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Sequential Changes in AMPA Receptor Targeting in the
Developing Neocortical Excitatory Circuit
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Many principal neurons undergo an early developmental switch from GluR2-lacking to GluR2-containing synaptic glutamate receptors.
We tested the generality and timing of the GluR2 switch in excitatory neurons of rat somatosensory cortex. Previous studies show that the
switch occurs between postnatal day 14 (P14) and P16 in layer 5 pyramidal neurons. We show, using sensitivity to intracellular spermine,
that a similar switch occurs between P12 and P14 in layer 2/3 pyramidal cells and between P7 and P8 in layer 4 stellate cells. The presence
of GluR2-lacking receptors in layer 2/3 pyramidal cells before P12 was confirmed by demonstrating sensitivity to blockade by 1-naphthyl-
acetyl-spermine and large single-channel conductances. GluR2 and the postsynaptic protein PSD95 show progressive colocalization in
tissue from P10, P14, and P24 rats, mirroring electrophysiological developments. To distinguish whether changes in GluR2 expression or
targeting underlie the switch, we characterized dendritic AMPA receptor responses using focal photolysis of caged glutamate. Contrary to
synaptic responses, dendritic responses at all ages studied (P6 –P40) were characteristic of GluR2-containing receptors. In addition,
dendritically and synaptically evoked responses showed a corresponding decrease in NMDA/AMPA ratios in pyramidal cells, suggesting
parallel mechanisms that regulate neuronal calcium levels. These data suggest that the GluR2 switch results from changes in AMPA
receptor targeting during early postnatal development, and that rather than following the laminar sequence of cortical development, it
proceeds sequentially from layer 4 to layer 2/3 and finally to layer 5b.
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Introduction
AMPA receptors are the main mediators of fast excitatory neuro-
transmission in the CNS (Dingledine et al., 1999). They are ho-
motetrameric or heterotetrameric assemblies of GluR1 through
GluR4 subunits (or, synonymously, GluRA-D) (Keinanen et al.,
1990; Mano and Teichberg, 1998; Rosenmund et al., 1998).
AMPA receptors lacking GluR2 subunits, as well as kainate recep-
tors, are Ca 2� permeable (Hollmann et al., 1991) and are mod-
ulated by polyamines. Intracellular polyamines preferably bind
to receptors at depolarized membrane potentials and, when
bound, block the channel pore. This results in inwardly rectifying
current/voltage (I/V) relationships (Verdoorn et al., 1991; Kam-
boj et al., 1995; Koh et al., 1995). AMPA receptors containing one
or more GluR2 subunits are Ca 2� impermeable and are not mod-
ulated by polyamines (Washburn et al., 1997). Receptor interact-
ing proteins can be secondary determinants of polyamine mod-
ulation; one example is the association of stargazin with GluR2-
lacking receptors, which attenuates polyamine block (Soto et al.,
2007). Regulation of synaptic strength involving distinct popula-
tions of AMPA receptors is central to the expression of various

forms of plasticity (Hayashi et al., 2000; Plant et al., 2006). Phos-
phorylation and other posttranslational modifications of the re-
ceptor subunits themselves or their interacting proteins play im-
portant roles in synaptic targeting (Matsuda et al., 1999;
Chetkovich et al., 2002; Esteban et al., 2003; Mauceri et al., 2004;
Liu and Cull-Candy, 2005; Guire et al., 2008).

Layer 5 neocortical pyramidal neurons in rats undergo a devel-
opmental switch around P15 in which immature, Ca2� permeable,
GluR2-lacking AMPA receptors are replaced in synapses by mature
GluR2-containing receptors (Kumar et al., 2002; Shin et al., 2005).
We investigated whether the GluR2 switch also occurs in layer 2/3
pyramidal cells and layer 4 stellate cells (i.e., whether it is a general
property of principal neocortical neurons). We found that the
AMPA receptor subunit switch in layer 2/3 pyramidal neurons pre-
cedes that in layer 5b neurons, whereas layer 4 stellate cells express
mainly GluR2-containing AMPA receptors already at P8. Thus, tim-
ing of the GluR2 switch does not correspond to the ontogenetic age
of principal neurons. We also show that inwardly rectifying AMPA
receptors are absent from extrasynaptic sites of pyramidal cells. In
addition, NMDA/AMPA ratios were more than twofold higher at
extrasynaptic than at synaptic sites, and the ratios at both sites de-
creased during development. Expression of GluR2-containing
AMPA receptors and downregulation of the NMDA/AMPA ratios
would work in concert to progressively limit synaptically driven cal-
cium influx during neocortical development.

Materials and Methods
Slice/tissue preparation. All experiments were performed according to
protocols approved by the Stanford Institutional Animal Care and Use
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Committee. Sprague Dawley rats aged postnatal day 6 (P6) to P50 were
deeply anesthetized using 50 mg/kg sodium pentobarbital, and brains
were removed and immediately transferred to ice-cold sucrose solution
containing (in mM) 234 sucrose, 11 glucose, 24 NaHCO3, 2.5 KCl, 1.25
NaH2PO4, 2 MgSO4, and 0.5 CaCl2, equilibrated with a 95% O2/5% CO2

mixture. Coronal neocortical slices (400 �m) were sectioned on a
VT1000S Vibratome (Leica) at 4°C in sucrose solution and transferred
into a holding chamber filled with artificial CSF (ACSF; in mM: 126 NaCl,
26 NaHCO3, 2.5 KCl, 1.25 NaH3PO4, 2 CaCl2, 2 MgCl2, and 10 glucose,
pH 7.4, equilibrated with 95% O2/5% CO2). After a recovery period of
1 h at 32°C, the holding chamber containing the slices was removed from
the water bath and allowed to cool to room temperature.

Electrophysiology. Slices were transferred to a recording chamber and
constantly superfused with oxygenated ACSF at a rate of �2 ml/min. All
experiments were conducted at room temperature, and all cells recorded
were located in primary somatosensory cortex in trunk and limb areas.
The location of the six layers of the primary somatosensory cortex was
determined from an overview image at 5� magnification, and neurons
were visualized at 63� magnification using differential contrast optics
with an Axioskop 2 FS microscope (Carl Zeiss). Pyramidal cells were
identified based on their large size, tear-shaped morphology, and thick
apical dendrite. In addition, cells were routinely filled with 0.3% w/v
biocytin for further verification of their identity. Whole-cell recordings
in voltage-clamp mode were obtained using borosilicate glass electrodes
with a tip resistance of 2– 4 M�. The pipette solution contained (in mM)
130 Cs-gluconate, 8 CsCl, 10 HEPES, 4 EGTA, and 0.01 [N-(2,6-
dimethylphenylcarbamoylmethyl) triethylammonium bromide]
(QX314), pH 7.3 adjusted with CsOH (290 mOsm) for all experiments
except recordings of spontaneous EPSCs, in which we used (in mM) 120
K-gluconate, 11 KCl, 1 MgCl2, 1 CaCl2, 10 HEPES, and 10 EGTA, pH 7.3,
adjusted with KOH. For measurements of I/V relationships and paired-
pulse ratios (PPRs), 50 �M spermine was included in the pipette solution.
Unless indicated otherwise, NMDA receptor-mediated conductances
were blocked by bath application of either 100 �M DL-AP-5 (Tocris) or 50
�M D-AP-5 (Ascent Scientific); GABAA receptor-mediated conductances
were blocked using 50 �M picrotoxin (Tocris). Only recordings in which
the series resistance was �25 M� were included in the data analysis, and
membrane potentials were corrected for a liquid junction potential of 20
mV (all voltages given subsequently include liquid junction potential
correction). A concentric bipolar electrode (75 �m diameter; CB-
XRC75; Frederick Haer) was positioned on-column in layer 4 for electri-
cal stimulation of layer 2/3 neurons, in layer 2/3 or upper layer 4 for
electrical stimulation of layer 5 neurons, and in layer 4 or 5a for layer 4
neurons. Synaptic activity was evoked by delivering constant current
pulses of 100 –500 �A for 100 �s at intervals between 5 and 20 s. Stimu-
lation intensities were selected to correspond to �2� threshold for a
detectable response. Signals were amplified with a Multiclamp 700A am-
plifier, sampled at 10 kHz, filtered at 3 kHz, acquired using a Digidata
1320A digitizer, and analyzed using pClamp9 (all from Molecular
Devices).

Focal photolysis of caged glutamate. A pulsed 355 nm UV laser beam
(DPSS Lasers) was directed into the back aperture of the 63� microscope
objective and was controlled with mirror galvanometers (model 6210;
Cambridge Technology) using a locally developed software program.
Focal photolysis of 4-methoxy-7-nitroindolinyl (MNI)-caged glutamate
(100 �M; Tocris) was triggered by UV light pulses (50 –500 �s, unless
indicated otherwise). MNI-caged glutamate was supplied in a 30 ml re-
circulating bath solution. To find a location for photolysis, we scanned
areas in a 100 –500 �m radius surrounding the soma of the recorded cell
until we robustly detected graded, short-latency (�3 ms) “direct den-
dritic responses” that were abolished by moving the laser beam �10 –20
�m laterally. Our experience shows that MNI– glutamate remains stable
for up to several hours (Deleuze and Huguenard, 2006; Jin et al., 2006).
We typically exchanged the 30 ml recirculating bath solution after 3– 4 h
or sooner if we detected significant rundown of direct dendritic
responses.

I/V relationships were assayed by evoking EPSCs or direct dendritic
responses from holding potentials of �60, �45, �30, �15, 0, 15, 30, 45,
and 60 mV (after correction for liquid junction potential). At least two,

but typically three to five direct dendritic responses and six to eight
synaptic responses were averaged, and synaptic failures were excluded.
Rectification indices were defined as the ratio of the slope at positive
(0 – 60 mV) and negative (�60 to 0 mV) holding potentials. Slopes were
derived by linear regression of maximal response amplitudes. Voltage-
dependent unblocking was assayed by measuring PPRs (100 ms inter-
stimulus intervals) of EPSCs at holding potentials of �60 and �50 mV.
Voltage-dependent blocking indices were calculated by dividing the PPR
at �50 mV by the PPR at �60 mV. Ratios �1 indicated voltage-
dependent unblocking.

Pharmacological experiments. For testing sensitivity to extracellular
polyamines, 30 min of spontaneous activity were recorded in voltage-
clamp mode at a holding potential of �65 mV in the presence of D-APV
and picrotoxin. After 10 min in regular ACSF, the bath solution was
changed to ACSF supplemented with 200 �M 1-naphthyl-acteyl-
spermine (NAS; Sigma-Aldrich) for 10 min, and finally changed back to
regular ACSF for 10 min. The last 5 min of each interval were analyzed, to
allow for a 5 min washin and washout of NAS. For control experiments,
30 min of spontaneous activity in regular ACSF was recorded, and equiv-
alent time points were analyzed (i.e., minutes 5–10, 15–20, and 25–30).
EPSCs were detected and quantified using locally written software.

Nonstationary fluctuation analysis. Spontaneous EPSCs recorded dur-
ing a 10 min period at a holding potential of �65 mV in the presence of
D-APV and picrotoxin were identified and aligned to their peak. An
average trace was computed, and its scaled decay phase was subtracted
from each individual trace. The background variance was calculated
from event-free portions of the recording and subtracted. The average
background-subtracted variance of these synaptic fluctuations was plot-
ted against the amplitude of the averaged EPSC and fit to a parabolic
curve using the following equation: � 2 � iI � I 2/N, where i is the single-
channel current, I is the peak of the mean current, and N is the number of
channels activated at the peak of the mean current (Benke et al., 2001).
The single-channel conductance (�) was calculated using � � i/V (V �
holding potential � �65 mV assuming a reversal potential of 0 mV).

NMDA/AMPA ratios. Cells were held at membrane potentials of �50
and �60 mV in the presence of QX314 in the internal solution and
picrotoxin in the ASCF. EPSCs and direct dendritic responses were
evoked as described for I/V relationships, and 6 –15 sweeps were aver-
aged. The ratio of the peak amplitudes at �50 mV (typically within 20
ms, predominantly NMDA receptor mediated) and at �60 mV (typically
within 5 ms, predominantly AMPA receptor mediated) was calculated.

Immunohistochemistry. Paraformaldehyde-fixed and cryoprotected
tissue was frozen and cut into 40 �m sections on a HM400 cryotome
(Microm). Sections were blocked in PBS and 10% normal goat serum for
1 h at room temperature and incubated in a primary antibody overnight
at 4°C (rabbit polyclonal anti-GluR2, mouse monoclonal PSD95; 1 �g/
ml; Millipore Bioscience Research Reagents). Sections were rinsed twice
at room temperature for 5 min and incubated in a solution containing
fluorescent secondary antibodies at room temperature for 1 h (2 �g/ml
goat anti-rabbit Alexa Fluor 488 and 2 �g/ml goat anti-mouse IgG Alexa
Fluor 568; Invitrogen). After rinsing twice in PBS for 5 min, sections were
mounted on SuperfrostPlus slides (Thermo Fisher Scientific) and cover-
slipped using Vectashield mounting medium (Vector Laboratories). “Z-
stacks” (25 � 25 � 5 �m) of 12 images (at a vertical spacing of 417 nm)
were captured on an LSM510 confocal laser-scanning microscope (Carl
Zeiss). Locations of z-stack images were chosen randomly. X, Y, and Z
coordinates of all GluR2-positive (red) and PSD95-positive (green) ob-
jects consisting of three or more contiguous voxels were analyzed using
volocity software (Improvision). To calculate the degree of colocalization
of GluR2 with PSD95, we identified and counted the number of GluR2-
positive objects in 0.05 �m shells around each PSD95-positive object
using a customized software. The small volume of the innermost shell
precluded a statistically valid determination of colocalization at distances
of �0.05 �m in layer 2/3. Particle density was fit to a single-exponential
decay function; in layer 2/3, the innermost shell was excluded from the
analysis, and the fit was extrapolated to x � 0. Uniformity of antibody
penetration and secondary staining was confirmed by demonstrating
that density of GluR2- and PSD95-positive particles did not change as a
function of depth in the section. To minimize edge effects, GluR2 particle
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density analysis was restricted to PSD95-positive particles interior to the
stack and �1 �m from any edge.

Results
Inwardly rectifying AMPA receptors in immature excitatory
cells in layers 2/3, 4, and 5b
We recorded I/V curves from 52 layer 2/3 pyramidal cells, 46 layer
4 stellate cells, and 50 layer 5b pyramidal cells in the primary
somatosensory cortex of rats aged P6 –P40. Linear I/V curves are
indicative of GluR2-containing, calcium-impermeable AMPA
receptors, whereas increasing inward rectification is indicative of
higher relative proportions of GluR2-lacking, calcium-
permeable AMPA receptors. For recordings in layer 5b, the stim-
ulation electrode was placed on-column in layer 2/3 (but occa-
sionally in upper layer 4) to permit a preferential activation of
layer 2/3 to layer 5b projections. As reported previously (Kumar
et al., 2002; Shin et al., 2005), layer 5 pyramidal cells switched
from inwardly rectifying to linear I/V relationships around P15
(rectification index: P8 –P14, 0.62 	 0.04, n � 26; P16 –P40,
1.04 	 0.03, n � 24; p � 0.0001) (Fig. 1A2). For recordings in
layer 2/3 pyramidal cells, the stimulation electrode was placed
on-column in layer 4. Because layer 2/3 receives the majority of
excitatory inputs from layer 4 (Dantzker and Callaway, 2000;
Shepherd et al., 2003; Bureau et al., 2004), and descending layer
2/3 pyramidal cell axons usually do not arborize extensively in
layer 4 (Petersen and Sakmann, 2001; Larsen and Callaway,
2006), layer 4 stimulation will result mainly in activation of affer-
ents from that layer. The examples in Figure 1A1 and the sum-
mary data in Figure 1, A3 and C, show that a similar developmen-
tal switch occurred in layer 2/3 pyramidal neurons, but it

preceded the switch in layer 5 neurons by �2 d (rectification
index: P8 –P12, 0.59 	 0.04, n � 15; P13–P40, 1.03 	 0.02, n �
37; p � 0.0001). In slices from P13 and P14 rats, we found a
significant difference in the average rectification indices between
layer 2/3 and layer 5b pyramidal cells (layer 2/3: 0.92 	 0.03, n �
11; layer 5: 0.70 	 0.05, n � 14; p � 0.01) (Fig. 1A3). Compari-
sons of rectification indices between layer 2/3 and 5 pyramidal
cells in slices from younger (P8 –P12) or older (P16 –P40) ani-
mals showed no significant differences (Fig. 1A3, Table 1). For
layer 4 recordings, the stimulation electrode was placed on-
column below the recorded cell to activate both intralaminar and
thalamocortical axons (Feldmeyer et al., 1999; Thomson et al.,
2002). Figure 1B shows example traces from representative layer
4 stellate cells at P6, P9, and P14 and the corresponding I/V
curves. We measured rectification indices in 46 layer 4 stellate
cells in slices from rats aged P6 –P19 by electrical stimulation of
adjacent cortical areas (Table 2). Before P8, layer 4 cells had in-
wardly rectifying I/V curves (rectification index, 0.61 	 0.05; n �
12) and continued to display slight inward rectification between
P8 and P14 (0.81 	 0.05; n � 24). After P14, they displayed linear
I/V relationships (0.98 	 0.03; n � 9) (Fig. 1C). It should be
noted that there was an additional, minor change in rectification
indices around P14 in layer 2/3 and layer 4 cells (Fig. 1C).

Intracellular polyamines preferentially block GluR2-lacking
AMPA receptors at depolarized potentials, and this blockade is
partially relieved in an activity-dependent manner (Rozov and
Burnashev, 1999; Bagal et al., 2005). We used this phenomenon
as further verification of the presence of GluR2-lacking AMPA
receptors in immature pyramidal cells. Paired synaptic stimuli

Figure 1. Inwardly rectifying AMPA receptors in immature principal neurons. A1, A2, Left three panels, Representative examples of EPSCs evoked from holding potentials of �60, �30, 0, 30,
and 60 mV in layer 2/3 (A1) and layer 5 (A2) pyramidal cells of animals aged P9, P13/P14, and P17/P18. Recordings were obtained with 50 �M spermine in the patch pipette. Calibration: 20 ms, 10
pA. Right, I/V curves derived from normalized EPSC amplitudes of the traces shown in the left panels (white circles, P9; gray circles, P13–P14; black circles, P17–P18). Layer 2/3 cells at P9 and layer
5 cells at P9 and P13–P14 show inward rectification. Straight lines are added to indicate linear I/V relationships. A3, Summary data for all rectification indices (RIs) measured in layer 2/3 (L2/3; open
circles) and layer 5 (L5; filled circles) cells for animals aged P8 –P12, P13–P14, and P16 –P40. Boxes to the right of individual data points show mean (open square), median (central horizontal line),
and 25th and 75th (box) and 5th to 95th (whiskers) percentiles. The switch from inwardly rectifying to linear I/V relationships in layer 2/3 cells precedes the switch in layer 5 cells. **p � 0.001;
***p � 0.0001. B, Same as A1 and A2, but for layer 4 stellate cells from animals aged P6, P9, and P14. Calibration: 20 ms, 10 pA. Left, I/V curves derived from normalized traces for P6 (white circles),
P9 (gray circles), and P14 (black circles). The P6 cell shows inward rectification. C, Developmental changes in RIs in principal neurons of layer 4, layer 2/3, and layer 5 in animals aged �P8, P8 –P10,
P11–P12, P13–P14, and �P14 (layer 2/3 and layer 5 from same dataset as in A3). RIs in all neocortical layers change during early postnatal development from inward rectification to linearity. The
greatest RI increases occur around P8 in layer 4 cells, around P12/P13 in layer 2/3 cells, and around P14 in layer 5 cells. In layer 4 and layer 2/3 cells, there is a second, minor increase around P14. *p �
0.01; **p � 0.001; ***p � 0.0001. Numbers at the bottom of columns indicate sample size. Error bars indicate SEM. D1, Paired pulses (100 ms) were delivered from holding potentials of �60 mV
(black lines) and �50 mV (gray lines). Raw traces (top) from representative layer 2/3 pyramidal cells of a P8 and a P18 rat are shown. Normalized traces (bottom) show that at P8 the second pulse
at �50 mV is relatively larger than at �60 mV, whereas PPRs at P18 do not depend on the holding potential. Calibration: 50 ms, 20 pA. D2, Correlation between rectification index (x-axis) and
unblocking index ( y-axis) for layer 2/3 (L2/3; gray circles) and layer 5 (L5; black circles) pyramidal cells of P8 –P40 rats and layer 4 stellate cells (L4; white circles) of P6 –P18 rats. The solid line
indicates fits by linear regression [dark gray, layer 2/3; black, layer 5 (largely overlaps with layer 2/3 regression line); light gray, layer 4).
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(100 ms interstimulus interval) were delivered at �50 and �60
mV, and the quotient (“unblocking index”) of the PPR at positive
and negative holding potentials was calculated for most layer 2/3,
layer 4, and layer 5b cells in which I/V curves had been recorded
(see above). Unblocking indices of �1 (i.e., a greater PPR at
positive membrane potentials) is consistent with voltage- and
use-dependent relief of polyamine block. Figure 1D1 (top) shows
example traces evoked by paired-pulse stimulation in layer 2/3
pyramidal cells of a P8 and a P18 rat at �60 mV (black trace) and
�50 mV (gray trace). The normalized traces (Fig. 1D1, bottom)
superimposed almost perfectly in the P18 cell. In the P8 cell, on
the contrary, the second pulse was relatively larger at �50 mV
than at �60 mV. Figure 1D2 shows the unblocking index plotted
against the rectification index for layer 2/3 (gray circles; n � 43),
layer 4 (white circles; n � 30), and layer 5 (black circles; n � 39)
cells shown in Figure 1A3. Unblocking and rectification indices
were inversely correlated (solid line), with low (�1) rectification
indices (i.e., inward rectification) corresponding to high (�1)
unblocking indices.

To further verify the presence of GluR2-lacking AMPA recep-
tors on immature layer 2/3 pyramidal cell synapses, we tested two
additional electrophysiological parameters. GluR2-lacking
AMPA receptors have larger single-channel conductances than
GluR2-containing receptors (Swanson et al., 1997). Single-
channel conductances can be estimated from whole-cell voltage-
clamp recordings using nonstationary fluctuation analysis
(Benke et al., 2001). Briefly, currents during the decay phase of
individual EPSCs deviate from the average. These fluctuations
represent stochastic single-channel opening and closing events,
such that the variance of current fluctuations is proportional to
the single-channel conductance. We calculated the average
single-channel conductances using isolated spontaneous AMPA
receptor-mediated EPSCs from 10 min recordings in layer 2/3
pyramidal cells in slices from 11 immature (P9 –P11) and 7 more
mature (P15 and P16) rats. Figure 2A1 shows representative data
from a P9 and a P15 cell with single-channel conductances of 7.07
and 3.94 pS, respectively, and Figure 1A2 shows the summary
data. As would be predicted for GluR2-lacking AMPA receptors,

neurons from more immature rats had sig-
nificantly larger average single-channel
conductances than neurons from more
mature animals (P9 –P11: 7.01 	 0.58 pS,
n � 11; P15-P16: 3.58 	 0.44 pS, n � 7;
p � 0.001). These values are similar to
those reported previously (Swanson et al.,
1997; Benke et al., 1998).

As a second test, we measured the sus-
ceptibility of AMPA receptor-mediated
spontaneous EPSCs to blockade by extra-
cellular NAS (bath perfused at a concen-
tration of 200 �M), a synthetic analog of
Joro spider toxin. This class of compounds
causes open-channel block of GluR2-

lacking AMPA and kainate receptors (Koike et al., 1997). There-
fore, we expected the amplitude of spontaneous EPSCs in pyra-
midal cells from immature rats to decrease in the presence of
NAS. EPSC amplitudes were quantified during a 5 min baseline
period, during the last 5 min of a 10 min application of NAS, and
in the last 5 min of a 10 min wash period. NAS susceptibility in six
layer 2/3 pyramidal cells of rats aged P9 –P11 and five cells of rats
aged P15 and P16 was compared. Because we were concerned
about possible NAS-independent rundown, we also included a
control group (six cells, P9 –P11) in which no NAS was applied.
Figure 2B1 shows EPSCs amplitudes before, during, and after
NAS application (or equivalent control periods) for all cells, and
averaged example EPSCs are shown in Figure 2B2. NAS partially
blocked EPSCs only in cells from the more immature rats. The
average block in P9 –P11 cells was 19.9 	 2.8% (n � 6; p � 0.01),
whereas EPSCs in vehicle (NAS free) time-matched experiments
were unaffected (3.0 	 1.7%; n � 6; p � 0.5). EPSCs in cells from
P15/P16 were insensitive to NAS (3.1 	 4.1%; n � 5; p � 0.05)
(Fig. 2B3). Blockade by NAS of EPSCs in immature layer 2/3
pyramidal cells is consistent with the presence of GluR2-lacking
AMPA receptors.

Additionally, we observed that EPSCs in mature layer 2/3 neu-
rons were significantly slower than in immature cells, whereas
those in layer 5 and layer 4 neurons did not change (supplemental
Fig. S1, available at www.jneurosci.org as supplemental mate-
rial). Although this change is concurrent with the AMPA receptor
switch, it is likely attributable to different mechanisms, such as
changes in AMPA receptor subunit splice variants (Mosbacher et
al., 1994; Lambolez et al., 1996; Koike et al., 2000).

Colocalization of GluR2 and PSD95
As an independent measure of the emergence of synaptic GluR2,
we assessed colocalization of GluR2 and the postsynaptic gluta-
matergic marker protein PSD95 in layers 2/3 and 5b in tissue
from rats aged P10, P14, and P24 using immunohistochemistry
and confocal microscopy. Figure 3 shows representative images
of layer 2/3 (Fig. 3A1–A3) and layer 5 (Fig. 3B1–B3) for the three
ages; GluR2 immunofluorescence is shown in red, and PSD95
immunofluorescence is shown in green. The predominantly
punctate staining of both GluR2 and PSD95 indicates clustering
of the antigens. In the neuropil, GluR2 and PSD95 immunoflu-
orescence intensity appears to increase between P10 and P14, but
direct comparisons are difficult because antibodies might pene-
trate differently in tissue of different ages. The images show a
larger fraction of colocalizing (yellow) GluR2- and PSD95-
positive puncta in P14 (Fig. 3A2) and P24 (Fig. 3A3) sections
compared with P10 sections (Fig. 3A1) in layer 2/3. In layer 5b,

Table 1. Rectification indices (RIs) for synaptic and dendritic AMPA receptor-mediated responses in layer 2/3 and
layer 5 pyramidal cells in slices from rats aged P8 –P12, P13–P14, and P16 –P40

Layer 2/3 Layer 5 Layer 2/3 vs layer 5

RI 	 SEM (n) p RI 	 SEM (n) p p

Synaptic
P8 –P12 0.593 	 0.035 (15) *** 0.531 	 0.070 (12) †† †

P13–P14 0.922 	 0.035 (11) *** 0.700 	 0.046 (14) *** *
P16 –P40 1.075 	 0.026 (26) ** 1.037 	 0.028 (24) *** †

Dendritic
P8 –P12 1.189 	 0.059 (17) † 1.288 	 0.061 (13) † †

P13–P14 1.243 	 0.053 (18) †† 1.156 	 0.059 (13) † †

P16 –P40 1.073 	 0.040 (30) † 1.148 	 0.050 (23) † †

Numbers in parentheses indicate the number of cells. Statistical significance (unpaired t test) is as follows: †p � 0.05; ††p � 0.01; *p � 0.01; **p � 0.001;
***p � 0.0001.

Table 2. RIs for synaptic AMPA receptor-mediated responses in layer 4 stellate cells
in slices from rats aged P8 –P12, P13–P14, and P16 –P19

RI 	 SEM (n) p

P6 –P7 0.607 	 0.051 (12) **
P8 –P12 0.879 	 0.037 (14) †

P13–P14 0.820 	 0.027 (7) *
P16 –P19 0.975 	 0.033 (9)

Numbers in parentheses indicate the number of cells. Statistical significance (unpaired t test) is as follows: †p �
0.05; *p � 0.01; **p � 0.001.

Brill and Huguenard • Development of GluR2 Targeting in Cortical Excitatory Circuits J. Neurosci., December 17, 2008 • 28(51):13918 –13928 • 13921



the degree of colocalization increased be-
tween P10 and P14 (Fig. 3B1,B2) and be-
tween P14 and P24 (Fig. 3B2,B3).

To quantify the position of GluR2-
positive puncta relative to PSD95-positive
puncta, we captured stacks of 12 images
(25 � 25 � 5 �m total stack volume) and
measured the density of GluR2-positive
puncta in 100 nm shells surrounding each
PSD95-positive object. If both sets of ob-
jects were distributed independently, the
density of GluR2-positive puncta would
remain constant in each shell. In contrast,
increasing densities in the inner shells
would indicate colocalization of the two
antigens. Figure 3, C1 and C2, shows the
results from seven to nine sections from
layer 2/3 and layer 5b of P10, P14, and P24
animals. In layer 2/3, there is little colocal-
ization of GluR2 and PSD95 at P10 but
higher colocalization at P14 and P24. The
density of GluR2-positive puncta was sig-
nificantly increased at distances up to 300
nm from each PSD95-positive object in
P14 and P24 tissue (Fig. 2C1). In layer 5,
colocalization was moderate in sections
from P10, with a small increase at P14 an-
imals and a sharper increase by P24 (Fig.
3C2). This is in agreement with the physi-
ological results indicating emergence of
synaptic GluR2-containing AMPA recep-
tors around P15 in layer 5 and around P12
in layer 2/3. It should be noted, though,
that these experiments cannot assign a pu-
tative synapse to a particular neuronal type
or its layer of origin. Layer 2/3 pyramidal
cells receive the majority of synaptic inputs
from layer 4 (Dantzker and Callaway,
2000; Shepherd et al., 2003; Bureau et al.,
2004). Thus, the putative synapses in layer
2/3 would be a mixed population of in-
tralaminar synapses and synapses of layer
4 afferents onto pyramidal cells, in addition to pyramidal cell-to-
interneuron synapses. The synapses in layer 5 are likely more
heterogeneous, because layer 5b pyramidal cells receive extensive
synaptic inputs from layers 5 and 6 but also from layers 2–5a
(Staiger et al., 2000; Schubert et al., 2001; Jin and Huguenard,
2006). Thus, the putative synapses in Figure 3C2 comprise layer 5
intralaminar synapses and afferents from other cortical layers.
We found no significant trend in either the absolute numbers or
the ratios of GluR2- to PSD95-positive puncta in each analyzed
slice for the three age groups (ratio ranged from 1.06 	 0.03 for
layer 2/3 at P14 to 1.31 	 0.08 for layer 5 at P10; data not shown).
This demonstrates that the increasing colocalization reflects a
shift in the distribution of the two antigens rather than a relative
increase in the expression of one of them.

Characterization of direct responses mediated by dendritic
AMPA receptors
Previous reports have suggested that, unlike synaptic AMPA re-
ceptors, somatic AMPA receptors in immature layer 5 pyramidal
cells are GluR2 lacking (Kumar et al., 2002). Pyramidal cell so-
mata are devoid of glutamatergic synapses (DeFelipe and Farinas,

1992); therefore, somatic AMPA receptors must be extrasynaptic.
We wanted to extend these findings to dendritic AMPA recep-
tors, because these can be in very close proximity to glutamatergic
synapses and thus may well comprise a different pool than so-
matic receptors. We used focal photolysis of MNI-caged gluta-
mate to activate dendritic receptors. Dendrites were identified by
scanning across areas �100 –500 �m surrounding the soma of
the recorded cell until focal, EPSC-like, short-latency, reproduc-
ible responses were evoked. To ensure that direct responses could
be unambiguously distinguished from synaptic responses, we un-
caged glutamate directly onto the soma of 19 pyramidal cells and
recorded action potentials in the cell-attached mode. No action
potentials were detected within the first 3 ms of the uncaging
stimulus (data not shown). Thus, for analysis of direct responses,
we considered only responses that rose within 3 ms of the uncag-
ing stimulus. Figure 4A shows an example of a layer 5 pyramidal
cell from a P17 rat. The cell was filled with Alexa455-dextran,
which allowed visualization under UV illumination (a different
wavelength from that used to uncage MNI– glutamate). The top
left trace in Figure 4A shows a direct dendritic response evoked
by uncaging onto the apical dendrite �200 �m from the soma,

Figure 2. GluR2-lacking AMPA receptors in immature layer 2/3 pyramidal neurons. A, Nonstationary fluctuation analysis to
determine single-channel conductance of spontaneous EPSCs in layer 2/3 pyramidal neurons of rats aged P9 –P11 and P15–P16.
A1, Variance of current during the decay phase of EPSCs recorded in representative cells from a P10 (open circles) and a P15 (gray
circles) animal. The P10 cell shows greater initial slope of the parabolic fit, indicating larger single-channel conductance, which is
representative of GluR2-lacking receptors. A2, Calculated conductances of P9 –P11 (open circles; � � 7.01 	 0.59 pS; n � 11)
and P15–P16 (gray circles; �� 3.58 	 0.44 pS; n � 7) cells. **p � 0.001. B, Blockade of GluR2-lacking AMPA receptors by 200
�m of NAS. B1, Amplitudes of spontaneous EPSCs in layer 2/3 pyramidal cells averaged for a 5 min control period (a), 5 min of NAS
or control without NAS (b; after a 5 min initial washin), and 5 min of washout (c). Left, NAS applied to cells from P9 –P11 animals;
middle, control without NAS applied to the same age group; right, NAS applied to cells from P15–P16 animals. B2, Averaged EPSCs
from representative example cells from all conditions shown in B1. B3, Average reduction in spontaneous EPSC amplitude during
period b for all three test conditions. P9 –P11 with NAS, 19.9 	 2.8%, n � 6; P9 –P11 without NAS, �3.0 	 1.7%, n � 6;
P15–P16 with NAS, �3.1 	 4.1%, n � 5. *p � 0.01. Error bars indicate SEM.
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and the top right trace shows that this response was abolished by
moving the uncaging beam �30 �m laterally. The bottom trace
shows a direct response evoked by uncaging onto the soma. It had
a larger amplitude and a shorter latency but similar kinetics com-
pared with the dendritic response. Amplitudes of direct dendritic
responses were predicted to be graded because they do not de-
pend on stochastic synaptic release, with the amount of uncaged
glutamate proportional to the stimulation duration and MNI–
glutamate concentration. We assessed whether the kinetics and
amplitudes of direct dendritic responses vary with MNI– gluta-
mate concentration and stimulation intensity, potentially as a
result of local receptor saturation, desensitization, and/or diffu-
sion of uncaged glutamate. Figure 4B1 shows a representative
experiment in which a layer 5 pyramidal cell from a P18 rat was
exposed to combinations of three MNI– glutamate concentra-
tions (33, 100, and 300 �M) and four stimulation durations (900,
300, 200, and 100 �s). Decay constants (�) and 50% rise times of
evoked responses did not vary systematically under these condi-
tions (top two panels), but the response amplitude increased with
rising MNI– glutamate concentrations and with longer stimula-
tion durations. Figure 4B2 shows example traces at indicated
times during all combinations of conditions, demonstrating
changing amplitudes (top, raw traces) but similar kinetics (bot-
tom, superimposed normalized traces). Decay constants, 50%
rise times, and amplitudes of direct dendritic responses from 10
pyramidal cells (both layers 2/3 and 5; 100 �M MNI– glutamate)
are shown in Figure 4C1–C3, respectively, with stimulation du-
rations ranging from 0.2 to 1 ms. Again, decay constants and 50%
rise times did not vary systematically, but amplitudes increased
with increasing stimulation durations. With even longer uncag-
ing pulse durations (several milliseconds), response kinetics did
slow down significantly (possibly because of overlapping stimu-
lation and response times; data not shown). Only stimulation
durations between 0.1 and 0.5 ms were used in subsequent
experiments.

Pyramidal neurons have extended dendritic arbors, which
leads to filtering and attenuation of electrical signals. This could
compromise voltage-clamp fidelity and lead to an underestima-

tion of rectification indices, both for direct and for synaptic re-
sponses. Figure 4D shows rectification indices measured in ma-
ture layer 5 pyramidal cells evoked by direct dendritic stimulation
at various distances from the soma (100 –500 �m). Gray circles
represent results from individual cells, whereas black circles show
averaged data for 100 �m bins. Rectification indices remain con-
stant within this range, indicating that voltage-clamping artifacts
do not preclude determination of rectification indices for direct
dendritic responses, originating within 0.5 mm of the soma and,
by extension, for synaptic responses. Together, these results show
that amplitudes of direct dendritic responses are suitable for de-
termining I/V relationships.

GluR2-containing AMPA receptors predominate principal
cell dendritic responses
We measured rectification indices in apical dendrites by direct
stimulation of 65 layer 2/3 and 49 layer 5 pyramidal cells in slices
from rats aged P8 –P40. Figure 5A1 shows representative traces
evoked by uncaging onto the apical dendrites of layer 2/3 and
layer 5 pyramidal cells of a P8 and a P19 rat; the corresponding
I/V curves are shown in Figure 5A2. Pyramidal cells in both layers
and at both ages display slightly outwardly rectifying I/V curves,
typical of GluR2-containing receptors (Washburn et al., 1997).
Figure 5B shows all rectification indices obtained from layer 2/3
(open circles) and layer 5 (filled circles) cells. No significant dif-
ferences were seen between immature and mature neurons in
either layer or between the two layers (Table 1), although decay
kinetics slowed in more mature cells (supplemental Fig. S1, avail-
able at www.jneurosci.org as supplemental material). There was
no difference in rectification indices evoked from basal and apical
dendrites (P8 –P12, layer 2/3: basal, 1.29 	 0.09, n � 6; apical,
1.13 	 0.07, n � 11; P8 –P12, layer 5: basal, 1.35 	 0.05, n � 4;
apical, 1.26 	 0.09, n � 9; p � 0.05). We also measured rectifi-
cation indices in pyramidal cell somata, and in agreement with
previous reports (Kumar et al., 2002), they were linear or slightly
outwardly rectifying (data not shown). Dendritic rectification
indices from layer 4 stellate cells of P6 animals were also slightly
outwardly rectifying (rectification index, 1.47 	 0.12; n � 4; data

Figure 3. GluR2/PSD97 colocalization. A, B, Representative confocal images from cortical sections of P10 (A1, B1), P14 (A2, B2), and P24 (A3, B3) rats. Images show 15 � 15 �m sections from
layer 2/3 (A) and layer 5 (B) that were stained for PSD95 (green) and GluR2 (red). Increasing numbers of yellow puncta can be seen in sections from older animals. C, Analysis of the number of
GluR2-positive puncta (particles/�m 3) within 0.1 �m shells of increasing radius from each PSD95-positive object for layer 2/3 (C1) and layer 5 (C2). Error bars indicate SEM. *p�0.01; **p�0.001.
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not shown). Whereas immature synapses of neocortical excita-
tory neurons express GluR2-lacking AMPA receptors, dendritic
AMPA responses are dominated by GluR2-containing receptors.

Using the same glutamate uncaging protocol, we could reli-
ably evoke inwardly rectifying responses from dendrites and so-
mata of layer 5 fast spiking interneurons (dendrite: rectification
index, 0.70 	 0.04, n � 3; soma: rectification index, 0.56 	 0.07,
n � 6; age, P14 –P15) (Fig. 5A2, inset). The linear I/V curves from
immature pyramidal dendrites are thus neither an experimental
artifact nor a universal feature of all neuronal dendrites. Rather,
they appear to represent a cell-type-specific and developmentally
regulated mechanism of AMPA receptor targeting.

NMDA/AMPA ratios are greater in dendrites than in synapses
and decrease during development
To further explore developmental and cell-compartment-
specific differences between dendritic and synaptic glutamate re-
ceptors, we examined the contribution of AMPA and NMDA
receptors to EPSCs and direct dendritic responses (Fig. 6). Syn-
aptic and dendritic responses were evoked in the same cells from
membrane potentials of �60 and �50 mV. At �60 mV, NMDA
receptors are blocked by extracellular Mg 2�, but the magnesium
block is relieved by depolarization. NMDA receptors activate and
inactivate slowly, so that the peak response at �50 mV occurs at

a time when AMPA receptor-mediated responses have mostly
decayed (�20 ms after stimulus) (Fig. 6A). In agreement with a
recently published report on dendritic spines of layer 2/3 somato-
sensory cortex neurons (Busetto et al., 2008), we found a signif-
icantly higher NMDA/AMPA ratio in dendritic responses com-
pared with EPSCs in cells from animals aged P9 –P12 and P17–
P18 both in layer 2/3 (Fig. 6B1) (P9 –P12, n � 10: dendrite,
6.42 	 0.97; synapse, 1.31 	 0.19; p � 0.001; P17–P18, n � 9:
dendrite, 2.34 	 0.55; synapse, 0.97 	 0.21; p � 0.05, paired t
tests) and in layer 5b (Fig. 6B2) (P9 –P12, n � 11: dendrite,
5.34 	 0.99; synapse, 1.04 	 0.16; p � 0.005; P17–P18, n � 11:
dendrite, 2.83 	 0.58; synapse, 0.54 	 0.13; p � 0.01, paired t
tests). Synaptic and dendritic NMDA/AMPA ratios decreased to
similar degrees between P9 –P12 and P17–P18 (Fig. 6C).

Discussion
Principal neurons in many regions of the CNS express GluR2-
lacking synaptic AMPA receptors early in development and sub-
sequently switch to GluR2-containing AMPA receptors. This has
been shown for a number of neurons in rodents, including layer
5 pyramidal cells (Kumar et al., 2002), inner hair cell synapses
(Eybalin et al., 2004), calyx of Held synapses (Joshi et al., 2004),
and in the hippocampus (Ho et al., 2007). It seems to be a com-
mon developmental process that occurs not only in mammals but

Figure 4. Characterization of direct dendritic responses. A, Composite image of a patched layer 5 pyramidal cell filled with Alexa455-dextran dye while recording in voltage clamp (patch pipette
is to the right of the soma). The apical and two basal dendrites are visible. Circles indicate locations of focal MNI– glutamate uncaging (100 �M in bath solution). A large inward response was elicited
by uncaging onto the soma (arrow indicates time of 100 �s laser pulse; bottom trace). A smaller response was obtained by uncaging onto the apical dendrite �200 �m from the soma (top left circle
and trace; 200 �s laser pulse) but was abolished when the uncaging focus was moved �30 �m to the side of the dendrite (top right circle and trace; 200 �s laser pulse). B1, Kinetics of direct
responses elicited from one spot on the apical dendrite in a layer 5 pyramidal cell of a P18 rat from a holding potential of �60 mV. MNI– glutamate (Glu) concentrations and stimulation durations
are shown on top. The starting MNI– glutamate concentration of 33 �M was followed by washin of 100 and 300 �M MNI– glutamate. Stimulation durations were 900, 300, 100, and 200 �s. The
bottom three panels show decay constants (�), 50% rise times, and maximum amplitudes of responses. Amplitudes are dependent on stimulation durations and MNI– glutamate concentrations,
whereas decay and rise times are not. B2, Top, Example traces recorded at time points a through f indicated above the x-axis in C1, representing all six concentration/duration combinations. Bottom,
Scaled traces. Calibration: 50 ms, 50 pA. C1–C3, Decay constants (C1), 50% rise times (C2), and amplitudes (C3) of responses evoked from a holding potential of �60 mV at stimulation durations
between 100 �s and 1 ms. Responses from 10 layer 2/3 and layer 5 pyramidal cells from P12 and P16 rats evoked by photolysis of 100 �M MNI– glutamate are shown. Amplitudes are approximately
proportional to stimulation duration, whereas decay and rise times are unaffected. D, Rectification indices were measured at various distances from the soma in five pyramidal cells to assess the
potential contributions of voltage-clamping artifacts and signal attenuation. Gray circles show individually measured rectification indices between 100 and 500 �m from the soma, and black circles
show averaged data with 100 �m binning. Error bars indicate SEM.
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also in species such as zebrafish (Patten and Ali, 2007), chicken
(Migues et al., 2007), and Xenopus (Aizenman et al., 2002). We
show that the developmental switch from GluR2-lacking to
GluR2-containing receptors also occurs in excitatory layer 2/3
and layer 4 neurons. We probed the presence of GluR2-lacking
receptors using I/V curves, voltage-dependent unblocking, sus-
ceptibility of spontaneous EPSCs to blockade by extracellular
NAS, and single-channel conductances determined by nonsta-
tionary fluctuation analysis. All results were consistent with the
presence of GluR2-lacking AMPA receptors in immature syn-
apses. We should point out that the immature synapses probed by
us, with rectification indices of 0.5– 0.6, likely contained a mixed,
rather than pure, population of GluR2-lacking and GluR2-
contianing receptors, whereas mature synapses predominantly
contained GluR2-containing receptors. Kidd and Isaac (1999)
have shown that thalamocortical synapses onto developing layer
4 stellate cells in the absence of intracellular spermine have mixed
fast, linear AMPA receptor-mediated and slow, inwardly rectify-
ing kainate receptor-mediated responses. We should note that
(1) we did not strictly stimulate thalamocortical fibers, such that
our stimulation protocol likely stimulated both thalamocortical
and intracortical axons, and (2) the inwardly rectifying responses
reported here may be, at least partially, kainate receptor medi-
ated. Kainate receptors, like GluR2-lacking AMPA receptors, are

calcium permeable and inwardly rectify-
ing in the presence of intracellular poly-
amines (Kamboj et al., 1995).

Neocortical layers are formed in an
inside-out manner, such that excitatory
neurons of deep layers are born first and
superficial neurons are born, and migrate
to their final position, later (for review, see
Kriegstein, 2005). However, the timing of
layer formation is not reflected in the “ca-
nonical neocortical circuit”: thalamic in-
puts project mainly to layers 4 and 5a,
these project primarily to layer 2/3, and
layer 2/3 sends a large number of efferents
to layer 5b (Angevine and Sidman, 1961;
Staiger et al., 2000; Petersen and Sakmann,
2001; Thomson and Bannister, 2003;
Wirth and Lüscher, 2004; Douglas and
Martin, 2007; Lübke and Feldmeyer, 2007;
Petersen, 2007). This is obviously a simpli-
fication, especially for layer 5b (there are
extensive intralaminar projections, as well
as afferents and efferents from other layers
and other cortical areas). However, the ba-
sic circuit has been well established using
laser-scanning photostimulation to map
synaptic inputs to different layers (Dantz-
ker and Callaway, 2000; Staiger et al., 2000;
Schubert et al., 2001; Shepherd et al., 2003;
Bureau et al., 2004), voltage-sensitive dye
studies to image the spread of activation
across layers (Petersen and Sakmann,
2001; Laaris and Keller, 2002), and paired
recordings (Thomson and Bannister,
1998; Reyes and Sakmann, 1999; Feldm-
eyer et al., 2002; Thomson et al., 2002).
The timing of the GluR2 switch (layer 43
layer 2/3 3 layer 5) corresponds to the
position within the canonical neocortical

circuit rather than the ontogenetic age of the layer. Layer 4 stellate
cells, which receive input from thalamic relay nuclei and provide
input to layer 2/3 pyramidal neurons, fail to exhibit strong inward
rectification after P7, a time when thalamocortical inputs in the
somatosensory cortex are already well established (Crair and
Malenka, 1995; Isaac et al., 1997; Bannister et al., 2005; Inan et al.,
2006). Timing of the GluR2 switch in layer 2/3 pyramidal neu-
rons coincides with the critical period for developmental plastic-
ity in somatosensory cortex (Stern et al., 2001). Not much is
known about timing of critical period plasticity in layer 5b, but it
is conceivable that it, too, coincides with network maturation and
the GluR2 switch. Because we could not strictly stimulate only
one set of afferent projections to each layer, and because the
switch in layer 5b occurs at the same time regardless of whether
callosal, intralaminar, or supragranular stimulation was used
(Kumar et al., 2002; this study), we hypothesize that the GluR2
switch occurs at specific times in each cortical layer regardless of
specific afferents.

GluR2-containing receptors could be more readily excluded
from immature synapses by a specific active targeting mecha-
nism. Alternatively, there could be a passive mechanism in which
GluR2 expression slowly increases, creating a delay for GluR2-
containing receptors to be trafficked into more and more distal
synapses. If GluR2-lacking receptors slowly diffused “out into the

Figure 5. GluR2-containing extrasynaptic AMPA receptors. A1, Representative direct dendritic responses evoked from holding
potentials of �60, �30, 0, 30, and 60 mV in layer 2/3 (L2/3) and layer 5 (L5) pyramidal cells of animals aged P8 and P19.
Responses were evoked by focal photolysis of caged glutamate onto a dendritic location at least 100 �m from the soma.
Recordings were obtained with 50 �M spermine in the patch pipette. Calibration: 50 ms, 10 pA. A2, I/V curves derived from the
traces shown in A1. Direct dendritic responses for layer 2/3 (white circles) and layer 5 (black circles) pyramidal cells in both age
groups were normalized to the maximal amplitude at �60 mV. Diagonal lines were added to indicate that I/V curves were slightly
outwardly rectifying. The inset shows inwardly rectifying dendritic responses at Vhold of �60, �30, 0, 30, and 60 for dendritic
responses of a layer 5 fast spiking interneuron. The corresponding I/V curve is depicted by gray circles. B, Summary data for all
dendritic rectification indices measured in layer 2/3 (L2/3; open circles) and layer 5 (L5; filled circles) cells for animals aged
P8 –P12, P13–P14, and P16 –P40. There is no developmental switch in rectification, indicating prevalence of GluR2-containing
dendritic AMPA receptors. Error bars indicate SEM.
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dendrites,” the smaller size of layer 2/3 and
layer 4 neurons could account for the ear-
lier switch. We believe that our results ar-
gue for an active targeting mechanism.
First, the linear I/V relationships of den-
dritic AMPA receptor-mediated responses
in immature neurons indicate that GluR2-
containing receptors are present at loca-
tions up to 0.5 mm from the soma, such
that a significant proportion of synaptic
AMPA receptors of immature neurons are
GluR2 lacking, whereas dendritic recep-
tors in the same cells are not. Second, as
shown in Figure 4D, there was no correla-
tion between rectification indices and dis-
tance of glutamate release from the soma.
Finally, GluR2 and the postsynaptic gluta-
matergic marker protein PSD95 showed a
greater degree of immunohistochemical
colocalization in cortical sections from
more mature animals, although GluR2-
positive puncta are clearly present earlier.
In addition, previous reports have consis-
tently shown that trafficking of distinct
AMPA receptor subtypes into and out of
synapses is tightly regulated and essential
in responding to changes in synaptic activ-
ity (for review, see Sprengel, 2006; Greger
and Esteban, 2007; Isaac et al., 2007).

We demonstrate that focal photolysis
of caged glutamate is suitable to probe ex-
trasynaptic receptors in intact neocortical
neurons in brain slices because it does not
appear to activate significant proportions
of synaptic receptors. This might result
from several factors, for example the anat-
omy of the synaptic cleft, which may not
allow efficient access to exogenously released glutamate, efficient
glial glutamate uptake might occur in the vicinity of synapses, or
extrasynaptic receptors might greatly outnumber synaptic
receptors.

Extrasynaptic AMPA receptors can serve as a reserve pool for
the experience- and activity-dependent modulation of synaptic
receptor populations (Adesnik et al., 2005), but there may be
more direct roles in regulating dendritic excitability. Extrasynap-
tic glutamate receptors have been reported to sense and react to
extracellular glutamate levels via synaptic spillover (Asztely et al.,
1997) and autoexcitation (Nicoll and Jahr, 1982) and to be in-
volved in glia-to-neuron signaling (for review, see (Fellin et al.,
2006). AMPA receptors desensitize quickly, have low glutamate
affinities compared with NMDA receptors, and are thus unlikely
to be major effectors for slowly released glutamate at concentra-
tions much lower than those found in the synaptic cleft. At
present, only very few reports indicate a direct physiological role
for nonsynaptic AMPA receptors, for example in lateral excita-
tion of mitral cells (Urban and Sakmann, 2002) or in neuron-to-
glia signaling between Bergmann glia and climbing fiber and par-
allel fiber synapses (Clark and Barbour, 1997).

Additionally, we characterized NMDA/AMPA ratios, which
display striking differences between dendritic and synaptic com-
partments. We found a much larger NMDA component in den-
drites, supporting the notion that NMDA receptors play a more
prominent role in extrasynaptic glutamate signaling (for review,

see Vizi and Mike, 2006). We also shown that the NMDA/AMPA
ratio decreased by similar degrees in dendrites and synapses dur-
ing development. This is in agreement with a recently published
report using two-photon glutamate uncaging onto dendritic
spines of layer 2/3 pyramidal neurons, in which the authors
found a decrease in NMDA/AMPA ratios around P12, possibly
caused by a decrease in silent (i.e., AMPA receptor-lacking) syn-
apses (Busetto et al., 2008). Again, the timing of this NMDA/
AMPA ratio decrease coincides with the GluR2 switch. NMDA
receptors and GluR2-lacking AMPA receptors are calcium per-
meable, suggesting that both developmental switches limit cal-
cium influx into maturing pyramidal cells.

In this study, we have expanded on findings that describe a
developmental switch in neocortical principal neurons from
GluR2-lacking to GluR2-containing synaptic AMPA receptors.
Simultaneously, synaptic and dendritic NMDA/AMPA ratios of
pyramidal cells are downregulated. We also validate a method to
activate dendritic, extrasynaptic receptors by focal photolysis of
caged glutamate and show that dendritic receptors in immature
cortical neurons differ from synaptic receptors at similar dis-
tances from the soma: dendritic receptors are GluR2 contain-
ing, and synaptic receptors are GluR2 lacking. Thus, neocor-
tical synaptic maturation coincides with a shift in AMPA
receptor targeting, which proceeds sequentially from layer 4 to
layer 2/3 to layer 5b.

Figure 6. NMDA/AMPA ratios. A, Representative EPSCs (left) and direct dendritic responses (right) evoked from holding
potentials of �60 and �50 mV in layer 2/3 pyramidal cells from animals aged P8 and P17. Traces were scaled to the maximal
amplitude of the response at �60 mV (AMPA receptor-mediated response). Responses at �50 mV (NMDA receptor mediated)
had slow kinetics and are larger in dendrites than at synapses. B, NMDA/AMPA ratios from layer 2/3 (B1) and layer 5 (B2)
immature (P9 –P12) and mature (P17–P18) pyramidal cell dendrites (Den.) and synapses (Syn.). Individual data (circles) and
summary data (large rectangle; center line, median, 25–75%; small square, mean; whiskers, 5–95%). Synaptic NMDA/AMPA
ratios in both age groups are significantly lower than dendritic ratios. C, NMDA/AMPA ratios decline during development, both in
dendrites (Den.) and in synapses (Syn.). Synaptic and dendritic NMDA/AMPA ratios normalized to ratios at P9 –P12 in layer 2/3
and layer 5 pyramidal cells. The decrease was statistically significant ( p � 0.05), except for synapses in layer 2/3 cells. Error bars
indicate SEM. *p � 0.01; **p � 0.001.
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