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Summary

AMPA and NMDA receptors are coexpressed at many
central synapses, but the factors that control the ratio
of these two receptors are not well understood. We
recorded mixed miniature or evoked synaptic currents
arising from coactivation of AMPA and NMDA recep-
tors and found that long-lasting changes in activity
scaled both currents up and down proportionally
through changes in the number of postsynaptic recep-
tors. The ratio of NMDA to AMPA current was similar
at different synapses onto the same neuron, and this
relationship was preserved following activity-depen-
dent synaptic scaling. These data show that AMPA
and NMDA receptors are tightly coregulated by activity
at synapses at which they are both expressed and
suggest that a mechanism exists to actively maintain
a constant receptor ratio across a neuron’s synapses.

Introduction

Determining the factors that regulate the number and
type of receptors clustered at central synapses is crucial
for an understanding of synaptic transmission and plas-
ticity. Most excitatory central synapses coexpress AMPA
and NMDA receptors (Bekkers and Stevens, 1989; Jones
and Baughman, 1991; McBain and Dingledine, 1992).
While AMPA receptors mediate fast excitation, NMDA
receptors generate a much slower and longer-lasting
current, and, in addition, they flux Ca?*. The relative ratio
of these two receptor types at a synapse will therefore
profoundly influence the time course and summation of
synaptic currents, as well as the amount of Ca?* influx
in response to particular patterns of presynaptic activity.
This suggests that the ratio of these two receptor types
at central synapses should be tightly regulated, but the
factors that control this ratio are not well understood.
Early in development, some central synapses contain
only NMDA receptors (Isaac et al., 1995, 1997; Liao et
al., 1995; Rumpel et al., 1998; Petralia et al., 1999). The
rapid insertion of AMPA receptors into these synapses
in an NMDA receptor-dependent manner is thought to
underlie their maturation (Wu et al., 1996) and has also
been proposed as a mechanism for long-term potentia-
tion (LTP) (Isaac et al., 1995, 1997; Liao et al., 1995).
Although there is some disagreement over whether LTP
and long-term depression (LTD) regulate the amplitude
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of NMDA currents, the majority of studies report that
NMDA currents and the number of NMDA receptors
clustered at synaptic sites are unaffected by LTP and
LTD protocols (Muller and Lynch, 1988; Bashir et al.,
1991; Clark and Collingridge, 1995; Issac et al., 1995;
Selig et al., 1995; Carroll et al., 1999). These studies
suggest that AMPA and NMDA receptors can be inde-
pendently regulated over short time scales and suggest
that the ratio of AMPA to NMDA current should vary
from synapse to synapse.

Synapse-specific forms of synaptic plasticity have
long been thought to play an important role in the activ-
ity-dependent refinement of central circuits. More re-
cently, it has become clear that mechanisms that regu-
late the total strength of a neuron’s synapses are also
important for allowing experience to selectively modify
synaptic connections (Bear et al., 1987; Miller, 1996;
Davis and Goodman, 1998; Turrigiano, 1999). One im-
portant mechanism for controlling synaptic strength
allows neurons to slowly scale the AMPA component
of excitatory synapses up or down in the right direction
to compensate for long-lasting changes in activity (Lis-
sen et al., 1998; O’Brien et al., 1998a; Rutherford et al.,
1998; Turrigiano et al., 1998). A number of studies have
also suggested that activity may regulate NMDA recep-
tor expression (Audinat et al., 1994; Catalano et al., 1997;
Hickmott and Constantine-Paton, 1997), subunit com-
position (Carmignoto and Vicini, 1992; Scheetz and Con-
stantine-Paton, 1994; Flint et al., 1997; Quinlan et al.,
1999), and localization (Rao and Craig, 1997; Liao et
al., 1999). This raises the questions of whether NMDA
currents are scaled up and down by long-lasting
changes in activity, whether this scaling is proportional
to the scaling of AMPA currents, and what the relation-
ship is between AMPA and NMDA current at different
synapses onto the same neuron.

Here, we used cultured cortical neurons to record
from synapses that express both AMPA and NMDA re-
ceptors. We recorded miniature excitatory postsynaptic
currents (MEPSCs) and excitatory postsynaptic currents
(EPSCs) that arose from coactivation of both receptors
and found that AMPA and NMDA currents were bidirec-
tionally regulated by long-lasting changes in activity. As
demonstrated previously for the AMPA current (O’Brien
etal., 1998a; Turrigiano et al., 1998), the change in NMDA
current could be accounted for postsynaptically, and
noise analysis suggests that NMDA currents were modi-
fied through changes in the number of open channels.
The regulation of NMDA current occurred without any
change in decay kinetics or in the voltage dependence
of the Mg?* blockade. The ratio of NMDA to AMPA cur-
rent was similar from neuron to neuron and was not
modified by activity, indicating that activity scaled both
currents up or down in a proportional manner. Finally,
different synapses onto the same neuron had similar
NMDA-to-AMPA ratios, and this relationship was pre-
served by synaptic scaling. These data suggest that at
synapses coexpressing AMPA and NMDA receptors,
activity regulates both receptor types in a proportional
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Figure 1. mEPSCs Arising from Coactivation of AMPA and NMDA
Receptors

(A) Example of mMEPSCs recorded in 0 Mg?* ACSF. Inset shows the
slowly decaying NMDA component.

(B) An example of the average mEPSC before and after wash-in of
50 uM APV to block the NMDA current.

(C) An example of the average mEPSC before and after wash-in of
25 uM CNQX to block the AMPA current.

manner, and that a mechanism exists to actively main-
tain a fixed ratio of NMDA to AMPA receptors at individ-
ual neocortical synapses.

Results

Experiments were performed on dissociated cultures
from postnatal day 3-5 (P3-P5) rat visual cortex after
7-10 days in vitro or on acute slices from P13-P16 rat
visual cortex. Cultures contain both glutamatergic pyra-
midal neurons and GABAergic interneurons (Rutherford
et al., 1997, 1998). Over the first few days in culture,
these neurons extend processes, form extensive synap-
tic interconnections, and become spontaneously active
(Rutherford et al., 1997, 1998; Turrigiano et al., 1998).
All culture experiments were performed on neurons with
a pyramidal morphology (see Experimental Procedures).

Measurement of Mixed AMPA-NMDA mEPSCs

Activity scales the AMPA component of excitatory syn-
aptic strengths up or down by modifying the AMPA
quantal amplitude (Turrigiano et al., 1998). To ask
whether the NMDA component of mEPSCs changes in
parallel with the AMPA component, we recorded mixed
MEPSCs arising from activation of both AMPA and
NMDA receptors (Figure 1A). To record mixed AMPA-
NMDA mEPSCs, we obtained whole-cell recordings
from pyramidal neurons in the presence of tetrodotoxin
(TTX) (to block spike-mediated release) and bicuculline
(to block GABA,-mediated events). After washing out
external Mg?*, mEPSCs with two kinetically distinct
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Figure 2. Activity Regulates the Amplitude of Both the AMPA and
the NMDA Components of Mixed mEPSCs

(A) Left: average AMPA-NMDA mEPSCs from neurons grown for
2-3 days in either control medium (n = 16) or medium supplemented
with TTX (n = 16) or bicuculline (n = 8); right: average AMPA-NMDA
mEPSCs from neurons grown for 2 days in either control medium
or medium supplemented with CNQX (n = 7) or APV (n = 6).

(B) Area of the NMDA component of the average mEPSC for each
neuron was measured and averaged for each treatment condition.
NMDA area varied significantly as a function of treatment (p =
0.0002, ANOVA,; asterisk = significantly different from control, p <
0.03, corrected t test).

(C) Ratio of NMDA-to-AMPA current for neurons grown under each
condition. There were no significant differences between conditions.

components were seen: a rapidly rising and decaying
AMPA component and a more slowly decaying NMDA
component (Figure 1A). The slow component was
blocked by amino-phosphono-valeric acid (APV), a se-
lective antagonist of NMDA-type glutamate receptors
(Figure 1B), whereas the fast component was blocked
by 6-cyano-7-dinitroquinoxaline-2,3-dione (CNQX) a se-
lective antagonist of AMPA/kainate glutamate receptors
(Figure 1C). Mixed mEPSCs were detected on the rising
phase of the AMPA component of the mEPSC (see Ex-
perimental Procedures), so this method will not detect
pure NMDA events that would arise from synapses with
NMDA but no AMPA receptors.

Since the kinetics of the AMPA and NMDA compo-
nents of the mEPSC differ dramatically (Edmonds et al.,
1995), they can be separated temporally to determine
the amplitude or area of each component. Pure AMPA
MEPSCs (recorded in the presence of APV) have rise
times under one ms, and the average decay time con-
stantis 3.1 = 0.8 ms (n = 64 neurons). The AMPA compo-
nent of the mEPSC will therefore decay to <1% of its
peak value within 15 ms (Figure 1B), and measurement
of pure AMPA events 15 ms after the peak showed that
on average, the residual AMPA current was only —0.6 =
0.3 pA at this time. To assess the rise times of pure
NMDA events from our neurons under our recording
conditions, we recorded pure NMDA currents (in the
presence of CNQX) from synaptically connected pairs
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Table 1. Effects of Activity on mEPSC Amplitude and Kinetics

Treatment AMPA Rise Times (ms) Trmoa (MS) AMPA Amplitude (pA) NMDA Amplitude (pA)
Control (n = 16) 0.89 * 0.07 163.7 + 50.9 —-255+ 20 —6.0 + 0.6
TTX (n = 16) 0.84 + 0.06 149.2 + 20.2 —38.2 £ 3.5* -9.2 = 0.6*
CNQX (n = 7) 0.74 * 0.07 1441 + 21.9 —40.4 + 3.4* -9.1 £ 0.8*
Bicuculline (n = 9) 0.95 + 0.08 135.0 + 35.3 —17.5 + 1.0* —4.5 + 0.3*
APV (n = 6) 0.74 + 0.07 157.0 = 42.5 —28.8 £ 3.6 -6.4+05

Average mEPSC rise times, NMDA decay time constants (tywpa), ahd AMPA and NMDA amplitudes for neurons grown under the different
experimental conditions. Activity enhancement (bicuculline), deprivation (TTX, CNQX), and NMDA receptor blockade for two days (APV) did
not influence the average 20%-80% rise times of mEPSCs (not significantly different, p = 0.54). tywpa Was determined by fitting the decay
phase of the slow component of the average mEPSC for each neuron with a single exponential and averaging the values obtained for neurons
grown under each condition, and these values were not significantly different between conditions (p = 0.88). AMPA and NMDA amplitudes
were influenced by the different experimental conditions; asterisk = significantly different from control, p < 0.03, corrected t test.

of neurons (n = 3) or measured pure NMDA mEPSCs
from recordings with exceptionally low noise levels (n =
3; Figure 1C). The NMDA currents peaked after 15.5 +
2.5 ms, close to previously reported values (Hestrin et
al., 1990; Lester et al., 1990), and the average NMDA
amplitude from isolated events was 102.3% =+ 4.6% of
that obtained from mixed events. Therefore, to measure
the amplitude of the NMDA component of mixed
MEPSCs largely uncontaminated by AMPA current, the
peak current (averaged over 5 ms) was determined in a
window between 15 and 25 ms after the AMPA peak.
To estimate the error in measurement of the AMPA com-
ponent of the mixed mEPSCs, mixed mEPSCs were first
recorded, and then APV was washed in to allow re-
cording of pure AMPA mEPSCs. Values of the AMPA
peak obtained from mixed mEPSCs were 106.5% =
3.5% of the values obtained from isolated AMPA events
(n = 4).

Regulation of Quantal NMDA Currents by Activity
To investigate whether long-term changes in activity
regulate the magnitude of quantal NMDA currents, spon-
taneous activity was increased or decreased for 2-3
days. Activity was blocked by incubating cultures with
TTX orenhanced by incubating cultures with bicuculline,
which by blocking GABA,-mediated inhibition raises fir-
ing rates by a factor of 2-3 (Turrigiano et al., 1998).
MEPSCs recorded from individual pyramidal neurons
grown under the different conditions were aligned on
the rising phase of the AMPA peak and averaged to
obtain an average AMPA-NMDA mEPSC for each neu-
ron. Long-lasting changes in activity bidirectionally reg-
ulated the amplitude of the AMPA component of the
MEPSCs (Figure 2A, left panel), as reported previously
(Turrigiano et al., 1998). The NMDA component of the
mEPSC was also modified by activity, and in the same
direction as the AMPA component: activity-enhance-
ment decreased, whereas activity blockade increased,
the quantal NMDA current (Figure 2A, left panel). Block-
ade of AMPA receptors for two days with CNQX (which
largely abolishes spiking activity in these cultures) also
significantly increased both components of the mEPSC,
while blockade of NMDA receptors for 2 days with APV
(which does not significantly influence firing rates) had
no significant effect on either component (Figure 2A,
right panel).

The area of the NMDA component of the average

mMEPSC from each neuron was determined by integrat-
ing the current between 15 and 500 ms after the peak
(a time when the NMDA component had decayed back
to baseline for most events). TTX and CNQX treatment
increased the NMDA area to 235% =+ 37% and 256% =
43% of control values, respectively. In contrast, bicucul-
line treatment decreased the NMDA area to 42% =+ 13%
of control values, while APV had no significant effect on
NMDA area (121% =+ 21% of control values, control:
n = 16, TTX: n = 16, bicuculline: n = 9, CNQX: n = 7,
APV:n =6, p = 0.0002, ANOVA, Figure 2B). This method
of measurement underestimates the NMDA area, be-
cause it does not include the rising phase of the NMDA
current. Consequently, we also calculated the area using
an alternative method, in which the decay phase of the
average mEPSC from each neuron was fit with a double
exponential, and the fast, predominantly AMPA com-
ponent was subtracted from the average waveform to
leave the slow, predominantly NMDA component. This
method gave results similar to those shown in Figure
2B and also revealed a significant change in NMDA area
as a function of activity.

Activity blockade or enhancement did not significantly
influence the passive properties of the neurons, as re-
ported previously (Rutherford et al., 1998; Turrigiano et
al., 1998; Desai et al., 1999); there were no significant
differences in resting potentials (V,,), input resistances
(Rin), or whole-cell capacitance between conditions. In
addition, these manipulations do not influence the kinet-
ics of AMPA mEPSCs (Rutherford et al., 1998; Turrigiano
et al.,, 1998), and consistent with this, there was no
change in AMPA rise times (Table 1). The decay kinetics
of the NMDA currents were also unaffected by the exper-
imental conditions (Table 1), suggesting that there were
no significant changes in NMDA subunit composition
that could influence the kinetics (Carmignoto and Vicini,
1992; Flint et al., 1997).

The Average NMDA-to-AMPA Ratio of mEPSCs

Is Not Influenced by Changes in Activity

Like the NMDA area, the amplitudes of the AMPA and
NMDA components of the mEPSCs were also signifi-
cantly modified by activity. Amplitudes were measured
for each individual mMEPSC, and these were then aver-
aged to determine a value for each neuron. Both the
AMPA and NMDA amplitudes were significantly in-
creased by TTX or CNQX treatment, were unaffected
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by APV treatment, and were significantly decreased by
bicuculline treatment (Table 1). To ask whether the ratio
of NMDA to AMPA amplitudes remained constant after
the different treatments, we determined the NMDA-to-
AMPA ratio for each individual mEPSC and obtained an
average ratio for each neuron. For control neurons, the
NMDA-to-AMPA ratio was 0.23 = 0.03. The ratio of
NMDA to AMPA did not change significantly following
activity blockade or enhancement, indicating that the
average amplitudes of the AMPA and NMDA compo-
nents of the mEPSCs are regulated proportionally by
activity (p = 0.78, ANOVA; Figure 2C). Similar results
were obtained by first averaging all mEPSCs from a
given neuron and then measuring the peak AMPA and
NMDA current from the average mEPSC: TTX signifi-
cantly increased both AMPA and NMDA amplitudes (to
157% = 18% and 168% = 21% of control values, re-
spectively), and bicucilline significantly decreased both
amplitudes (to 71% = 5% and 68% = 8% of control
values, respectively). The NMDA-to-AMPA ratio mea-
sured in this way was also not significantly modified by
activity (TTX was 107% = 14% of control values, and
bicuculline was 95% = 5% of control values).

Synaptic Scaling Does Not Modify the NMDA-to-AMPA
Ratio of Evoked Synaptic Currents

TTX treatment scales up the AMPA amplitude of evoked
synaptic currents, as well as that of mEPSCs (Turrigiano
etal., 1998). To determine whether the AMPA and NMDA
components of evoked currents are scaled proportion-
ally, cultures were treated with TTX for 2 days, and
recordings were obtained between pairs of synaptically
connected pyramidal neurons (Figure 3A). On average,
both the AMPA and NMDA components of the evoked
EPSCs (measured at —50 mV in low Mg?*) from TTX-
treated cultures were increased almost 3-fold relative
to control cultures (n = 6 pairs in each condition, TTX
significantly different from control, p = 0.004 for AMPA
and 0.014 for NMDA, Student’s t test; Figure 3B). The
ratio of AMPA to NMDA current remained constant as
synaptic currents were scaled up (p = 0.98, Student’s
t test; Figure 3B). The increase in amplitude of EPSCs
following activity blockade is somewhat larger (a 2- to
3-fold increase; Figure 3; Turrigiano et al., 1998) than is
the increase in MEPSCs (a 1.6- to 2-fold increase; Table
1; Rutherford et al., 1998; Turrigiano et al., 1998). This
difference may be due to the use of an amplitude cutoff
for detecting mEPSCs, because when small control
events that are just below the amplitude cutoff are
scaled up by activity blockade, they will tend to skew
the TTX distribution toward smaller values and reduce
the apparent change in amplitude.

Activity Regulates the Postsynaptic Sensitivity

to Glutamate

We have shown previously that changes in the AMPA
quantal amplitude are accompanied by changes in the
postsynaptic sensitivity to glutamate (Turrigiano et al.,
1998). To ask whether changes in the NMDA component
of the mEPSCs can also be accounted for postsynapti-
cally, we examined the response of pyramidal neurons
to applied glutamate in artificial cerebrospinal fluid
(ACSF) containing 2 mM Mg?" and 20 .M CNQX to block
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Figure 3. Spike-Mediated Transmission between Pairs of Monosyn-
aptically Connected Pyramidal Neurons

(A) Example of paired recording (postsynaptic neuron voltage
clamped at =50 mVin 0.1 mM Mg?") from control neurons or neurons
grown in TTX for 2 days. Dotted lines indicate individual trials, and
solid lines indicate the average of many trials. Dashed lines indicate
baseline.

(B) Average amplitude of the AMPA (left) and NMDA (center) compo-
nents of the EPSC from control or TTX-treated neurons, and the
ratio of NMDA to AMPA current under the two conditions (right, n =
6 pairs in each condition). Both the AMPA and NMDA amplitude are
significantly increased by TTX treatment (p < 0.02), while the ratio
is unaffected (p = 0.98).

AMPA/kainate currents. Neurons were voltage clamped
to potentials between —80 and +50 mV, and NMDA-
mediated currents were elicited by brief puffs of gluta-
mate from a patch pipette (50 wM for 5 ms; Figure 4A).
A voltage-dependent current was elicited that reversed
close to 0 mV and could be completely blocked by the
selective NMDA receptor antagonist MK-801. In neurons
that had been activity deprived for 48 hr, these NMDA
receptor-mediated glutamate-evoked currents were ap-
proximately twice the amplitude of those from control
neurons (values are significantly different for all volt-
ages, control: n =13, TTX: n = 16, Student’s t test; Figure
4A). Measurement of the glutamate-evoked current at
different positions along the apical-like dendrite demon-
strated that there was an ~2-fold increase in NMDA
current from TTX-treated neurons at all locations tested
(Figure 4B). This increase is comparable to that mea-
sured previously for AMPA currents following activity
blockade (Turrigiano et al., 1998). This increase in gluta-
mate-evoked current is unlikely to result from changesin
extrasynaptic receptors, because at this developmental
stage in vitro, the glutamate responsiveness of cortical
and hippocampal neurons is primarily localized to syn-
aptic “hot spots,” and estimates suggest that <5%-25%
of receptors are extrasynaptic (Jones and Baughman,
1991; Rosenmund et al., 1995; Liu et al., 1999).
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Figure 4. Activity Blockade Increases the Amplitude of NMDA Re-
ceptor-Mediated Currents Elicited by Postsynaptic Glutamate Ap-
plication

(A) Example traces of the response of a control and a TTX-treated
neuron from sister cultures to a brief puff of glutamate to the proxi-
mal dendrites and soma (voltage clamped to —40 mV). Recordings
were obtained in ACSF containing 2 mM Mg?*. The |-V curve shows
the peak current for control (triangles, n = 13) and TTX-treated
(circles, n = 16) neurons. TTX was significantly different from control
at all voltages (p < 0.05, Student’s t test).

(B) NMDA receptor-mediated currents elicited from control and TTX-
treated neurons by the application of glutamate to various sites
along the apical-like dendrites. TTX was significantly different from
control at all sites (n = 4 neurons in each condition, p = 0.01,
Student’s t test).

When recording in the presence of Mg?*, NMDA cur-
rents are reduced in amplitude due to a partial, voltage-
dependent Mg?* block (Mayer et al., 1984). The resulting
current is well described by the following equation:

g(V - Vrev)

I = ,
1+ [Md] e-Vvo)
k

where g is the total unblocked NMDA conductance, V.,
is the reversal potential of the NMDA current, k is a
binding constant for Mg?*, and V, is the voltage depen-
dence of this binding (Jahr and Stevens, 1990). Fits of
the NMDA current-voltage (I-V) curves for control and
TTX-treated neurons yielded values for V, (2.2 = 0.6
mV), k (15 = 5 mM), and V, (12.8 = 1.2 mV) that were
not significantly different between conditions, indicating
that the reversal potential and the voltage dependence
of the Mg?* block were not affected by activity blockade.
In contrast, TTX treatment significantly increased the
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Figure 5. Noise Analysis of Glutamate-Evoked NMDA Currents

(A) Top: an example of NMDA receptor-mediated current evoked
by a 5 ms puff of glutamate. Bottom: the variance during the decay
phase of the current shown in the top trace. Inset: a straight line fit
of the variance versus the current.

(B) Estimated number of open channels (left) and single channel
conductance (right) using stationary noise analysis of glutamate-
evoked currents in control and sister TTX-treated neurons. TTX
treatment increases by ~2-fold the number of open channels (p =
0.009). The single channel conductance of the NMDA receptor-
mediated current was not significantly affected by TTX treatment.

total conductance, g, to 240% of control values, indicat-
ing that either the number or the unitary conductance
of NMDA receptors increased in response to prolonged
activity blockade.

Stationary Noise Analysis of
Glutamate-Evoked Currents
The increased amplitude of postsynaptic currents elic-
ited by glutamate application could be due to an in-
crease in channel number or a change in the single
channel conductance. To differentiate between these
possibilities, we performed a fluctuation analysis of the
glutamate-evoked NMDA currents. Because these cur-
rents decayed very slowly relative to single channel fluc-
tuations (Figure 5A, top panel), the data can be treated
as stationary (Jonas and Sakmann, 1992). Data from one
5 ms application of glutamate is shown in Figure 5A,
top panel. At the peak of the current, the variance was
high, as expected, and then decreased as the current
decayed back to baseline and the number of open chan-
nels decreased (Figure 5A, bottom panel). A plot of the
variance against the current during the decay phase
was well fit by a straight line (Figure 5A, inset), and
an estimate of the single channel conductance can be
derived from the slope of this line (Anderson and Ste-
vens, 1973; Jonas and Sakmann, 1992).

For control neurons, the estimated single channel
conductance after correcting for the Mg?*" block was
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35 = 2 pS (n = 13). The estimated single channel con-
ductance for TTX-treated neurons was slightly higher,
41 = 3 pS (n = 16), but this difference was not significant
(p = 0.065). These values agree well with other estimates
of the NMDA receptor single channel conductance
(40-50 pS), derived from patch-clamp recordings or fluc-
tuation analysis (Robinson et al., 1991; Spruston et al.,
1995). The major difference between control and TTX
currents was in the number of open channels, which
approximately doubled from 482 = 99t0 917 + 115 (TTX
significantly different from control, p = 0.009; Figure
5B). These data strongly suggest that activity regulates
the amplitude of NMDA currents by modifying the num-
ber of postsynaptic NMDA receptors.

Ratio of NMDA to AMPA Current at Individual
Synapses from Pyramidal Neurons

in Culture and Slice

As described above, the ratio of NMDA to AMPA current
averaged across allmMEPSCs recorded from a given neu-
ron is not influenced by the history of activity of the
neuron (Figure 2C), indicating that the average ampli-
tudes of the NMDA and AMPA currents change in paral-
lel. But how tightly correlated is the relationship between
the AMPA and NMDA amplitudes at individual syn-
apses? To investigate this, the AMPA amplitude was
plotted against the NMDA amplitude for each mEPSC
recorded from a given neuron, and the correlation coeffi-
cient was determined. Four examples are shown in Fig-
ure 6A, two from control neurons (left) and two from
TTX-treated neurons (right). For all four neurons, there
was a strong correlation between the two amplitudes,
and across our entire data set (for neurons with an aver-
age NMDA component larger than 2 pA, control: n =
11, TTX: n = 16), the correlation coefficient ranged from
0.41 to 0.92 (TTX: average, r = 0.67 = 0.04, control:
average, r = 0.60 = 0.03). Occasionally, large AMPA
events with negligible NMDA components were ob-
served, but such events were rare (Figure 6).

To assess the uniformity of the NMDA-AMPA relation-
ship across neurons, we randomly selected 30 events
from each neuron and again plotted the AMPA amplitude
against the NMDA amplitude. For control neurons, the
correlation coefficient was 0.72, and for TTX-treated
neurons, itwas 0.78 (Figure 6B). Both slopes were signif-
icantly different from zero (p = 0.0001), and the slopes
and intercepts were similar to each other for the two
conditions (control: slope = 2.55, intercept = —6.5; TTX-
treated: slope = 2.65, intercept = —5.4). These data
suggest that as long-term changes in activity modify
the strength of a neuron’s synapses, the relationship
between the AMPA and NMDA amplitudes at individual
synapses is preserved.

Electrotonic filtering is unlikely to introduce a signifi-
cant amount of correlation between AMPA and NMDA
amplitudes, because rapid AMPA currents will be much
more filtered than will slow NMDA currents (Spruston
etal., 1993), so filtering will not reduce both components
of the mEPSC proportionally. To directly assess the ef-
fects of electrotonic filtering on the degree of correlation,
the correlations obtained for the fastest events (those
with rise times faster than 0.7 ms) were compared with
those obtained from the entire population of events (n =

707 Control -100 TTX-treated
-60 - . M
80 o
50
.40 = -60 |
~ 7 -40 |
< 20
g 1o -20
3
£ o 0
g T T T T T 1
< 0 '} -10 -20 -30 -40
E 70 9 -100 —
= -
< e 80
50
a0 - 60
-30 o 40
20
20 4
10 4
o Corr Coef = 0.78 04 Corr Coef = 0.81
T T T T 1 T T T T 1
[} -5 -10 -15 -20 0 -10 -20 -30 -40
NMDA Amplitude (pA) NMDA Amplitude (pA)
Control TTX-treated
(30 events/cell) (30 events/cell)
L]
- . .
i(% -150 —
@
he
2
3 -100
£
<
<
g -50
<
o Corr Coef =0.72 04 Corr Coef=0.78

T T T T T T T T T 1
-20 o 10 20 -30  -40

-5 -10 -15
NMDA Amplitude (pA) NMDA Amplitude (pA}

Figure 6. The Amplitudes of the NMDA and AMPA Components
of Individual mEPSCs Are Highly Correlated for Both Control and
Activity-Deprived Neurons in Cortical Cultures

(A) AMPA versus NMDA peak amplitudes plotted for each mEPSC
from four example neurons. Left: data from two control neurons;
right: data from two TTX-treated neurons. Solid line is the best
straight line fit, and the correlation coefficients for each fit are indi-
cated.

(B) Thirty mEPSCs were randomly selected from each control (n =
11) or TTX-treated (n = 16) neuron, and the AMPA versus NMDA
peak amplitudes plotted. Solid line is the best straight line fit, and
the correlation coefficients for each fit are indicated. Both slopes
are significantly different from zero, p = 0.0001.

3 neurons). The correlation coefficients were not differ-
ent for the two populations of events: the correlation
coefficients obtained for the fastest events were 103% *
3% of the values obtained for the entire population,
suggesting that electrotonic filtering is not introducing
a significant degree of correlation between NMDA and
AMPA amplitudes.

To determine whether a similar relationship between
NMDA and AMPA currents exists in cortical neurons
that have not been dissociated, whole-cell recordings
were obtained from neurons in layer 4 of P13-P16 rat
visual cortical slices. An example is shown in Figure 7A,
in which AMPA mEPSCs were first recorded in 2 mM
Mg?*, and the Mg?* was then washed out to reveal the
large NMDA component. The average NMDA-to-AMPA
ratio was 0.41 = 0.03 for these neurons (n = 6). Plotting
the AMPA against the NMDA amplitude for individual
MEPSCs revealed a degree of correlation similar to that
seen for pyramidal neurons in culture (Figure 7B); the
correlation coefficient ranged from 0.37 to 0.91, and on
average was 0.65 = 0.05 (n = 6).
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Figure 7. The Amplitudes of the NMDA and AMPA Components of
Individual mEPSCs Recorded from Layer 4 Neurons from Visual
Cortical Slices Are Highly Correlated

(A) Average mEPSC from a layer IV neuron recorded in ACSF con-
taining 2 mM Mg?*, showing a fast AMPA component only. Washing
in Mg?*-free ACSF revealed the slower NMDA component of the
average mEPSC.

(B) AMPA versus NMDA peak amplitudes plotted for each mEPSC
from a layer IV pyramidal neuron. Solid line is the best straight line
fit, and the correlation coefficient was 0.80.

Variability in the NMDA-to-AMPA Ratio

from Individual Release Sites

Two factors that could generate a significant correlation
between AMPA and NMDA amplitudes across a neu-
ron’s synapses are (1) variations in glutamate concentra-
tion from vesicle to vesicle, and (2) covariance in the
number of AMPA and NMDA receptors across synapses.
Variations in vesicle diameter introduce a significant
variability in mEPSC amplitude at one or a few release
sites (Bekkers et al., 1990; Frerking et al., 1995; Forti
et al., 1997). If this variability were large enough (and
assuming that neither AMPA nor NMDA receptors are
saturated), then it would introduce some correlation be-
tween AMPA and NMDA currents from mEPSCs oc-
curring randomly at many release sites, even if the ratio
of receptors were different at each site, because large
vesicles would evoke larger AMPA and NMDA currents,
and smaller vesicles would evoke smaller AMPA and
NMDA currents. However, the correlation should de-
grade as more and more synapses with different NMDA-
to-AMPA ratios are sampled from.

To compare the correlation between AMPA and
NMDA amplitudes from a small and a large number of
synapses, we used focal application of sucrose to elicit
mixed AMPA-NMDA mEPSCs from a restricted popula-
tion of synapses. For each neuron, we compared these
to the mEPSCs arising spontaneously from a large num-
ber of synapses. When a patch pipette filled with su-
crose was moved along a segment of the proximal api-
cal-like dendrite, hot spots could be located where
ejection of hypertonic sucrose evoked a burst of
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Figure 8. Comparison of the NMDA-to-AMPA Ratio from a Small
and a Large Number of Synapses

(A) Representative recording of mMEPSCs evoked from one or a few
synapses using focal application of 0.5 M sucrose. The pressure
artifact marks the beginning of a 400 ms pulse of sucrose (dark bar)
that evoked a burst of mMEPSCs.

(B) Plot of NMDA amplitude against AMPA amplitude for sucrose-
evoked events (“Evoked mMEPSCs”) and spontaneous events
(“Spontaneous MEPSCs”) from the same neuron.

MEPSCs (Figure 8A). These responses were quite local-
ized, as movement of the pipette by a few micrometers
in either direction along the dendrite abolished the re-
sponse. All data were collected from hot spots within
40 wm of the soma to reduced differences in electrotonic
filtering. These MEPSCs probably arise from one to sev-
eral synaptic sites (Bekkers et al., 1990; Liu and Tsien,
1995; Fortietal., 1997; Liu etal., 1999). There was signifi-
cant variation in mEPSC amplitudes evoked from a sin-
gle hot spot, presumably due to variations in transmitter
content from vesicle to vesicle (Figure 8).

When the AMPA amplitude was plotted against the
NMDA amplitude for mEPSCs evoked from a hot spot,
a strong correlation was present. The NMDA-to-AMPA
ratio for large mEPSCs was similar to that for small
MEPSCs (Figure 8B), indicating that there was little satu-
ration of either AMPA or NMDA currents for large events,
as demonstrated by several recent studies (Liu and
Tsien, 1995; Liu et al., 1999; Mainen et al., 1999; Ume-
miya et al., 1999). Similar results have been reported for
MEPSCs from cultured cortical neurons arising from sin-
gle identified synaptic sites (Umemiya et al., 1999) and
for evoked EPSCs from cortical slice (Stern et al., 1992).
The degree of correlation for mEPSCs evoked from a hot
spot was very similar to that obtained from spontaneous
MEPSCs originating from many different synaptic sites
onto the same neuron (Figure 8B); the average correla-
tion coefficient for evoked mEPSCs was 0.63 = 0.03,
and for spontaneous mEPSCs was 0.65 = 0.03 (not
significantly different, n = 6 neurons, p = 0.53, paired
t test). These data demonstrate that the degree of corre-
lation between AMPA and NMDA currents does not
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degrade as the number of synapses sampled from in-
creases, suggesting that the correlation across syn-
apses cannot be accounted for by variations in gluta-
mate concentration from vesicle to vesicle.

A Constant Ratio of NMDA to AMPA Current

across a Neuron’s Synapses

The strong correlation between the amplitudes of the
AMPA and NMDA components of mEPSCs from differ-
ent synapses could arise because the ratio of receptors
is relatively constant from synapse to synapse. One ap-
proach to determining if the NMDA-to-AMPA ratio is
similar or different across synapses is to compare the
mean and the variance of the NMDA-to-AMPA ratio at
a small number of synaptic sites with those from the
entire population of synapses (Figure 9A). If the ratio of
receptors is similar at every synapse, then the ratio at
any randomly selected synaptic site should be very
close to the average ratio for the neuron. In keeping
with this, the average NMDA-to-AMPA ratios obtained
from hot spots (0.24 = 0.03) were very similar to those
obtained from the spontaneous events arising from
many synaptic sites onto the same neurons (0.26 =
0.02, n = 6; Figure 9B). In addition, sampling from many
synapses with similar ratios should generate a distribu-
tion of ratios that is only slightly broader than the distri-
bution from one or a few sites (Figure 9A, right). In con-
trast, if the ratio of receptors is different at different
synaptic sites, then sampling from many sites should
generate a distribution of ratios that is significantly
broader than that obtained at any one site (Figure 9A,
left).

A convenient measure of the broadness of a distribu-
tion is the coefficient of variation (CV), defined as the
standard deviation divided by the mean. The CV of the
ratio of NMDA to AMPA current evoked from hot spots
was close to that for spontaneous mEPSCs (not signifi-
cantly different, evoked: CV = 0.42 * 0.03, spontaneous:
CV =0.39 £ 0.02,n = 6, p = 0.27, paired t test; Figures
9C and 9D), as expected if the NMDA-to-AMPA ratio
was similar across synapses. In contrast, the CV of the
AMPA amplitudes should be larger for random events
arising from many sites than for events evoked from
hot spots, because there is significant variation in the
number of AMPA receptors across synapses. As ex-
pected, the CV of the AMPA amplitudes from spontane-
ous events arising randomly from many different synap-
tic sites (0.53 = 0.05) was greater than the CV of events
evoked from a hot spot (0.40 = 0.04, significantly differ-
ent, n = 6, p = 0.01, paired t test; Figure 9E). These
values for the CV of the AMPA amplitudes are similar
to those obtained by comparing loose-patch recordings
from single boutons to randomly arising mEPSCs (Forti
etal., 1997). Taken together, these data strongly suggest
that there is little variability in the ratio of NMDA to AMPA
receptors across a neuron’s synapses.

Discussion

Our data demonstrate that long-lasting changes in activ-
ity modify the quantal amplitude of AMPA and NMDA
currents in a coordinated manner. Both the AMPA and
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Figure 9. Comparison of the Mean and Variability of the NMDA-to-
AMPA Ratio from a Small and a Large Number of Synapses

(A) Cartoon illustrating the effects of sampling from synapses with
similar or different NMDA-to-AMPA ratios. The distribution of
NMDA-to-AMPA ratios is illustrated for three neurons with similar
(upper right) or different (upper left) mean ratios. If the ratios at
each synapse are different, then sampling from many synapses will
generate a distribution that is broader (lower left, “All synapses”)
than that from a single synapse (lower left, “One synapse”). On the
other hand, if the ratio is similar at different sites (upper right), then
sampling from many synapses will generate a distribution that is
similar to that from a single synapse (lower right).

(B) Comparison of the ratio of NMDA to AMPA current for sucrose-
evoked or spontaneous mEPSCs for each of six different neurons.
Each symbol represents the average NMDA-to-AMPA ratio for spon-
taneous events arising from many different synapses (left) and
events evoked from a hot spot (right) for an individual neuron.

(C) Histogram showing the distribution of NMDA-to-AMPA ratios for
individual mEPSCs from an example neuron. Dashed line indicates
mMEPSCs evoked from a small number of synapses with focal appli-
cations of hypertonic sucrose, while bars indicate spontaneously
occurring mEPSCs from a large number of synapses.

(D) The average CV (standard deviation divided by the mean) for
the NMDA-to-AMPA ratios for evoked and spontaneous mEPSCs.
The CVs are not significantly different (n = 6, p = 0.27, paired t
test).

(E) The CVs of the AMPA amplitude for spontaneous and evoked
events are significantly different (n = 6, p = 0.015, paired t test).

NMDA components of mEPSCs are increased propor-
tionally by activity blockade and decreased proportion-
ally by activity enhancement. In addition, there is a
strong correlation between the amplitudes of the AMPA
and NMDA components of individual mEPSCs, and this
correlation is preserved when synaptic strengths are
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scaled up by activity blockade. These data suggest that
the number of AMPA and NMDA receptors at individual
synapses is tightly coregulated to maintain a fixed ratio
of AMPA to NMDA current.

The activity-dependent regulation of both the AMPA
and NMDA components of the mEPSC is likely to occur
through postsynaptic changes in the number of recep-
tors clustered at excitatory synapses. Activity blockade
increases the amplitude of both AMPA (O’Brien et al.,
1998a; Turrigiano et al., 1998) and NMDA receptor-
mediated currents (Figure 4) elicited by direct applica-
tion of glutamate. It has recently been shown that activ-
ity-dependent changes in AMPA mEPSC amplitude are
accompanied by changes in the intensity of AMPA re-
ceptor staining at synaptic sites (O’Brien et al., 1998a),
and here we use noise analysis of NMDA currents to
demonstrate that the increase in NMDA currents pro-
duced by activity blockade can be accounted for by
changes in the number of open channels. Taken to-
gether, these studies suggest that activity scales
mMEPSCs up and down by increasing or decreasing the
number of postsynaptic AMPA and NMDA receptors,
although we cannot rule out additional presynaptic
changes that could contribute to the change in AMPA
and NMDA synaptic currents.

A striking finding of the present study is the strong
correlation between the amplitudes of the AMPA and
the NMDA components of individual mEPSCs from both
cultured neurons and neurons from visual cortical slices.
Because the mean and variability of the NMDA-to-AMPA
ratio from a large number of synapses are similar to
those from one or a few synapses onto the same neuron,
our data strongly suggest that the variability in this ratio
from synapse to synapse is small. Conclusions similar
to ours were reported recently in a study using Ca?*
imaging to identify mixed mEPSCs arising from identi-
fied release sites (Umemiya et al., 1999). Interestingly,
even when mEPSCs are recorded at one or a few syn-
apses, the correlation coefficient is similar to that ob-
tained from the entire population of active synapses,
suggesting that much of the variability in the NMDA-to-
AMPA ratio arises from trial-to-trial variability in the ratio
of receptors that open at individual synapses. This vari-
ability could be due to a number of factors, including
trial-to-trial differences in the clearance of glutamate
from the synaptic cleft, differential inactivation of AMPA
and NMDA receptors, or variability in the NMDA current
due to the stochastic opening and closing of a small
number of high conductance channels. In addition to
suggesting that the ratio of NMDA to AMPA receptors
is conserved across synaptic sites, our data show that
this relationship remains constant following synaptic
scaling, indicating that this ratio is actively maintained
in the face of large changes in synaptic strength.

Electrophysiological recordings have consistently
found that most (on the order of 70%-80%) of the excit-
atory synapses on cortical and hippocampal neurons
express both AMPA and NMDA receptors (Bekkers and
Stevens, 1989; Jones and Baughman, 1991; McBain and
Dingledine, 1992; Umemiya et al., 1999) and that by
P10, in cortex, “silent” NMDA-alone synapses are largely
gone (Isaac et al., 1997; Rumpel et al., 1998). In contrast,
immunohistochemical studies on the localization of

AMPA and NMDA receptor subunits in hippocampal cul-
tures have found that large numbers of anatomically
identified synapses express exclusively one or the other
receptor and that the degree of colocalization may be
as low as 30% (Rao and Craig, 1997; Lissen et al., 1998;
Liao et al., 1999). Furthermore, prolonged changes in
activity in hippocampal cultures have been reported to
modify the number of immunohistochemically identified
sites that express NMDA but not AMPA receptors (Rao
and Craig, 1997), or AMPA but not NMDA receptors
(Lissen et al., 1998), while a recent study reports that
selective blockade of AMPA or NMDA receptors in-
creases the number of AMPA- or NMDA-containing syn-
aptic sites, respectively (Liao et al., 1999). While the
results of these studies differ in detail, they have all
concluded that the number of sites expressing AMPA
and NMDA receptors are independently regulated by
activity. Since we recorded only from synapses that
express AMPA receptors, our data do not address the
issue of whether activity modifies the percentage of
synapses that colocalize AMPA and NMDA receptors.
What our data do show is that when AMPA and NMDA
receptors are colocalized at cortical synapses, the ratio
of the two receptors is under tight control, and activity-
dependent scaling produces a coordinated and propor-
tional change in both.

A current model of synapse maturation suggests that
local activation of NMDA receptors at silent (NMDA-
alone) synapses through coincident pre- and postsyn-
aptic activity leads to the insertion of AMPA receptors
and the formation of functional synapses (Wu et al.,
1996; Constantine-Paton and Cline, 1998). One possibil-
ity for how a relatively constant ratio of NMDA to AMPA
receptors could be set up and maintained at synapses
is if the number of surface AMPA receptors were propor-
tional to the local Ca*" signal generated by NMDA re-
ceptor activation. This model seems unlikely because
blockade of NMDA receptors does not influence the
NMDA-to-AMPA ratio, indicating that this ratio can be
maintained in the absence of NMDA receptor signaling.
An alternative possibility is that AMPA receptors are
inserted into binding sites that are already present in a
fixed stochiometry relative to NMDA receptor binding
sites. Both AMPA and NMDA receptors are clustered at
synapses through interactions with multiple PDZ do-
main-containing scaffolding proteins (Kornau et al.,
1997; O’Brien et al., 1998b). A stochiometric relationship
between these AMPA and NMDA receptor scaffolding
proteins could explain both the fixed ratio across synap-
tic sites and the proportional scaling of AMPA and
NMDA currents by long-lasting changes in activity.

An intriguing question is how a fixed ratio of AMPA
and NMDA receptors can be maintained in the face of
ongoing LTP and LTD. Our slice recordings were made
between P13 and P16, the developmental period when
cortical LTP is most pronounced (Kirkwood et al., 1995).
Most models of synaptic plasticity suggest that the cur-
rents through AMPA and NMDA receptors are regulated
independently by LTP and LTD, which would lead to a
divergence in the ratio of NMDA to AMPA current over
time. Independent regulation of NMDA and AMPA re-
ceptors could account for some of the scatter in the
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relationship between NMDA and AMPA amplitudes ob-
served, but the high degree of correlation suggests ei-
ther that the magnitude of independent regulation is
limited or that some mechanism acts over a longer time
scale to return the AMPA and NMDA ratios back to their
initial values.

Why should NMDA and AMPA currents have a rela-
tively constant ratio at cortical synapses? One possibil-
ity is that, since a significant portion of cortical excitation
is mediated through NMDA receptors (Nelson and Sur,
1992; Daw et al., 1993), both components of excitation
need to change in parallel in order to effectively modify
the strength of a synapse. Regulating both receptor
types together may also provide an efficient means of
stabilizing synaptic strengths during development. In
visual cortex, activity can modify the ability of a stimulus
to elicit LTP or LTD, and it has been proposed that this
could arise from changes in NMDA receptor function
(Bear et al., 1987; Bear, 1995; Kirkwood et al., 1996).
Ca?* influx through NMDA receptors is necessary for
both LTP and some forms of LTD, and it has been hy-
pothesized that the direction of change in synaptic
strength is determined by the amount of this influx (Lis-
man, 1989; Cummings et al., 1996; Hansel et al., 1997,
Zucker, 1999). Changes in the number of NMDA recep-
tors could therefore have a profound effect on whether
a particular pattern of activity leads to synaptic weaken-
ing or strengthening. When neurons scale down NMDA
currents inresponse to arise in activity, this should favor
depression and reduce synaptic strengths. Conversely,
when neurons scale up NMDA currents in response to
a drop in activity, this should favor potentiation and
increase synaptic strengths. Scaling of NMDA currents
may thus act synergistically with scaling of AMPA cur-
rents to stabilize synaptic strengths. Finally, coupling
between the AMPA and NMDA current at individual syn-
apses may provide a means for amplifying and preserv-
ing strong synapses while depressing weaker synapses,
because a similar level of pre- and postsynaptic correla-
tion will result in more Ca?" influx at synapses with more
AMPA and NMDA receptors. This suggests that coregu-
lation of AMPA and NMDA receptors could enhance
competition between synapses while at the same time
stabilizing the total synaptic strength of the neuron.

Experimental Procedures

Cultures were prepared as previously described (Rutherford et al.,
1997; Turrigiano et al., 1998; Desai et al., 1999), except that for some
experiments, cultures were maintained in astrocyte-conditioned se-
rum-free medium containing B27 supplement (GIBCO). Briefly, vi-
sual cortical cultures were prepared from P3-P5 rat pups, and
whole-cell recordings were obtained in ACSF (see below). Experi-
ments were performed after 7-10 days in vitro. All data were ob-
tained in parallel on treated and age-matched sister control cultures.
Recordings were obtained from neurons identified morphologically
as pyramidal neurons by the teardrop-shaped somata and the pres-
ence of an apical-like dendrite. Neurons with this morphology are
GABA negative and have pyramidal-like firing patterns (Rutherford
et al.,, 1997, 1998; Turrigiano et al., 1998; Desai et al., 1999), and
they make excitatory glutamatergic connections onto other neurons:
in more than 50 synaptically connected pairs in which the presynap-
tic neuron was identified morphologically as pyramidal and the type
of synaptic connection was then verified by either the kinetics and
reversal potential or pharmacology, only two neurons (<4%) were
misidentified. To block activity, cultures were treated with 1 wM TTX,

and to raise activity, cultures were treated with 20 wM bicuculline, for
2-3 days. To block AMPA or NMDA receptors, cultures were treated
with 50 uM CNQX or 100 uM D-APV, respectively, for 2 days. All
drugs were refreshed after 24 hr.

Whole-cell voltage-clamp recordings were obtained using an Axo-
patch 1D, 1B, or 200B at room temperature as previously described
(Rutherford et al., 1997, 1998; Turrigiano et al., 1998). Liquid junction
potentials were measured to be 5-6 mV, and voltages were left
uncompensated for the junction potential, except for the determina-
tion of NMDA |-V curves. Recordings with V,;s above —50 mV, series
resistances (Rs) >20 M(), R;, <200 M(), or fewer than 30 mEPSCs
were excluded. Ry and R;, were continuously monitored throughout
data collection, and neurons in which these parameters changed
by more than 10% were excluded. Average V,, was —64 += 1.2 mV,
Ri, was 484 * 32 M(), whole-cell capacitance (WCC) was 34.0 = 1.7
pF, and Rs was 9.0 = 0.3 M(, and there were no significant differ-
ences in any of these parameters between conditions. To record
mMEPSCs, neurons were held in voltage clamp at —70 mV using an
Axopatch 1B or 1D in the presence of TTX (1 wM) and bicuculline (20
wM). In-house software was used to detect and measure mEPSCs;
detection criteria included AMPA amplitudes >10 pA and 20%-80%
rise times <3 ms; multiple events that overlapped or events with
poor baselines were excluded. The amplitude cutoff used here is
higher than that used previously to detect pure AMPA mEPSCs (5
pA), because in 0 Mg?*, recordings tended to be noisier than in
regular ACSF. In three neurons with low noise, we compared the
NMDA-to-AMPA ratio from very small events (between 5 and 10 pA)
with that from events with large amplitudes (>10 pA) and found that
the ratios were not significantly different (0.30 = 0.04 for small and
0.32 = 0.04 for large events), suggesting that the small events do
not arise from a fundamentally different pool of synapses. To gener-
ate the average mEPSC for each neuron, all events recorded from
that neuron were aligned on the rising phase of the AMPA compo-
nent and averaged. To generate the average mEPSC for a given
experimental condition, the average mEPSCs for each neuron re-
corded in that condition were averaged. Paired recordings were
obtained in ACSF with 0.1 mM Mg?*. Spikes were elicited in the
presynaptic neuron with depolarizing current pulses while voltage
clamping the postsynaptic neuron to various potentials. EPSCs
time-locked to the presynaptic spike were detected and aligned
relative to the peak of the presynaptic spike. Monosynaptic connec-
tions had latencies of <4 ms and <1 ms of jitter in the onset of the
EPSC. Traces contaminated by polysynaptic inputs or spontaneous
EPSCs were excluded. All data are reported as mean = SEM for
the number of neurons indicated. Unless otherwise noted, statistical
comparisons were performed using one-way ANOVAs followed by
unpaired two-tailed t tests using a Bonferoni correction factor for
multiple comparisons; p = 0.05 was considered significant.

To determine the postsynaptic responsiveness to glutamate, a
picospritzer was used to deliver 5 ms puffs of 50 uM glutamate
(using puffer pipettes of 1.5 wm in diameter) to the proximal den-
drites and soma while holding pyramidal neurons at a variety of
voltages in whole-cell voltage clamp. Series resistance compensa-
tion of 70%-80% was used for these experiments. To facilitate
voltage clamping at depolarized voltages, CsMeSO, was used in
place of KMeSO,, and the concentration of EGTA was increased to
10 mM in the pipette solution. At least five interleaved repetitions
at each voltage were obtained, and the results averaged. To focally
deliver hypertonic sucrose, pipettes were filled with 0.5 M sucrose
in 0 Mg?* ACSF, and a picospritzer was used at 5 PSI to deliver
puffs of 100-400 ms in duration.

To perform noise analysis on glutamate-evoked currents, the
mean and variance were calculated for adjacent 200 ms intervals
during the decay phase of the glutamate-evoked currents. The de-
cay phase of this current was well fit by a double exponential. To
minimize contributions from the decay of the average current, the
variance was calculated after subtracting this double exponential
fit. The variance of the current was linear in the mean, indicating
that only a small fraction of the available channels opened. The
unitary conductance was then estimated from the slope of the
mean-variance relation. NMDA currents were corrected for the Mg?*
block to obtain the conductance in the absence of Mg?*. As the
blocking and unblocking kinetics of Mg?* are very fast (Jahr and
Stevens, 1990), fluctuations from this process are largely filtered
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out, and, as a result, only the mean current will be affected by
the block. The effect of the Mg?* block on the mean current was
calculated from the |-V curve as described in the Results. For each
neuron, the unitary conductance and maximum number of open
channels were calculated for five holding potentials (—50, —40, —30,
—20, and —10 mV); very similar values were obtained at each poten-
tial, so these values were averaged.

Coronal slices containing primary visual cortex were obtained
from Long-Evans rats, aged P13-P16, and visualized patch re-
cordings were obtained as previously described (Varela et al., 1999).
Animals were deeply anesthetized with isofluorane and decapitated,
and their brains were quickly removed and placed in chilled ACSF
(5°C). Slices of 400 um thickness were cut on a vibratome. Slices
were maintained at room temperature on semipermeable mem-
branes (Falcon 3090) covered by a thin layer of ACSF continuously
oxygenated with 95% 0,/5% CO,. Slices equilibrated for 1-2 hr
prior to recording and remained viable for up to 16 hr. They were
transferred one at a time to a submerged chamber mounted on a
fixed stage upright microscope and slowly warmed to 34°C-36°C.
Slices were superfused with warmed, oxygenated ACSF at a rate
of 2-3 ml/min. Slices were transilluminated to permit visualization
of the location of primary visual cortex and the boundaries of layer
4. Recordings were obtained from layer 4 neurons with V,, more
negative than —60 mV, Ry <20 M(, and R, >200 MQ. The average
V,, was —63.4 = 1.2 mV, R;, was 378 = 62 M(), WCC was 36.5 *
5.7 pF, and Ry was 9.5 + 1.1 MQ). Pipette solutions were as reported
below, except that 1 mM BAPTA was used in place of the EGTA.
MEPSCs were recorded and analyzed as described for cultured
neurons.

The solutions were as follows. ACSF contained (in mM): NacCl,
126; KClI, 3; MgSO,, 2; NaH,PQO,, 1; NaHCO;, 25; CaCl,, 2; and dex-
trose, 14, and 20 wM glycine; the pH was buffered to 7.4 by bubbling
continuously with 5% C0,/95% O,. For 0 Mg?* ACSF, the Mg?" was
replaced with additional dextrose. For some experiments, glycine
was omitted from the ACSF; no difference in the amplitude of NMDA
currents was observed with or without glycine, so data from the
two conditions were pooled. The internal pipette solution contained
(in mM): KMeSO,, 130; KCI, 10; HEPES/K-HEPES, 10; MgSO,, 2;
EGTA, 0.5; and ATP, 3; the pH was adjusted to 7.4 with KOH; for
some experiments, 100 mM K-gluconate + 20 mM KCI was used
instead of KMeSO,.
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