were used to activate
independent groups of presynaptic fibers, we
found that a 75-pulse train of 5-Hz stimulation to
one pathway did not prevent the induction of nor-
mal levels of LTP by a 75-pulse train of 5-Hz stimu-
lation delivered 20 min later to the second path-
way (N = 7; data not shown). This indicates that
the inhibition of LTP induction by prior 5-Hz stimu-
lation is a homosynaptic form of metaplasticity that
suppresses the induction of LTP only at previously
potentiated synapses.

Previous studies of the inhibition of LTP induc-
tion produced by synaptic stimulation protocols
that otherwise fail to induce persistent changes in
synaptic strength have revealed a number of key
characteristics of this form of metaplasticity (for
review, see Abraham and Tate 1997). First, al-
though the LTP-inhibiting effects of prior synaptic
stimulation are long lasting, the suppression of LTP
induction decays with time such that normal levels
of LTP can be induced by high-frequency stimula-
tion delivered 60 min or more after prior condi-
tioning stimulation (Huang et al. 1992; Fuijii et al.
1996; Abraham and Huggett 1997; see also Frey et
al. 1995). Consistent with this, we found that sig-
nificant levels of additional LTP could be produced
at potentiated synapses if the second train of 5-Hz
stimulation was delivered 50, rather than 20, min
after the first 5-Hz stimulation train (Fig. 2A,B). Sec-
ond, the mechanisms responsible for the metaplas-
tic inhibition of LTP induction by prior synaptic
stimulation do not produce a complete block of
LTP induction but instead appear to increase the
threshold level of synaptic activity required to in-
duce LTP (Huang et al. 1992). Similarly, we found
that significant amounts of additional LTP could be
induced by higher frequency synaptic stimulation
trains delivered 20 min after LTP was first induced
by 5-Hz stimulation (Fig. 2C). In these experi-
ments, fEPSPs potentiated to 151.5 + 13.5% of
baseline 15-20 min after LTP was initially induced
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by 75 pulses of 5-Hz stimulation and then further
increased to 184.9 + 14.9% of baseline 15-20 min
after a 15-sec long train of 20-Hz stimulation
(N=6, P<0.05 Student-Newman-Keuls com-
parison to potentiated level induced by 5-Hz stimu-
lation; see Fig. 2C). Likewise, we observed that
two 100-pulse trains of 100-Hz stimulation [inter-
train interval (ITI) = 10 sec, trains delivered 20 min
after LTP induction] also induced significant levels
of additional LTP (Fig. 2C). In these experiments
fEPSPs potentiated to 158.1 + 13.7% of baseline
15-20 min after LTP was initially induced by 75
pulses of 5-Hz stimulation and then further in-
creased to 222.9 + 18.7% of baseline 15-20 min
after 100-Hz stimulation (N =9, P < 0.05, Student-
Newman-Keuls comparison to potentiated level
induced by 5-Hz stimulation). Finally, previous
studies have shown that conditioning stimulation
delivered in the presence of NMDA receptor block-
ers does not inhibit subsequent LTP induction, sug-
gesting that NMDA receptor activation during con-
ditioning stimulation is required for the induction
of this form of metaplasticity (Huang et al. 1992;
Fujii et al. 1996; Abraham and Huggett 1997). Like-
wise, we found that the when the first train of 5-Hz

5Hz STIMULATION-INDUCED METAPLASTICITY

Figure 2: The induction of LTP by 5-Hz stimulation
induces a transient inhibition of additional LTP induc-
tion that can be overcome with higher frequency syn-
aptic stimulation. (A) LTP was induced by delivering 75
pulses of 5-Hz stimulation at time = 0 (only the last 10
min of the 20-min baseline recording period is shown).
A second train of 5-Hz stimulation delivered 50 min
later induces a significant (P < 0.05, Student-Newman-
Keuls test) additional potentiation of synaptic transmis-
sion. (B) Summary of the effects of ITI on LTP induction
by multiple trains of 5-Hz stimulation. The effects of a
second train of 5-Hz stimulation on synaptic transmis-
sion delivered either 20 min after LTP induction (O) or
50 min after LTP induction (@) are shown superimposed
for comparison. Although a second train of 5-Hz stimu-
lation delivered 20 min after LTP was induced had no
effect on synaptic strength (fEPSPs were 102.2 + 1.7% of
the potentiated baseline), a clear potentiation was in-
duced when the second train of 5-Hz stimulation was
delivered 50 min after LTP was initially induced (fEPSPs
potentiated to 124 + 4% above the potentiated base-
line). Data are from experiments shown in Figs. 1B and
2A (this figure). fEPSPs have been normalized to the size
of the potentiated fEPSPs recorded over the last 5 min
prior to the second train of 5-Hz stimulation. (C) Sum-
mary of the effects of different patterns of synaptic stimu-
lation on the induction of LTP at potentiated synapses.
Responses have been normalized as in B. The second
train of synaptic stimulation was delivered at time =0
(corresponding to 20 min after the initial induction of
LTP). Whereas 75 pulses of 5-Hz stimulation induces no
further potentiation of synaptic transmission (M; data
from B), both 300 pulses of 20-Hz stimulation (A, N =6,
fEPSPs potentiated to 121.5 = 5.3% of the potentiated
baseline) and two 1-sec-long trains of 100-Hz stimula-
tion (@, N=9, fEPSPs potentiated to 140.9 + 6.1% of
the potentiated baseline) induce significant levels of ad-
ditional LTP (P < 0.5, Student-Newman—Keuls test).

stimulation was delivered in the presence of 50 um
D,I-APV, the induction of LTP was completely
blocked, and following APV washout, a second
train of 5-Hz stimulation delivered 20 min after the
first train induced normal levels of LTP (Fig. 3A).

A NO-DEPENDENT INHIBITION OF NMDA
RECEPTOR ACTIVITY IS NOT RESPONSIBLE
FOR THE SUPPRESSION OF ADDITIONAL LTP
INDUCTION AT POTENTIATED SYNAPSES

Because previous studies have suggested that a
persistent depression of NMDA receptor-mediated
synaptic responses (Selig et al. 1995), perhaps me-
diated by NO (Murphy and Bliss 1999), may be
involved in at least some forms of metaplasticity
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(Abraham and Tate 1997), we examined whether
this mechanism might contribute to the inability of
5-Hz stimulation to induce additional LTP at poten-
tiated synapses. To explore the potential role of
NO signaling, we examined the effects of the NOS
inhibitor L-nitroarginine methyl ester (L-NAME) on
the amount of potentiation induced by two trains
of 5-Hz stimulation delivered with a 20-min ITIL.
L-NAME (100 um) had no effect on the amount of
potentiation induced by the first train of 5-Hz
stimulation, and, as in control experiments (Fig.
1B), the second train of 5-Hz stimulation failed to
induce a further increase in synaptic strength (Fig.
3B). Because the high concentration of L-NAME
used in our experiments inhibits the induction of
LTP by some protocols (Bohme et al. 1991; Haley
et al. 1992; Ko and Kelly 1999), the results shown
in Figure 3B suggest that the inhibition of addi-
tional LTP induction at potentiated synapses does
not arise from mechanisms that require NO pro-
duction. Furthermore, the lack of an effect of L-
NAME on the amount of LTP induced by the first
train of 5-Hz stimulation in these experiments in-
dicates that 5-Hz stimulation induces an NO-inde-
pendent form of LTP in the CA1 region of the hip-
pocampus (at least during the first 20 min after
5-Hz stimulation), a finding consistent with previ-
ous observations that NO is not required for the
induction of LTP by some patterns of synaptic
stimulation (Gribkoff and Lum-Ragan 1992; Chet-
kovich et al. 1993; Haley et al. 1993; O’Dell et al.
1994; Malen and Chapman 1997).

To determine whether an activity-dependent
inhibition of NMDA receptor-mediated EPSCs
might contribute to the suppression of additional
LTP at potentiated synapses, we examined the ef-
fects of 5-Hz stimulation on NMDA receptor-medi-
ated EPSCs. After recording a stable baseline period
of EPSCs, we paired a 75-pulse train of presynaptic
fiber stimulation delivered at 5 Hz with postsynap-
tic depolarization to —40 mV (postsynaptic depo-
larization was used to partially mimic the depolar-
ization produced by postsynaptic complex spike
bursting induced by 5 Hz stimulation under normal
conditions; see Thomas et al. 1998). Seventy-five
stimulation pulses delivered at 5-Hz failed to in-
duce a long-lasting depression of NMDA receptor-
mediated EPSCs (Fig. 4A), suggesting that the inhi-
bition of additional LTP induction at potentiated
synapses is not due to a persistent modification of
synaptic NMDA receptors produced by the first
train of 5-Hz stimulation. The conditions in these
voltage-clamp experiments were different from
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Figure 3: NMDA receptor activation, but not NO sig-
naling, is required for the metaplastic inhibition of LTP
induction by 5-Hz stimulation. (A) The NMDA receptor
blocker p,.-APV (50 pm) was applied for the duration
indicated by the bar to block NMDA receptors during
the first of two trains of 5-Hz stimulation (first train de-
livered at time=0, ITI=20 min). APV completely
blocked the induction of LTP by the first train of 5-Hz
stimulation (fEPSPs were 101.7 + 3.2% of baseline 20
min after the first 5-Hz stimulation train, N = 6). Follow-
ing APV washout, the second train of 5-Hz stimulation
induced a clear potentiation of synaptic transmission
(fEPSPs potentiated to 140.6 + 5.2% of baseline 20 min
after the second 5-Hz stimulation train). (B) The NOS
inhibitor L-NAME does not prevent the inhibition of ad-
ditional LTP induction at potentiated synapses. Slices
(N = 6) were continuously bathed in L-NAME (100 pm),
and two trains of 5-Hz stimulation (ITI = 20 min) were
delivered starting at time = 0. Whereas the first train of
5-Hz stimulation induced a significant potentiation in
the presence of L-NAME (fEPSPs were potentiated to
156.3 = 12% of baseline 15-20 min after the first train,
P < 0.05 compared with pre-5-Hz stimulation baseline,
Student-Newman—Keuls test), the second 5-Hz stimula-
tion train failed to significantly enhance synaptic trans-
mission above the potentiated level (Student-Newman-
Keuls comparison with the level of potentiation induced
by the first train, fEPSPs were 167.1 + 11.8 % of baseline
15-20 min after the second train).
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those used in our extracellular recording studies of
5-Hz stimulation-induced LTP, however, and it is
possible that some of these differences may have
influenced the effects of 5-Hz stimulation on
NMDA receptor activity. We thus also examined
the effects of 5-Hz stimulation on NMDA receptor-
mediated fEPSPs using the approach outlined by
Selig et al. (1995) (see also Muller et al. 1988). In
these experiments we used two stimulating elec-
trodes to activate independent groups of presyn-
aptic fibers and induced LTP by a single train of
5-Hz stimulation in only one pathway. Twenty min-
utes after 5-Hz stimulation, a modified ACSF con-
taining 10 pm NBQX, 100 pum picrotoxin, and 0.1
mm MgSO, was applied onto the slices to pharma-
cologically isolate the NMDA receptor-mediated
component of the fEPSPs. As shown in Figure 4B,
the magnitude of the NMDA receptor component
of the fEPSP (relative to the AMPA-receptor com-
ponent recorded during baseline) was similar in
both the unstimulated pathway and in the pathway
that received 5-Hz stimulation. In control experi-
ments (no 5-Hz stimulation) we found that the rela-
tive magnitude of the NMDA receptor-mediated

5Hz STIMULATION-INDUCED METAPLASTICITY

Figure 4: Brief trains of 5-Hz stimulation do not induce
a lasting depression of NMDA receptor-mediated syn-
aptic responses. (A) NMDA receptor-mediated EPSCs
were recorded in CA1 pyramidal cells voltage-clamped
at —=60 mV. After a 10-min baseline period, 75 stimula-
tion pulses delivered at 5 Hz were paired with postsyn-
aptic depolarization to —40 mV (responses during 5-Hz
stimulation not shown). On average, EPSCs were
114.8 £ 11.2% of baseline 40 min after pairing (N=9)
and not significantly different (paired t-test) from base-
line. The traces show the average of three EPSCs re-
corded just prior to, and 30 min after (larger response),
5-Hz stimulation. Calibration bars, 25 pA and 25 msec.
(B) Two pathway experiment investigating potential
changes in NMDA receptor-mediated fEPSPs following
5-Hz stimulation. Two stimulating electrodes were used
to activate independent groups of presynaptic fibers. At
time =0, LTP was induced in one pathway using 75
pulses of 5-Hz stimulation (@). Twenty minutes later a
modified ACSF containing 10 pm NBQX, 100 pm picro-
toxin, and 0.1 mm MgSO, was applied to isolate the
NMDA receptor component of the fEPSPs (fEPSPs re-
corded under these conditions were blocked by the
NMDA receptor antagonist D,L-APV, 100 pm, N=4;
data not shown). Responses have been normalized to
the AMPA receptor-mediated fEPSPs recorded during
baseline. The NMDA component of the fEPSPs (normal-
ized to the AMPA component recorded during baseline)
in the potentiated pathway and the unstimulated path-
way (no 5-Hz stimulation) are not significantly different
(t-test).

EPSPs in two independent pathways was identical
(not shown) as reported previously by Selig et al.
(1995). Thus, even under the same conditions used
in our studies of LTP induction we find no evi-
dence supporting a role for LTD of NMDA recep-
tor-mediated responses in the metaplastic effects
of 5-Hz stimulation on LTP induction.

B-ADRENERGIC RECEPTOR ACTIVATION
OVERCOMES THE METAPLASTIC INHIBITION
OF LTP INDUCTION INDUCED BY 5-HZ STIMULATION

Because P-adrenergic receptor (BAR) activa-
tion has potent, activity-dependent effects on LTP
induction in the CAl region of the hippocampus
(Thomas et al. 1996; Katsuki et al. 1997; Moody et
al. 1998; Makhinson et al. 1999), we examined
whether BAR activation might modulate 5-Hz
stimulation-induced metaplasticity. Consistent
with our previous observations (Thomas et al.
1996), we found that a 10-min application of the
BAR agonist ISO (1.0 um) had no effect on the
amount of LTP induced by 75 pulses of 5-Hz stimu-
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Figure 5: BAR activation enables additional LTP induction at
potentiated synapses. (A) Seventy-five pulses of 5-Hz stimula-
tion (delivered at time = 0) induced similar amounts of LTP in
control slices (O, N=13) and in slices to which 1.0 pm ISO
was applied for 10 min prior to 5-Hz stimulation (®, N = 6).
(B) Although I1SO does not modulate the effects of 5-Hz stimu-
lation at naive synapses, it enhances the induction of addi-
tional LTP at potentiated synapses. Ten minutes after the in-
duction of LTP by 75 pulses of 5-Hz stimulation 1.0 pm ISO
was bath-applied for 10 min before a second train of 5-Hz
stimulation was delivered (O, N = 8). Note that the second
train of 5-Hz stimulation now induces additional LTP. Results
from control experiments (from Fig. 1B) showing the effects of
two trains of 5-Hz stimulation delivered with an ITI of 20 min
in the absence of ISO (@) are plotted for comparison. The
traces show example fEPSPs recorded just before, and 20 min
after (larger response), the second train of 5-Hz stimulation.
Calibration bars, 2 mV and 2 mSec. (C) I1SO enables the in-
duction of additional LTP at potentiated synapses when pres-
ent during the second, but not the first, train of 5-Hz stimula-
tion. The plot shows the effects of a second train of 5-Hz
stimulation delivered 20 min after LTP was initially induced by
75 pulses of 5-Hz stimulation (fEPSPs have been normalized to
the size of the potentiated fEPSPs recorded over the last 5 min
prior to the second 5-Hz stimulation train). The @'s are from
the experiment shown in B in which the second train of 5-Hz
stimulation was delivered in the presence of I1SO. The O’s

- - W

£ 1

& 180 200 7

o |

Q. 180

3 160

> d

140 ]

° 140

5120 120 ] *

@ ] %

& 100 100

a * 1 ; é

W 80 +— t T T 80 T rt—r
20 0 20 40 20 10 0 10 20 30 40

Time (min.) Time (min.)

O

D

2™ Train in 1SO 3 Control
130 / 100 — 150
ORI T
120 # ® 80 -
3 + £5
Biol ¢ 5o
@ 110 4 ® |
=] g = 60
= - » o
f o ()
3 100 N% 8% 40
Q -« O
a 1 / 55
° %07 O franniso %52
3 4 (&}
80 T T T T 1 0 -
5 0 5 10 15 20 1t gd pnd
Time (min.) Train #

show the effects of the second train of 5-Hz stimulation in experiments in which the first train of 5-Hz stimulation was
delivered at the end of a 10-min bath application of ISO (1.0 pm, N =7). Note that BAR activation only enables the
induction of additional LTP at potentiated synapses when present during the second train of 5-Hz stimulation. (D)
Summary of the effects of ISO on complex spike bursting during 5-Hz stimulation. The open bars show the percentage of
EPSPs during the 5-Hz stimulation trains that induce complex spike bursting in control experiments. The solid bar shows
the percentage of EPSPs that evoke complex spike bursts in experiments in which the second train of 5-Hz stimulation was
delivered in the presence of I1SO. Note that ISO had no significant effect on the number of EPSP-evoked complex spike
bursts elicited during the second train of 5-Hz stimulation. Complex spike bursting during 5-Hz stimulation was deter-

mined from the experiments shown in B.

lation delivered to naive synapses (Fig. 5A). De-
spite the fact that AR activation has no effect on
the induction of LTP by this protocol, ISO enabled
the induction of additional LTP by a second 5-Hz
stimulation train delivered to synapses potentiated
20 min earlier by the first 5-Hz train (Figs. 5B and
6A). ISO also enabled the induction of additional
LTP by 5-Hz stimulation at synapses where a small
amount of LTP was induced 20 min earlier by a
25-pulse train of 5-Hz stimulation (Fig. 6B). In con-
trol experiments, a 10-min application of 1.0 um
ISO delivered 10 min after LTP induction had no
effect on the amount of potentiation induced by
single trains of either 75 pulses or 25 pulses of 5-Hz
stimulation (Fig. 6A,B). Thus, although activation
of BAR has no effect on the amount of LTP induced
by 75 pulses of 5-Hz stimulation at naive synapses
and has no persistent effect on synaptic strength at
potentiated synapses when applied after LTP in-
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duction, it opposes the metaplastic processes that
suppress 5-Hz stimulation-induced LTP at potenti-
ated synapses.

In a separate series of experiments, we bath-
applied 1.0 pm ISO for 10 min prior to the first of
two 75-pulse trains of 5-Hz stimulation (ITI = 20
min) and then washed ISO from the recording
chamber prior to delivering the second train of
5-Hz stimulation. As shown in Figure 5C, the pres-
ence of ISO during the first train of 5-Hz stimula-
tion did not enable the induction of additional LTP
by the second train of 5-Hz stimulation. Thus, al-
though BAR activation opposes the metaplastic in-
hibition of LTP induction at potentiated synapses
when applied during the second train of 5-Hz
stimulation, it does not appear to prevent the in-
duction of this form of metaplasticity.

The ability of EPSPs to evoke complex spike-
like bursts of action potentials in CA1 pyramidal
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Figure 6: (A) Summary of the effects of 5-Hz stimula-
tion on synaptic transmission. Values shown are the
mean (+s.t.) amount of potentiation present 40-45 min
after conditioning stimulation. The open bar shows the
effects of a single, 75-pulse train of 5-Hz stimulation
(conditioning stimulation only). Compared with the ef-
fects of conditioning stimulation alone, neither a second
train of 5-Hz stimulation nor a 10-min application of 1.0
pm ISO (each delivered 20 min after conditioning stimu-
lation) significantly enhanced the amount of potentia-
tion seen 40 min after conditioning stimulation. In con-
trast, a significantly greater amount of potentiation was
observed when a second train of 5-Hz stimulation was
delivered in the presence of I1SO (last bar). (*) P < 0.05;
(N.S.) not significant (P > 0.05) Bonferroni test compari-
sons to conditioning stimulation alone. (B) Same as in A
but with a 25-pulse train of 5-Hz stimulation as the con-
ditioning stimulation. Only 75 pulses of 5-Hz stimula-
tion in the presence of ISO (5-Hz stimulation delivered
20 min after conditioning stimulation) induced a signifi-
cantly greater amount of LTP compared with 25 pulses
of 5-Hz stimulation alone (P < 0.05, Bonferroni test).

cells has a crucial role in the induction of LTP by
5-Hz stimulation (Thomas et al. 1998). Because the
metaplastic inhibition of LTP induction at potenti-
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ated synapses appears to arise from an increase in
the threshold for LTP induction, AR activation
might enable the induction of additional LTP by
5-Hz stimulation of potentiated synapses by pro-
ducing changes in excitability that increase EPSP-
evoked complex spike bursting during 5-Hz stimu-
lation. We thus determined the effects of ISO on
the amount of EPSP-evoked complex spike burst-
ing induced during 5-Hz stimulation of potentiated
synapses. In the experiments shown in Figure 5B,
59.7 + 9% of the EPSPs evoked complex spike
bursting when the second train of 5-Hz stimulation
was delivered in ISO compared with 53.5 + 6%
evoked by the second train of 5-Hz stimulation in
control experiments (see Fig. 5D). BAR activation
thus does not appear to enable the induction of
additional LTP at potentiated synapses by enhanc-
ing EPSP-evoked complex spike bursting during
5-Hz stimulation.

Discussion
THE BCM MODEL

A common observation in studies of LTP in the
hippocampal CA1 region is that repeated trains of
high-frequency synaptic stimulation induce incre-
mental levels of potentiation until a maximal, or
saturated, level of LTP is induced. However, a re-
cent study by Frey et al. (1995) suggests that the
saturation level of potentiation induced by mul-
tiple trains of high-frequency stimulation may not
represent a true upper limit. Instead, LTP satura-
tion may reflect the presence of a time-dependent
metaplastic process that limits the ability of poten-
tiated synapses to undergo additional LTP. Our ex-
periments show that even patterns of synaptic
stimulation that produce modest, “submaximal”
levels of LTP can recruit processes that limit the
ability of synaptic transmission to undergo addi-
tional potentiation. Even a very brief train of 5-Hz
stimulation (25 pulses) that induced a marginal
level of synaptic potentiation (20%) inhibited the
induction of additional potentiation by 75 pulses of
5-Hz stimulation delivered 20 min later (see Fig.
6B).

In many ways the metaplastic inhibition of LTP
induction by prior synaptic stimulation observed in
our experiments, as well as in those of others
(Huang et al. 1992; Fujii et al. 1996; for review, see
Abraham and Tate 1997), is reminiscent of the slid-
ing modification threshold regulating LTP induc-
tion in the Bienenstock, Cooper, Munroe (BCM)
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model of synaptic plasticity (Bienenstock et al.
1982; Bear et al. 1987). In the BCM model, low
frequencies of synaptic stimulation that produce
levels of coincident pre- and postsynaptic activity
that fall below the modification threshold (0,) in-
duce LTD, whereas higher frequencies of synaptic
stimulation that produce levels of coincident syn-
aptic activity that are above 0,, induce LTP. Impor-
tantly, 0,, is not a fixed property of the synapse but
instead is modified in an activity-dependent man-
ner. In the model, low frequencies of synaptic ac-
tivation that fall below 6, not only can induce LTD
(or no change in synaptic strength) but also can
shift 0, towards lower frequencies, thus facilitat-
ing the induction of LTP by subsequent synaptic
activity. Conversely, frequencies of synaptic activa-
tion that lie above 6,, not only induce LTP but also
shift 0., to higher frequencies and thus raise the
threshold for LTP induction. According to the BCM
model, a pattern of synaptic activation that lies just
above 0, will induce LTP of naive synapses but will
subsequently fail to further influence synaptic
strength (or even induce a depression, i.e., depo-
tentiation) because of the shift in 0,, towards
higher frequencies. Consistent with this, we found
that a brief train of 5-Hz stimulation that elicited
modest LTP at naive synapses, had little effect on
synaptic strength at potentiated synapses, whereas
additional LTP could be induced at potentiated syn-
apses by stronger, 100-Hz stimulation trains. Our
results, as well as previous findings (for reviews,
see Deisseroth et al. 1995; Stanton 1996; Abraham
and Tate 1997), thus indicate that metaplasticity
may be the physiological manifestation of the “slid-
ing” 6, incorporated into the BCM model. How-
ever, as originally envisioned in the model, shifts in
0, produce a cell-wide (i.e., heterosynaptic)
change in the amounts of coincident synaptic ac-
tivity needed for LTP or LTD induction (Bienen-
stock et al. 1982; Bear et al. 1987); yet in our ex-
periments we observed that the inhibition of LTP
by prior 5-Hz stimulation was homosynaptic (see
also Huang et al. 1992). Because other studies have
found evidence for heterosynaptic changes in 0,,
(Holland and Wagner 1998), it seems likely that
excitatory synapses onto pyramidal cells in the
CAL1 region of the hippocampus express both ho-
mosynaptic and heterosynaptic forms of metaplas-
ticity.

MECHANISMS OF METAPLASTICITY

How might prior synaptic stimulation increase

the threshold for LTP induction? One possibility is
that an NMDA receptor-dependent activation of
NOS produces a NO-mediated negative feedback of
NMDA receptor activity that increases the thresh-
old for LTP induction. Consistent with the idea that
NMDA receptor activation has a crucial role, we
observed that the effects of prior 5-Hz stimulation
on LTP induction could be prevented if NMDA re-
ceptors were blocked with APV during the first
5-Hz stimulation train. The inhibition of additional
LTP induction by 5-Hz stimulation delivered to po-
tentiated synapses was not prevented by a high
concentration of the NOS inhibitor L-NAME, how-
ever, suggesting that NO signaling is not involved.
Moreover, using two different approaches we
found no evidence for LTD of NMDA receptor-me-
diated synaptic responses following a 75-pulse
train of 5-Hz stimulation (Fig. 4). Thus, neither NO
signaling nor decreases in NMDA receptor activity
seem to contribute to the metaplastic inhibition of
LTP induction at potentiated synapses observed in
our experiments. Our results do not rule out the
possibility, however, that a NO-dependent down-
regulation of NMDA receptor activity may be re-
sponsible for the inhibition of LTP induction fol-
lowing other types of synaptic stimulation.

An alternative mechanism that may underlie
the activity-dependent increase in the threshold for
LTP induction seen in our experiments is Ca**/
calmodulin trapping by autophosphorylated forms
of the Ca**/calmodulin-dependent protein kinase
aCaMKII (Deisseroth et al. 1995; Mayford et al.
1995). Following activation by increases in intra-
cellular Ca**, «CaMKII can become persistently ac-
tivated by autophosphorylation at a threonine resi-
due (Thr-286) that resides within the inhibitory do-
main of «CaMKII (Miller and Kennedy 1986; Miller
et al. 1988; Schworer et al. 1988; Thiel et al. 1988;
Lou and Schulman 1989). Although this autophos-
phorylation event is thought to be important for
the induction of LTP (Giese et al. 1998), perhaps
by producing a persistent biochemical change that
enhances postsynaptic AMPA receptor function
(Lisman 1994; Barria et al. 1997; but see Otmakhov
et al. 1997), autophosphorylation at this site also
greatly (400-fold) enhances the affinity of o« CaMKII
for Ca**/calmodulin (Meyer et al. 1992). Autophos-
phorylated aCaMKII can thus act as a calmodulin
sink that limits calmodulin availability. Because the
strength of synaptic transmission at excitatory syn-
apses onto hippocampal CA1l pyramidal cells is
regulated by opposing, Ca**/calmodulin-activated
protein kinase- and protein phosphatase-depen-




dent signaling pathways (Malenka and Nicoll 1993;
Malenka 1994; Coussens and Teyler 1996; Wang
and Kelly 1996; Wang et al. 1997), changes in
calmodulin availability could strongly influence
how synaptic strength is modified by a given pat-
tern of synaptic stimulation. Although the high
calmodulin levels present at excitatory synapses in
the hippocampus might limit the impact of Ca**/
calmodulin trapping by autophosphorylated
CaMKII, levels of Ca**/calmodulin may be a limit-
ing factor in LTP induction under some experimen-
tal conditions (Wang and Kelly 1995). In the case
of the 5-Hz stimulation trains used in our experi-
ments, aCaMKII autophosphorylation induced dur-
ing the first train of 5-Hz stimulation may inhibit
the activation of the kinase-dependent mechanisms
responsible for LTP or enhance the activation of
the protein phosphatases that inhibit LTP induc-
tion during the second train of 5-Hz stimulation (or
both). Consistent with the hypothesis that
calmodulin-trapping by  autophosphorylated
aCaMKII contributes to the inhibition of additional
LTP induction by 5-Hz stimulation of potentiated
synapses, 5-Hz stimulation trains that induce low
levels of LTP in the CAl region of hippocampal
slices from wild-type animals induce LTD in slices
from transgenic animals expressing a mutant, per-
sistently activated form of oCaMKII that traps
calmodulin (Mayford et al. 1995). The calmodulin
trapping by aCaMKII hypothesis also suggests that,
with time, dephosphorylation of «CaMKII by pro-
tein phosphatases will reset (i.e., lower) the thresh-
old level of coincident pre- and postsynaptic activ-
ity needed for LTP induction and re-enable the in-
duction of LTP by 5-Hz stimulation. We found that
the metaplastic inhibition of additional LTP induc-
tion at potentiated synapses fades with time follow-
ing the initial induction of LTP (Fig. 2; see also Frey
et al. 1995).

Although our results suggest that the metaplas-
tic inhibition of LTP at potentiated synapses arises
from changes in the activity of signaling molecules
that lie downstream of NMDA receptor activation,
rather than from a direct modification of NMDA
receptor activity, they do not specifically implicate
CaMKII in this process. Because activation of pro-
tein kinase C (PKC) with phorbol esters produces
a persistent inhibition of LTP induction in the CA1
region of the hippocampus (Stanton 1995), PKC
activation by the first train of 5-Hz stimulation
could account for the inhibition of additional LTP
induction at potentiated synapses. Unfortunately,
the use of selective inhibitors of CaMKII and PKC
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to test the potential role of these two kinases in
metaplasticity is not possible because both PKC
and CaMKII inhibitors block LTP induction (for re-
views, see Roberson et al. 1996; Wang et al. 1997).

BAR ACTIVATION AND METAPLASTICITY

The mechanisms responsible for metaplastic-
ity may represent an important target through
which modulatory transmitters can act to regulate
LTP and LTD induction. For example, transmitters
that up-regulate NMDA receptor activity could po-
tently modulate forms of metaplasticity in which
changes in NMDA receptor function underlie the
shift in 6, m that inhibits LTP induction. Alterna-
tively, transmitters could regulate the effects of
metaplasticity by activating signaling pathways that
directly interact with the protein kinase- and pro-
tein phosphatase-dependent signaling pathways in-
volved in LTP and LTD. Transmitters acting
through the cAMP/protein kinase A (PKA) path-
way might modulate metaplasticity via both sorts
of mechanisms because PKA activation can directly
oppose the effects of protein phosphatases on
NMDA receptor activity (Raman et al. 1996) and
may facilitate the induction of LTP by inhibiting
the activity of protein phosphatase 1 (PP1) through
a PKA-dependent phosphorylation of inhibitor-1, a
PP1 regulatory protein (Blitzer et al. 1995, 1998;
Thomas et al. 1996; Makhinson et al. 1999). Con-
sistent with the idea that modulatory neurotrans-
mitters can influence synaptic plasticity by regulat-
ing metaplasticity, we observed that BAR activa-
tion had no effect on the amount of LTP induced
by 75 pulses of 5-Hz stimulation at naive synapses
but enabled the induction of additional LTP by 75
pulses of 5-Hz stimulation at potentiated synapses
(Figs. 5 and 0).

Previously, it was found that o-adrenergic re-
ceptor, but not BAR, activation potently inhibits
the metaplastic inhibition of LTP induction pro-
duced by low levels of NMDA receptor activation
(Izumi et al. 1992b). Although this may seem in-
consistent with the effects of ISO observed in our
experiments, we also found that the metaplastic
inhibition of LTP induction at potentiated synapses
is not prevented by NOS inhibitors, whereas pre-
vious studies have found that the inhibition of LTP
induction produced by bath application of NMDA
is blocked by NOS inhibitors (Izumi et al. 1992a). It
thus seems likely that multiple metaplastic pro-
cesses can regulate LTP induction at excitatory syn-
apses onto CA1l pyramidal cells, and therefore, it
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may not be too surprising that these different
forms of metaplasticity are differentially regulated
by BAR activation.

How does BAR activation relieve the metaplas-
tic inhibition of LTP induction at potentiated syn-
apses? One possibility is that AR activation over-
comes the suppression of LTP induction at poten-
tiated synapses by producing changes in
postsynaptic excitability that facilitate NMDA re-
ceptor activation during 5-Hz synaptic stimulation.
Compared with a second train of 5-Hz stimulation
delivered to potentiated synapses in control ex-
periments, ISO had no effect on the amount of
EPSP-evoked complex spike bursting elicited by a
second train of 5-Hz stimulation delivered to po-
tentiated synapses. Changes in excitability that af-
fect postsynaptic bursting thus do not account for
the effects of BAR activation on metaplasticity.
This observation does not rule out the possibility
that more subtle changes in excitability might con-
tribute to the effects of ISO, however. BAR activa-
tion has a number of effects on pyramidal cell ex-
citability that could facilitate LTP induction (Hegin-
botham and Dunwiddie 1991; Dunwiddie et al.
1992; Sah and Bekkers 1996; Hoffman and Johns-
ton 1999).

A second possibility is that BAR activation op-
poses the inhibition of additional LTP induction at
potentiated synapses by regulating PP1 activity via
a PKA-dependent phosphorylation of inhibitor-1
(Thomas et al. 1996; Makhinson et al. 1999). The
induction of LTP by some patterns of synaptic
stimulation, including 5-Hz stimulation, requires
activation of Ca**/calmodulin-dependent forms of
adenylyl cyclase and a subsequent PKA-mediated
suppression of PP1 (Blitzer et al. 1995, 1998;
Thomas et al. 1996; Winder et al. 1998). Changes
in Ca®* signaling that occur as a result of LTP in-
duction (e.g., because of calmodulin trapping by
autophosphorylated oCaMKII) might thus hinder
activation of Ca**/calmodulin-dependent forms of
adenylyl cyclase during 5-Hz stimulation of poten-
tiated synapses, resulting in insufficient levels of
PKA activation to inhibit the activity of protein
phosphatases that oppose the induction of addi-
tional LTP. If changes in the ability of Ca®* to acti-
vate adenylyl cyclase contributes to the inhibition
of LTP induction at potentiated synapses, then
stimulation of adenylyl cyclase following BAR acti-
vation may provide an alternative mechanism to
achieve the PKA-mediated suppression of protein
phosphatase activity needed to enable LTP induc-
tion. Although such a mechanism is consistent
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with our observations, our findings do not rule out
other potential signaling mechanisms. One alterna-
tive possibility is that activation of the mitogen-
associated protein (MAP) kinase signaling pathway
following BAR activation (Daaka et al. 1997; Rob-
erson et al. 1999) is involved because MAP kinase
activation is required for LTP induction (English
and Sweatt 1997).

In summary, our results show that brief trains
of 5-Hz stimulation not only induce LTP of excit-
atory synapses in the CA1 region of the hippocam-
pus but also induce a time-dependent inhibition of
additional LTP induction by low-frequency synap-
tic stimulation. Although some patterns of synaptic
stimulation may induce a metaplastic inhibition of
LTP through NO-dependent processes and/or
modifications of NMDA receptor activity, we find
that the inhibition of LTP induction at potentiated
synapses is not affected by NOS inhibitors and does
not appear to arise from a depression in NMDA
receptor activity. Thus, mechanistically distinct
forms of metaplasticity may regulate synaptic plas-
ticity in the CA1 region of the hippocampus. Al-
though the signaling pathways responsible for the
form of metaplasticity observed in our experi-
ments remain to be determined, our results suggest
that these pathways may represent an important
target where norepinephrine acting through 3ARs
can regulate how different patterns of synaptic ac-
tivity modify synaptic strength in the hippocam-
pus.
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