
In primary sensory cortex, both AMPA receptors (AMPAR) and NMDA
receptors (NMDAR) are the dominant contributors to excitatory synap-
tic currents, and sensory information is carried by activation of both
receptor types1,2. At neocortical synapses, the ratio of current through
these two receptor types remains nearly constant after early postnatal
development3, and during homeostatic synaptic plasticity AMPA and
NMDA currents are scaled up and down proportionally4. Furthermore,
careful measurement of the NMDA and AMPA components of individ-
ual quantal currents shows a strong correlation across synapses, suggest-
ing that the ratio of the two receptor types is remarkably constant4–7.

In contrast to the proportional regulation of AMPA and NMDA
currents observed during homeostatic synaptic scaling, the prevailing
model of LTP suggests that AMPAR-mediated currents are increased
after potentiation, whereas NMDA currents are unaffected8–13 (but
see refs. 14–19). The considerable evidence for independent regula-
tion of synaptic AMPA and NMDAR during LTP (for review, see 
ref. 20) raises the question of how a constant NMDA-to-AMPA ratio
can be maintained at neocortical synapses in the face of ongoing
synaptic plasticity. Whereas the independent regulation of AMPAR
has been inferred from many studies of LTP, the amplitude of the
NMDA currents has often been measured for only a short period after
LTP induction8–11. We postulated that although LTP might initially
perturb the NMDA-to-AMPA ratio, perhaps NMDA potentiation
tracks AMPA potentiation, but on a slower time scale.

To examine this hypothesis, we induced a rapid, global LTP of
AMPA miniature excitatory postsynaptic currents (mEPSCs) in cul-
tured cortical pyramidal neurons, and then recorded the NMDA-to-
AMPA ratio of mEPSCs at different time delays after the induction
protocol. We observed a rapid and long-lasting potentiation of AMPA
currents (AMPA-LTP), and a delayed but also long-lasting potentia-

tion of NMDA currents (NMDA-LTP), which restored the original
NMDA-to-AMPA ratio. A similar delayed but proportional NMDA-
LTP was observed at unitary connections between layer-5 pyramidal
neurons in visual cortical slices. These data indicate that a stable
NMDA-to-AMPA ratio is actively maintained at neocortical synapses
in the face of ongoing plasticity.

RESULTS
Experiments were performed on cultured neocortical pyramidal neu-
rons after 7–8 days in vitro, or on layer-5 pyramidal neurons in slices
of visual cortex from postnatal day (P)14–18 rats. Pyramidal neurons
in culture were visually identified as previously described4,21,22.
Mixed AMPA-NMDA mEPSCs4 or unitary excitatory EPSCs23 were
recorded as previously described.

Rapid AMPA and delayed NMDA potentiation
To measure the NMDA-to-AMPA ratio of quantal currents for several
hours after the induction of LTP, we potentiated a large number of
inputs onto cultured cortical pyramidal neurons by bath-application of
a solution that induces correlated bursts of spiking in nearby neurons
and strongly activates synaptic NMDAR (Fig. 1a)13,24. This involved a
15-min exposure to a solution with lowered external Mg2+, containing
bicuculline to partially block GABAA-mediated inhibition, and with a
concentration of glycine that saturates the NMDAR binding site13.

This induction protocol was done on sister cultures in parallel; nor-
mal neuronal medium was then replaced and the cultures were
returned to the incubator for different time durations until electro-
physiological recordings were taken. Physiological recordings were
done no longer than 1 h after a dish was removed from the incubator,
and each neuron was assayed at only one time point. Mixed AMPA-
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A proportional but slower NMDA potentiation follows
AMPA potentiation in LTP
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Most excitatory glutamatergic synapses contain both AMPA and NMDA receptors, but whether these receptors are regulated
together or independently during synaptic plasticity has been controversial. Although long-term potentiation (LTP) is thought 
to selectively enhance AMPA currents and alter the NMDA-to-AMPA ratio, this ratio is well conserved across synapses onto the
same neuron. This suggests that the NMDA-to-AMPA ratio is only transiently perturbed by LTP. To test this, we induced LTP at rat
neocortical synapses and recorded mixed AMPA-NMDA currents. We observed rapid LTP of AMPA currents, as well as delayed
potentiation of NMDA currents that required previous AMPA potentiation. The delayed potentiation of NMDA currents restored
the original NMDA-to-AMPA ratio within 2 h of LTP induction. These data suggest that recruitment of AMPA receptors to
synapses eventually induces a proportional increase in NMDA current. This may ensure that LTP does not alter the relative
contributions of these two receptors to synaptic transmission and information processing.
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NMDA-mediated mEPSCs were then recorded at –60 mV holding
potential in artificial cerebrospinal fluid (ACSF) containing 0.05 mM
MgSO4, which greatly reduced the voltage-dependent block of the
NMDAR and revealed a mixed AMPA-NMDA current at this holding
potential. Because the AMPA and NMDA components of the mEPSCs
recorded under these conditions have distinct time courses (AMPA
peaks early and decays to baseline within 15 ms; NMDA peaks after 
15 ms and decays with a time constant of ∼ 150 ms, Fig. 1b), the
amplitude of the two components can be determined by measuring at
different time points as previously described4.

Comparing the amplitude of the AMPA component of mEPSCs
in control and potentiated sister cultures revealed that robust LTP
(Fig. 1b, at least 120% of control values) was induced in approxi-
mately 80% of experiments. Unsuccessful LTP generally occurred if
cultures were sparse, and it was probably due to differences in the
level of activity induced by the potentiation protocol. When LTP
occurred, it occurred reliably in all sister cultures within a given
experiment. Because we wished to know what happened to the
NMDA component of mEPSCs when the AMPA component was
potentiated, we analyzed only those experiments in which LTP of
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Figure 2  Delayed NMDA-LTP restores the
NMDA-to-AMPA ratio. (a) Time-course of
AMPA-LTP and NMDA-LTP. Top: AMPA-LTP
occurred rapidly and was long-lasting without
significant run-down. Bottom: NMDA-LTP
occurred after a delay of 2 h and was also long-
lasting. Time after induction was measured
from the end of the induction period. Time
points were binned as follows: 0–1.5 h, 2–3.5
h and 3.5–8 h. (b) Summary data comparing
AMPA (white bars) and NMDA (black bars)
synaptic currents from control, early LTP and
late LTP recordings. Late LTP induction + APV
had 200 µM DL-APV included in the induction
solution, and was assayed 2–9 h after the
induction. Neither AMPA nor NMDA currents
were significantly different from controls, but
they were both different from late LTP. 
(c) Average NMDA-to-AMPA ratios from control,
early and late LTP. (d) LTP induction
transiently enhances mEPSC frequency.
mEPSC frequency increased ∼ 3-fold during
early LTP, but returned to controls levels by
late LTP. **P < 0.0001 compared to control.
For this and subsequent figures, all error bars
represent standard error of the mean.

Figure 1 Long-term potentiation of mEPSCs. 
(a) Sample traces from voltage-clamp recordings
from control (top) and potentiated neurons
(bottom two traces). At this time-base, mEPSCs
appear as rapid downward current deflections.
Immediately after LTP induction (early LTP),
AMPA quantal amplitude and mEPSC frequency
increased. At times > 2 h after LTP induction (late
LTP), both the AMPA and NMDA components of
the mEPSC increased in amplitude, whereas
mEPSC frequency returned to control levels. Inset:
simultaneous recordings from two pyramidal
neurons showing the correlated burst-like activity
elicited by the induction medium. Gray trace has
been offset on the voltage axis to aid visualization.
(b) Average mEPSC waveforms from control (gray)
and early LTP (black) showing that the rapid AMPA
component of the mEPSC was potentiated (AMPA-
LTP), whereas the slowly decaying NMDA
component was unaffected. (c) Average mEPSC
waveforms from early LTP (gray) and late LTP
(black). During late LTP, potentiation of the NMDA
component (NMDA-LTP) was now also evident.
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AMPA currents was successfully induced.
Potentiation of AMPA-mediated mEPSCs
(AMPA-LTP) occurred as rapidly as could
be measured (within minutes of potentia-
tion) and lasted as long as was measured
(up to 8 h; Fig. 1c). On average, AMPA cur-
rents were potentiated to 165 ± 9% of con-
trol values (n = 20 for control and 33 for
LTP, P < 0.0001).

Many researchers have found that LTP
induction alters the NMDA-to-AMPA
ratio8–10. Consistent with this, the NMDA component of mEPSCs
was unchanged within the first 1.5 h of LTP induction (early LTP, n
= 14, not different from control, n = 20), and the NMDA-to-AMPA
ratio decreased (Figs. 1b and 2a,b). By 2 h after LTP induction (late
LTP, n = 18), however, the NMDA component of mEPSCs was
potentiated (NMDA-LTP) and remained at this elevated level for as
long as was measured (Fig. 2a,b; up to 8 h, significantly different
from control, P < 0.0005). The late NMDA-LTP was closely
matched in magnitude to the AMPA-LTP so that the NMDA-to-
AMPA ratio was restored (Fig. 2c). Blocking NMDAR with the
competitive antagonist APV during the induction period prevented

both AMPA-LTP (Fig. 2b; 103 ± 4% of control values, n = 10) and
the delayed NMDA-LTP (Fig. 2b; 101 ± 10% of control values),
indicating that potentiation of both components of excitatory
synaptic transmission required NMDAR activation during the
induction period.

LTP transiently enhanced mEPSC frequency
In addition to the effects on AMPA and NMDA mEPSC amplitude,
the induction of LTP was accompanied by a 310 ± 54% increase in
mEPSC frequency (Fig. 2d, P < 0.0005) as has previously been
observed13,25–27. However, the increase in mEPSC frequency was
short-lived, and by 2 h after induction (late LTP), mEPSC frequency
was indistinguishable from control (118 ± 18% of control values;
P > 0.05). Given that immunohistochemistry has identified few silent
synapses (<10% of excitatory synapses) on these neurons22, these
data suggest a transient presynaptic effect of the LTP protocol on the
probability of spontaneous vesicle fusion.

A ∼ 40% acceleration in mEPSC rise time was observed after LTP
induction (P < 0.0001; Table 1). Changes in AMPAR subunit compo-
sition have been shown to change AMPAR decay28,29, but not (to our
knowledge) rise-time kinetics. The change in rise time is consistent
with a presynaptically mediated enhancement of cleft glutamate con-
centration30, which could result from a change in the kinetics of the
fusion pore formation31. Whatever the source, the decrease in rise
times was shorter-lived than the increase in AMPA amplitude, and it
was 50% reversed in the late LTP condition even though AMPA
amplitude remained elevated. Electrophysiological properties of the
neurons (input resistance and resting membrane potentials) were not
significantly different between control and LTP groups, nor were
there any significant differences in the decay time constants of the
NMDAR currents across conditions (Table 1).

The NMDA-to-AMPA ratio was regained at individual synapses
The average NMDA-to-AMPA ratio of mEPSCs was regained after
initially being perturbed after LTP induction (Fig. 2c). We wondered
if this was reflected in proportional changes in the AMPA and NMDA
components of individual mEPSCs. To address this, we measured the
peak AMPA and NMDA components of individual mEPSCs, as
described previously4. We plotted the AMPA peak against the NMDA
peak for each mEPSC from a given neuron and measured the coeffi-
cient of correlation (R) and the slope of this relationship. For control
neurons, AMPA and NMDA amplitudes co-varied significantly at
individual synapses (Fig. 3a,b; n = 12, slope significantly different
from zero, P < 0.005). Within 1.5 h of LTP induction (early LTP), this
correlation was reduced (Fig. 3a,b; n = 14, significantly different from
control, P < 0.005; slope not different from zero, P > 0.05). However,
after 2 h, the correlation increased again (Fig. 3a,b; n = 16, not signif-
icantly different from control, P > 0.05; slope different from zero, P <
0.05). In addition, the slope values decreased during early LTP, but
returned close to control values during late LTP (Fig. 3c). These data
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Table 1  Effects of potentiation on mEPSC kinetics and cellular properties

Condition Rise time (ms) τNMDA (ms) Rs (MΩ) Rin (MΩ) Vm (mV)

Control (n = 20) 1.30 ± 0.05 176.1 ± 25.9 11.2 ± 0.7 227.8 ± 37.4 –63.8 ± 2.0

Early LTP (n = 14) 0.81 ± 0.05** 149.4 ± 38.5 12.6 ± 0.9 234.7 ± 38.4 –59.1 ± 1.4

Late LTP (n = 18) 1.04 ± 0.06** 174.1 ± 32.1 11.3 ± 0.5 196.4 ± 17.5 –59.4 ± 1.7

Average mEPSC 20–80% rise times, NMDA decay time constants (τNMDA), series resistances (Rs), resting membrane
potentials (Vm) and input resistances (Rin) for neurons in each condition. Control (n = 20), early LTP ≤ 1.5 h after
induction (n = 15), late LTP ≥ 2 h after induction (n = 18) (**P < 0.0001 compared to control).

Figure 3 Correlation between the AMPA and NMDA amplitudes of
individual mEPSCs. (a) Sample data from three representative neurons
showing the correlation between the NMDA (y-axis) and AMPA (x-axis)
components of individual mEPSCs from a control neuron (top), a neuron
within 1.5 h of LTP induction (early LTP, middle) and a neuron more than 
2 h after LTP induction (late LTP, bottom). Correlation coefficients (R) and
slopes from the linear regression fit (solid line) are indicated. (b) Average R
from control, early LTP and late LTP neurons. During early LTP, the
correlation was significantly reduced, but increased again >2 h after
induction. (c) Average slopes from linear regression fits of the correlation
data. The average slope from early LTP was significantly different from
control and not significantly different from zero, whereas control and late
LTP slopes were not significantly different from each other but significantly
different from slope = 0. *P < 0.05, **P < 0.0001, compared to control.

©
20

04
 N

at
ur

e 
P

ub
lis

hi
ng

 G
ro

up
  

ht
tp

://
w

w
w

.n
at

ur
e.

co
m

/n
at

ur
en

eu
ro

sc
ie

nc
e



suggest that at the level of individual synapses, the original NMDA-
to-AMPA ratio is restored 2 h after potentiation.

NMDA-LTP requires previous AMPA-LTP
LTP of AMPA currents might produce altered activity patterns and
enhance glutamate receptor activation during the post-induction delay.
To test whether this activity is required for the potentiation of NMDA
currents, we pharmacologically blocked glutamatergic transmission and
spike-dependent activity (with DNQX, APV and tetrodotoxin (TTX))
from the time point immediately after induction until recording >2 h
later. This had no significant effect on late AMPA-LTP (Fig. 4a; different

from control, P < 0.02, but not from late LTP) or on NMDA-LTP 
(Fig. 4a,b; different from control, P < 0.01, but not from late LTP). To
determine whether NMDA-LTP depends upon the prior potentiation of
AMPA currents, we used a green fluorescent protein (GFP)-tagged car-
boxy terminal of the GluR1 AMPAR subunit to block LTP of AMPA cur-
rents32. A GFP-tagged GluR1 carboxy terminal construct (GluR1CT)
was expressed at low efficiency22 and we recorded from transfected and
nearby control neurons in the same dish after LTP induction.
Overexpression of GluR1CT for 18 to 36 h had no significant effect on
basal synaptic transmission (Fig. 4c,d), but completely blocked AMPA-
LTP as previously described33 (Fig. 4c,d, AMPA; early LTP GluR1CT sig-
nificantly different from early LTP non-transfected, P < 0.02; late LTP
GluR1CT significantly different from late LTP non-transfected,
P < 0.006). Interestingly, the late NMDA–LTP was also completely
blocked by GluR1CT (Fig. 4c,d; NMDA; late LTP GluR1CT significantly
different from late LTP non-transfected, P < 0.001). These data suggest
that potentiation of NMDA currents requires the prior potentiation of
AMPA currents.
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Figure 4 Delayed NMDA-LTP does not require post-induction activity or
glutamate receptor activation, but requires AMPA-LTP. (a) Average
mEPSCs from control (black trace), late LTP (dark gray trace), and
neurons in which activity and glutamate receptors were blocked with
TTX, DNQX and APV from immediately after induction until recording
(late LTP + blockade, light gray trace). (b) Summary data for control 
(n = 6), late LTP (n = 5) and late LTP + blockade (n = 7) for AMPA (top)
and NMDA (bottom) amplitudes. Late LTP + blockade was not
significantly different from late LTP. (c) Average mEPSCs from
untransfected neurons (gray trace) and from neurons expressing a
GluR1CT construct (black trace). (d) Summary data showing AMPA (top)
and NMDA (bottom) amplitudes for each condition. Nontransfected
neurons in gray: control (n = 7), early LTP (n = 4) and late LTP (n = 5).
GluR1CT-transfected neurons in black: control (n = 6), early LTP (n = 5)
and late LTP (n = 7). Comparing GluR1CT-transfected neurons to non-
transfected cells in the same condition, *P < 0.02, **P < 0.006,
compared to control.

Figure 5 Delayed and proportional NMDA-LTP at
a unitary connection between layer 5 pyramidal
neurons. (a) Top: typical LTP induction protocol
pairing pre- and postsynaptic firing. Bottom:
average EPSC traces from the experiment shown
in b (measured at time points indicated in b).
Top traces show baseline (light gray) and early
LTP (dark gray); robust AMPA-LTP was evident
while the NMDA component was unchanged.
Bottom traces illustrate early LTP (dark gray) and
late LTP (black) where NMDA-LTP was evident.
The scaled baseline (light gray, dashed line) was
scaled to the AMPA peak of the late LTP. (b) Time
course of example experiment. Top plot: the
AMPA component of the EPSC showed rapid and
persistent LTP, whereas the NMDA component
did not potentiate until long after the induction.
Bottom plot: the NMDA-to-AMPA ratio initially
decreased following the induction, and
subsequently recovered. The pre- and
postsynaptic series resistances (Rs), input
resistances (Rin), presynaptic Vm and
postsynaptic holding current (IHOLD) are shown
below for the duration of the experiment.

©
20

04
 N

at
ur

e 
P

ub
lis

hi
ng

 G
ro

up
  

ht
tp

://
w

w
w

.n
at

ur
e.

co
m

/n
at

ur
en

eu
ro

sc
ie

nc
e



Delayed NMDA-LTP at unitary L5 pyramidal neuron synapses
To determine whether standard LTP protocols used in visual cortical
slice preparations23 also produce a delayed NMDA-LTP, we obtained
paired whole-cell recordings between nearby, large layer-5 pyramidal
neurons from rat (P14–18) primary visual cortex. We have previ-
ously shown that robust LTP can be induced at these unitary connec-
tions23. Synaptic strength was monitored by activation of single
presynaptic action potentials at low frequencies (0.1–0.2 Hz),
whereas the postsynaptic neuron was maintained in voltage clamp
under conditions where the NMDA component of unitary EPSCs
could be monitored, and LTP was induced by pairing pre- and post-
synaptic firing (Fig. 5a). This induced immediate AMPA-LTP (to 168
± 18% of control, P < 0.007, n = 8), which persisted throughout the
experiment (Figs. 5 and 6). In contrast, NMDA currents were not sig-
nificantly affected immediately after induction (86 ± 16% of con-
trol), but were significantly potentiated by 50 min after induction 
(P < 0.006; Figs. 5 and 6). Normalized ensemble data shows the aver-
age time course of the change in AMPA and NMDA amplitude and in
the NMDA-to-AMPA ratio: immediately after LTP, the ratio dropped
to about 50% of control (LTP different from control, P < 0.0004) and
then slowly returned to control values (Fig. 6b,c; exponential fit,
τ = 31 min). In control experiments where no LTP was induced, the
NMDA-to-AMPA ratio remained stable (Fig. 6c, n = 9), and there
was no significant change in AMPA or NMDA amplitude during the
course of the control recordings (AMPA = 101 ± 5% of baseline,
NMDA = 106 ± 11% of baseline).

Interestingly, the NMDA potentiation observed at these unitary
connections was faster than that observed in culture. Whereas in
culture no significant NMDA potentiation was observed within the
first 90 min after LTP, in our slice recordings on average the ratio
was not significantly different from baseline by 45–55 min after LTP
induction (Fig. 6c). This could reflect a faster process at layer-5
synapses than at the mixed excitatory synapses sampled in culture,
or a difference in the state of the synapses in the two preparations.
In either case, these data indicate that LTP induced by very different
methods in very different preparations of neocortical neurons pro-

duces the same phenomenon: rapid AMPA-LTP and delayed but
proportional NMDA-LTP.

DISCUSSION
There is considerable evidence that synaptic AMPAR and NMDAR
number and distribution can be independently regulated by 
activity34–41. Measurements of the NMDA-to-AMPA ratio soon after
LTP induction have consistently shown that this ratio is altered11–13. In
keeping with this, we found that the AMPA component of excitatory
transmission was selectively potentiated and the NMDA-to-AMPA
ratio decreased soon after LTP induction. Surprisingly, measurement
of the NMDA component 1–2 h or longer after LTP revealed a delayed
increase that closely matched the AMPA potentiation, and restored the
original NMDA-to-AMPA ratio. These results suggest that there is an
active mechanism at neocortical synapses that preserves the relative
contribution of AMPAR and NMDAR to synaptic transmission,
despite dynamic regulation of overall synaptic strength.

The ability of LTP induction protocols to potentiate NMDA currents
at hippocampal synapses has been controversial. Whereas some studies
have observed NMDA-LTP14–19, many others have not8–13,20. If a simi-
lar delayed NMDA-LTP occurs at hippocampal synapses, this could
account for some of the discrepancies in the literature. Because the
delayed NMDA-LTP is proportional to the AMPA-LTP, the ratio of cur-
rent through these two receptor types is restored after a delay of one or
more hours. This provides a resolution to two seemingly contradictory
observations: (i) that AMPAR can be independently inserted following
LTP, which should result in very different NMDA-to-AMPA ratios at
different synapses13,24,36 and (ii) that the NMDA-to-AMPA ratio is
highly conserved across synapses onto individual cortical neurons of a
given type3–5. Our data suggest that if in vivo LTP is ongoing and
induces synapse-specific changes in synaptic strength, this will tran-
siently alter the NMDA-to-AMPA ratio at particular synapses, but over
time NMDA will ‘catch up’ and the ratio at each synapse will be
restored. Early LTP may thus contribute some noise to the NMDA-to-
AMPA ratio measured across individual mEPSCs (Fig. 3), but will not
result in a progressive alteration in this ratio.

A R T I C L E S

522 VOLUME 7 | NUMBER 5 | MAY 2004  NATURE NEUROSCIENCE

Figure 6  Summary data from layer-5 unitary synapses. (a) Summary of early and late LTP for AMPA and NMDA amplitudes, showing all 8 LTP experiments.
Each recording is represented as a gray symbol connected by gray lines, and the average response amplitude is represented as a black symbol connected
by black lines. (b) Ensemble data showing the normalized AMPA (open boxes) and NMDA (filled triangles) amplitudes over time for the 8 recordings in
which LTP was induced. (c) Ensemble plot of the NMDA-to-AMPA ratio over time, for LTP experiments (filled circles) and control recordings (open circles).
The dashed black line is an exponential fit to the LTP data; τ = 31 min.
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The GluR1CT construct has been suggested to prevent LTP by
blocking the insertion of AMPAR into synapses42. Blocking AMPA-
LTP with this construct also prevented NMDA-LTP, suggesting that
AMPAR insertion may in turn induce a proportional increase in
NMDA current. This could occur through a long-lasting modifica-
tion in existing synaptic NMDAR properties, or through the
recruitment of AMPAR-associated scaffolding proteins that
increase synaptic NMDAR accumulation. The same mechanism
could account for proportional changes in AMPA and NMDA cur-
rents during homeostatic synaptic scaling, so that slow changes in
the accumulation of synaptic AMPAR21,37,38 lead to proportional
changes in NMDA currents4.

If NMDAR potentiation is coupled to AMPAR insertion, why does it
occur more slowly? One possibility is that there is a delayed generation
of some limiting factor necessary for modification or synaptic recruit-
ment of NMDAR—possibly alterations in the composition of
NMDAR themselves43. Another speculative but interesting possibility
is that NMDA-LTP accompanies the subunit-specific turnover of
AMPAR. At hippocampal synapses, AMPA-LTP involves the insertion
of GluR1/GluR2-containing receptors, which are subsequently
replaced with GluR2/GluR3-containing AMPAR42,44. Since different
AMPAR subunits interact with different scaffolding proteins45,46, these
new AMPAR might be accompanied by the scaffolding proteins that
recruit additional NMDA current. This model suggests that a fixed sto-
ichiometry in binding proteins in the postsynaptic density underlies
the long-term maintenance of the NMDA-to-AMPA ratio at synapses.

One question raised by these results is whether the lag in NMDAR-
LTP is important for synaptic function. NMDA-LTP is likely to
enhance the destabilizing properties of Hebbian plasticity47 because
the additional NMDAR-mediated calcium influx at the synapse is
predicted to enhance the ease with which further LTP can be induced.
This effect could be mitigated to some extent by the delay in NMDA-
LTP, as this delay will ensure that NMDA-LTP does not occur until
well after the original potentiating event. It is interesting to note that
the direction of change in NMDA current we observed here is oppo-
site from that predicted by the BCM model, which predicts that LTP
should reduce NMDA currents to raise the threshold for inducing
LTP48. On the other hand, the slower, homeostatic and proportional
adjustment of AMPA and NMDA currents observed previously4 is in
the right direction to counteract the destabilizing effects of AMPA
and NMDA-LTP.

Excitatory synaptic strength is often equated with the size of the
AMPA EPSC. However, both AMPAR and NMDAR contribute to
information transfer at synapses, and the relative contribution of
these two receptors will affect the voltage-dependence of transmis-
sion and the degree of temporal summation, both of which can have
important consequences for circuit function1,2. The delayed NMDA-
LTP means that the information transmitted by synapses will vary in
the hours following potentiation. However, over longer time scales,
the proportional regulation of AMPA and NMDA currents may
ensure that Hebbian plasticity does not alter the relative contribu-
tions of these two receptor types to synaptic transmission and infor-
mation processing.

METHODS
Culture experiments. All methods were approved by the Brandeis Animal Use
Committee and were in accordance with National Institutes of Health guide-
lines. Visual cortical cultures were prepared from P3–4 rat pups, and whole-
cell mEPSC recordings were obtained as previously described4,22,49 using
low-magnesium (0.05 mM) ACSF and voltage-clamp to –60 mV. LTP was
induced by incubating the neurons at 37 °C and 5% CO2 for 15 min in ACSF
containing the following: NaCl, 126 mM; KCl, 5.5 mM; MgSO4, 0.4 mM;

NaH2PO4, 1 mM; NaHCO3, 25 mM; CaCl2, 2 mM; dextrose, 14 mM; glycine,
0.2 mM; bicuculline, 0.01 mM. Then, we replaced the medium in the culture
dishes and returned them to the tissue culture incubator until recording. For
post-induction blockade experiments, culture medium contained 1 µM TTX,
40 µM DNQX and 200 µM D-APV added upon replacement. Neurons were
transfected with a GluR1CT-GFP construct with a Helios gene gun as previ-
ously described22,49 between 16–24 h before the induction was performed.

Slice experiments. Paired whole-cell recordings from thick-tufted L5 neurons
in 300 µm slices of rat (P14–18) visual cortex were performed as previously
described23, using low-magnesium (0.5 mM) ACSF. Postsynaptic neurons
were voltage-clamped to –65 mV, or in some experiments to –50 mV to facili-
tate measurement of NMDA currents; in the latter case, the endocannabinoid
inhibitor AM251 (1 µM, Tocris Cookson Inc.) was added to the ACSF to pre-
vent LTD induction50. LTP was induced in current-clamp mode by pairing
200-ms pre- and postsynaptic current injections (0.9–1.2 nA) 30 times at
0.1–0.2 Hz. Recordings were not included if the post-pairing period was
shorter than 50 min, or if the amount of LTP was not >1%. Early LTP was
defined as the first 5 min after LTP induction, and late LTP as the last 5 min of
each recording. AMPA and NMDA amplitudes were determined as previously
described3, except that for NMDA we used a window 30–60 ms after the presy-
naptic spike; longer or shorter windows did not affect the results. To illustrate
the ensemble time-course of AMPA and NMDA LTP, the initial degree of
potentiation for each recording was normalized to the initial average amount
of potentiation. Recordings were terminated if input resistance (Rin) changed
by more than 30%, resting membrane potential (Vm) changed by more than 
8 mV, or series resistance (Rs) changed by more than 50%. Connections
smaller than 3 pA were not used.

Statistics. All data are reported as mean ± s.e.m. for the number of neurons
indicated. Statistical comparisons were performed using unpaired, two-tailed
t-tests; for multiple comparisons, we used single-factor ANOVAs followed by
Fisher’s LSD tests or the Bonferroni-Dunn method; P values reflect the results
of the post-hoc Fisher LSD tests. For all multiple comparisons in which statis-
tical significance is reported, ANOVA values were significant to 0.005 or better.
P values greater than 0.05 were considered not statistically significant.
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