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Presynaptic NMDA receptors (NMDARs) modulate release and plasticity at many glutamatergic synapses, but the specificity of their
expression across synapse classes has not been examined. We found that non-postsynaptic, likely presynaptic NR2B-containing
NMDARs enhanced AMPA receptor-mediated synaptic transmission at layer 4 (L4) to L2/3 (L4 –L2/3) synapses in juvenile rat barrel
cortex. This modulation was apparent at room temperature when presynaptic NMDARs were activated by elevation of extracellular
glutamate or application of exogenous NMDAR agonists. At near physiological temperatures, modulation of transmission by presynaptic
NMDARs occurred naturally, without the need for external activation. Blockade of presynaptic NMDARs depressed unitary and extra-
cellularly evoked EPSCs at L4 –L2/3 synapses, accompanied by increases in paired-pulse ratio and coefficient of variation, indicative of a
decrease in presynaptic release probability. NMDAR agonists increased the frequency of miniature EPSCs in L2/3 neurons, without
altering their amplitude or kinetics. Focal application of NMDAR antagonist revealed that the NMDARs that modulate L4 –L2/3 trans-
mission are located in L2/3, not L4, consistent with localization on terminals or axons of L4 –L2/3 synapses, rather than on the somato-
dendritic compartment of presynaptic L4 neurons. In contrast, presynaptic NMDARs did not modulate L4 –L4 synapses, which originate
from the same presynaptic neurons as L4 –L2/3 synapses, or cross-columnar L2/3–L2/3 horizontal projections, which synapse onto the
same postsynaptic target neurons. Thus, presynaptic NMDARs selectively modulate L4 –L2/3 synapses, relative to other synapses made
by the same neurons. Existence of these receptors may support specialized processing or plasticity by L4 –L2/3 synapses.
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Introduction
Synapse efficacy, dynamics, and plasticity vary markedly across
classes of excitatory synapses, greatly increasing the computing
power of neural circuits (Murthy et al., 1997; Reyes et al., 1998;
Tóth and McBain, 2000; Koester and Johnston, 2005). This func-
tional heterogeneity reflects, in part, differential expression of
presynaptic neurotransmitter receptors, which modulate release
and plasticity. Classically, presynaptic receptors are metabo-
tropic, including GABAB, endocannabinoid, and metabotropic
glutamate receptors; the latter of which modulates release in a
target-cell selective manner (Scanziani et al., 1998). Previously,
functional presynaptic ionotropic receptors have also been iden-
tified (MacDermott et al., 1999; Schmitz et al., 2000; Contractor
et al., 2001; Engelman and MacDermott, 2004), including pre-
synaptic kainate receptors, which are differentially expressed at
synapses onto interneurons and contribute to target-specific dif-
ferences in release (Sun and Dobrunz, 2006). Whether other pre-

synaptic ionotropic receptors are also differentially expressed and
modulate function of specific synapse classes remains unknown.

NMDA receptors (NMDARs) classically exist postsynaptically
at excitatory synapses, and contribute to postsynaptic depolariza-
tion and calcium influx (Dingledine et al., 1999). Presynaptic
NMDARs (PreNMDARs) have been detected physiologically at
many cortical synapses, including synapses onto layer 2 (L2) and
L5 cells in entorhinal cortex (Berretta and Jones, 1996; Woodhall
et al., 2001; Yang et al., 2006), synapses between L5 pyramidal
cells in visual cortex (Sjöström et al., 2003), ascending inputs
onto L2/3 pyramidal cells (presumptive L4 –L2/3 synapses) in
somatosensory cortex (S1) (V. A. Bender et al., 2006), and syn-
apses onto L2/3, L4, and L5 cells in visual cortex (Corlew et al.,
2007). Cortical PreNMDARs modulate transmitter release and
long-term synaptic depression (LTD) (Sjöström et al., 2003; V. A.
Bender et al., 2006; Corlew et al., 2007). In contrast to this abun-
dance of synapses showing functional regulation by Pre-
NMDARs, electron microscopy studies have typically found pre-
synaptic NMDARs at only a small subset of cortical excitatory
terminals (Aoki et al., 1994; Conti et al., 1997; Charton et al.,
1999), although prevalence may be greater in early postnatal de-
velopment [earlier than postnatal day 23 (P23)] (Corlew et al.,
2007). Two models for PreNMDAR expression could explain this
discrepancy. First, PreNMDARs may be expressed at many cor-
tical excitatory synapse classes, but at low levels within each class.
Alternatively, PreNMDARs may be selectively expressed at a spe-
cific subset of synapse classes, and be absent from other classes. If
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PreNMDAR expression is synapse class specific, it would indicate
that neurons selectively form and traffic these receptors to govern
functional properties of specific synapses.

We showed previously that non-postsynaptic NMDARs are
required for LTD at presumptive L4 –L2/3 synapses in S1. At
room temperature, these receptors acutely regulated release
probability only in the presence of elevated extracellular gluta-
mate (during high-frequency burst firing or when glutamate
transporters were partially blocked) (V. A. Bender et al., 2006).
Here, we show that PreNMDARs selectively modulate L4 –L2/3
synapses, but not L4 –L4 synapses, or cross-columnar synapses
onto the same postsynaptic L2/3 pyramidal cells. At near-
physiological temperatures, this modulation occurs during stan-
dard, low-frequency transmission, without artificial elevation of
glutamate. Thus, PreNMDARs are selectively localized to L4 –
L2/3 synapses, and are likely to regulate synapse function during
normal, low-frequency synaptic transmission.

Materials and Methods
All procedures were approved by the University of California, San Diego,
Institutional Animal Care and Use Committee. Long–Evans rats (P14 –
P22, either sex; Harlan Sprague Dawley, Indianapolis, IN) were anesthe-
tized with isoflurane and decapitated, and the brain was rapidly removed
in ice-cold oxygenated Ringer’s solution [containing (in mM) 119 NaCl,
26 NaHCO3, 11 D-(�)-glucose, 2.5 KCl, 1.3 MgSO4, 1.0 NaH2PO4, and
2.5 CaCl2, pH 7.20 –7.23, osmolarity 292 mOsm]. Acute brain slices
(350 – 400 �m) containing the posteromedial barrel subfield of S1 were
cut on a vibrating microtome (VT1000S; Leica, Nussloch, Germany) at
an oblique angle, 50° toward coronal from the midsagittal plane (Allen et
al., 2003). In some experiments, the rostral pole of the brain was tilted 10°
up during cutting (Feldmeyer et al., 2002), which increased the rate of
finding synaptically connected L4 –L2/3 neuron pairs (from 2.2 to 4.3%).
After sectioning, slices were preincubated in Ringer’s solution at 30°C for
30 min, and then incubated at room temperature (22–24°C) until use
(0.5– 8.5 h). S1 was identified by the presence of three to five large (250 –
450 �m) barrels in L4, visible under transillumination (Feldman, 2000).
All recordings were made at room temperature, except for Figure 8, for
which data were recorded at 30 –32°C using a feedback-controlled auto-
matic heater (model TC344B; Warner Instruments, Hamden, CT).

Whole-cell recording
Whole-cell recordings were made with 3– 8 M� pipettes using an Axo-
patch 200B amplifier (Molecular Devices, Sunnyvale, CA). Recordings
were filtered at 2 kHz and digitized at 5 kHz using a 12 bit data acquisition
board (National Instruments, Austin, TX) and custom data acquisition
and analysis routines running in Igor (Wavemetrics, Lake Oswego, OR).
Neurons with pyramidal shaped somata were selected for recording us-
ing infrared differential interference contrast optics. A glass pipette (3–5
�m tip diameter) containing 5 mM bicuculline methiodide (BMI; Sigma,
St. Louis, MO) in Ringer’s solution was placed in L2/3 within 100 �m of
the recording electrode to block GABAA receptors focally (Castro-
Alamancos et al., 1995; Feldman, 2000). For extracellular stimulation of
the L4 –L2/3 projection, a concentric bipolar stimulating electrode
(FHC, Bowdoinham, ME) was placed at the base of an L4 barrel of the
same column as the recorded pyramidal neuron. For extracellular stim-
ulation of the horizontal L2/3–L2/3 projection, an identical stimulating
electrode was placed in L2/3 of the neighboring column centered above
the neighboring barrel and at the same subpial depth as the recorded
neuron.

For voltage-clamp experiments, the internal solution contained (in
mM) 108 D-gluconic acid, 108 CsOH, 20 HEPES, 5 tetraethylammonium
Cl, 2.8 NaCl, 0.4 EGTA, 0.3 GTP, 4 ATP, and 10 phosphocreatine, ad-
justed to pH 7.2 with CsOH (290 mOsm). Membrane potential of L2/3
pyramidal cells (measured immediately after break-in) was �82 � 3.4
mV (SD; n � 28 cells). Membrane potentials and holding potentials were
corrected for the measured liquid junction potential of �12 mV. Initial
holding current to achieve a holding potential of �90 mV was �48 � 34

pA (SD) and increased by an average of �29 � 57 pA (SD) during 50 min
of recording. Series resistance and input resistance were calculated from
the response to a 50 –150 ms long �5 mV step at the end of each sweep
(Feldman, 2000). The mean series resistance was 15 � 4 M� (SD) and
input resistance was 333 � 176 M� (SD), calculated using the method
described previously (Isaac et al., 1995). After 50 min of recording, hold-
ing current had changed by �29 � 57 pA (SD), series resistance had
changed by 0.2 � 3.9 M� (SD), and input resistance had changed by
�33 � 97 M� (SD). Cells were excluded if holding current increased by
more that �200 pA, if input resistance changed by �200 M�, or if series
resistance changed by �6 M�.

EPSCs were evoked by extracellular stimulation using a 200-�s-long
pulse through an ISO-flex stimulus isolation unit (A.M.P.I., Jerusalem,
Israel). Stimulus intensity was 5.17 � 2.59 �A (SD; range, 2.1–10.8 �A).
Pairs of stimuli (30 Hz) were delivered every 30 s. Responses were either
single-component EPSCs or multicomponent EPSCs with well isolated
initial components in both EPSCs (in which case only the first compo-
nent was analyzed). The amplitude of each EPSC was measured relative
to a 2 ms long baseline period starting 3 ms before stimulation. The
amplitude of the first EPSC was 151 � 88 pA (SD).

All experiments were performed by recording isolated AMPA
receptor-mediated EPSCs (AMPA-EPSCs), except where noted in Re-
sults. AMPA-EPSCs were isolated by holding the postsynaptic cell at �90
mV to block voltage-dependent postsynaptic NMDARs. In addition,
postsynaptic NMDARs were blocked pharmacologically in most experi-
ments by loading the postsynaptic cell internally with the NMDA chan-
nel blocker (�)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-
5,10-imine maleate (MK-801; 1 mM) via the recording pipette (Berretta
and Jones, 1996; Woodhall et al., 2001; Humeau et al., 2003; Mameli et
al., 2005; Samson and Pare, 2005; V. A. Bender et al., 2006; Corlew et al.,
2007), which selectively blocks postsynaptic NMDA currents without
affecting NMDA currents in neighboring cells (V. A. Bender et al., 2006).
No attempt was made to block kainate receptor-mediated EPSCs, which
may account for a small component of the primarily AMPA-EPSCs that
were studied.

Drugs
Ifenprodil, D-2-amino-5-phosphonovaleric acid (D-APV), tetrodotoxin
citrate (TTX), 6,7-dinitroquinoxaline-2,3-dione (DNQX), homoquino-
linic acid (HQA), DL-threo-�-benzyloxyaspartic acid (TBOA), and pic-
rotoxin (all from Tocris Bioscience, Ellisville, MO) were dissolved in
Ringer’s and stored as stock solutions (100� to 1000�) at �20°C. The
concentration of TBOA used here would be predicted to block most
activity of presynaptic and postsynaptic neuronal excitatory amino acid
transporters (EAATs), but only affect a subset of glial EAATs (Shigeri et
al., 2004), as such, it should increase the concentration of ambient glu-
tamate, but presumably less than the �10-fold increase that has been
observed for application of 200 �M TBOA (Cavelier and Attwell, 2005).
MK-801 (1 mM; Tocris Bioscience) and 1,2-bis(2-aminophenoxy)-
ethane- N, N,N	,N	-tetraacetic acid (BAPTA; 5 mM, Sigma) were dis-
solved directly into the internal solution.

Focal D-APV puffing
For experiments in which D-APV was applied via focal puffing in L2/3, a
glass pipette (3–5 �m tip diameter) containing 2.5 mM D-APV dissolved
in Ringer’s solution was positioned near the recorded neuron, at a dis-
tance of 106 � 28 �m (SD; range, 70 –160 �m). For focal puffing of
D-APV in L4, the puffer pipette was positioned in the center of the L4
barrel �100 �m apical to the L4 stimulating electrode. Sweeps were
collected at a 30 s intersweep interval and D-APV was puffed 15 s before
each sweep by applying a 20 ms burst pressure (5 psi, compressed nitro-
gen) using a PV830 Pneumatic PicoPump (World Precision Instru-
ments, Sarasota, FL).

Synaptically connected pairs
L4 –L2/3 pairs. For synaptically coupled L4 to L2/3 pairs, we made a
whole-cell voltage-clamp recording from a postsynaptic L2/3 pyramidal
cell using Cs �-internal-containing MK-801 (iMK-801). A 6 – 8 M� glass
recording electrode containing (in mM) 116 potassium gluconate, 20
HEPES, 6 KCl, 2 NaCl, 0.5 EGTA, 0.3 GTP, 4 ATP, and 10 phosphocre-
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atine, adjusted to pH 7.2 with KOH (290 mOsm), was then positioned
just over the surface of the slice in L4. The potassium-based internal
solution was puffed manually at random points throughout the L4 barrel
while whole-cell currents in the L2/3 cell were visually monitored using
an oscilloscope. “Hot spots” of connectivity were identified by a dramatic
increase in synaptic current frequency in the L2/3 cell.

Once a hot spot was found, a whole-cell recording was established with
a regular spiking L4 neuron. In 3/119 cases, this cell was synaptically
connected to the L2/3 neuron. In the remaining cases, the electrode was
withdrawn from the cell and reused to form a loose seal (
 1 G�) on
another L4 spiny neuron which was stimulated in cell-attached mode as
described previously (Feldmeyer et al., 1999, 2002). Briefly, the presyn-
aptic loose patch was hyperpolarized with �700 pA (in current clamp,
the resulting potential was approximately �50 mV, indicating a seal
resistance of 70 –100 M�) and a 10 ms current pulse (1– 6 nA) was
applied to evoke one or more action potentials, which were usually visible
as small deflections in the voltage trace. If the L4 neuron elicited an EPSC,
indicating a connected pair, the loose seal electrode was withdrawn and
the cell repatched in whole-cell mode with a new electrode. Once a con-
nected L4 –L2/3 pair was found, presynaptic action potentials were
evoked by 10 ms presynaptic current injection to evoke unitary AMPA-
EPSCs (AMPA-uEPSCs). Pairs of AMPA-uEPSCs were evoked at 30 Hz
with 30 s between sweeps.

Connectivity rate. One hundred and thirty-two postsynaptic L2/3 py-
ramidal cells were recorded. In 119 neurons, an L4 hot spot was identified
in which 968 potential presynaptic L4 cells were tested for connectivity.
Of L4 cells within hot spots, 5.9% appeared connected during loose-
patch stimulation; however, only 59.6% (n � 28) of those that survived
repatching were found to be actually connected with the postsynaptic
neuron. Thus, we estimate the overall connectivity rate within a hot spot
to be 3.6% (5.9% apparent connectivity during loose-patch stimula-
tion � 59.6% of apparently connected cells actually connected). This
connectivity rate may underestimate true connectivity because it as-
sumes that every cell which did not appear connected by loose-patch
stimulation was not actually connected. An additional 117 L4 cells out-
side of hot spots were tested for connectivity, but no pairs were found,
suggesting that L4 cells projecting to a single L2/3 target neuron exist in
clusters; such clusters have been observed for intralaminar connections
in L5 of visual cortex (Song et al., 2005) and in L4 and L2/3 of S1 (Feld-
meyer et al., 1999, 2006) and for L4 –L2/3 connections in S1 (Feldmeyer
et al., 2002). Of 28 connected pairs, 17 were discarded because one cell
was lost before the experiment was completed or because of significant
run-down in baseline transmission.

L4 –L4 pairs. Sixty-eight simultaneous recordings were made between
adjacent L4 excitatory cells. Twelve were synaptically coupled [connec-
tivity rate, 18%; consistent with the data of Feldmeyer et al. (1999)], of
which five were discarded because one cell died before completion of the
experiment. Ten coupled cell pairs were tested for reciprocal connectiv-
ity, of which one was found to be reciprocally connected; in that pair, the
experiment was performed on the stronger connection. All six pairs that
were tested for sensitivity to 1 �M DNQX showed significant blockade of
the unitary EPSC (mean blockade, 51 � 6%), confirming that these were
excitatory connections.

For all L4 cells included in the study, initial membrane potential (Vm)
was �84 � 7 mV (SD) and input resistance was 299 � 96 M� (SD). For
L4 current-clamp recordings, series resistance was measured by manual
compensation using the whole-cell amplifier; the initial series resistance
was 18.8 � 7.7 M� (SD), and when measured again at the end of the
experiment (35–55 min later) it had increased by 0.8 � 1.8 M� (SD). No
difference was found in initial Vm, Vm stability, input resistance, or input
resistance stability, between L4 neurons in the L4 –L2/3 pairs experiment
(which were patched after searching for hot spots and loose patching)
and in the L4 –L4 pairs experiment (which were patched directly). Thus,
identification of hot spots and loose patch stimulation did not appear to
compromise cell health.

Miniature EPSCs
Spontaneous AMPA-mediated miniature EPSCs (mEPSCs) were re-
corded using the whole-cell voltage-clamp methods described above,

except that 500 nM TTX and 100 �M picrotoxin were included in the
Ringer’s solution, and focal BMI was omitted. All mEPSCs were mea-
sured using iMK-801. mEPSC frequency, amplitude, and other parame-
ters were analyzed off-line using MiniAnalysis software (Synaptosoft,
Decatur, GA) with a mEPSC threshold set at 4.5 pA (�2.5 times root-
mean-square noise). Automated detection of mEPSCs was verified by
visual inspection, with the experimenter blind to the experimental con-
dition during analysis. Input and series resistance were monitored by
applying �5 mV holding potential steps (3–5 pulses at 0.14 Hz every 5
min during recording). mEPSCs were recorded during an initial 10 min
baseline period, followed by application of NMDAR agonists or antago-
nists for 10 min each. Only data from the last 5 min of each 10 min
recording epoch was analyzed to ensure that drugs had fully equilibrated.

Average mEPSC shape was determined from individual mEPSCs
aligned to the most positive sample point before mEPSC onset (Synap-
tosoft). This alignment method produced an apparent upward deflection
before the average mEPSC waveform (see Fig. 2 B, inset), and also tended
to temporally align any rhythmic noise present in the recording (as ap-
parent in the tail of the average mEPSC in Fig. 2 B).

Statistics
All comparisons were made by using a two-tailed paired Student’s t test
(for single comparisons) or a repeated-measures ANOVA (for multiple
comparisons), unless otherwise noted. The critical level of significance
was p 
 0.05. All data are presented as mean � SE, unless noted as SD.

Results
PreNMDARs regulate evoked release at L4 –L2/3 synapses
To study L4 –L2/3 excitatory synaptic responses, we made whole-
cell recordings from single L2/3 pyramidal neurons in acute slices
of S1 cortex from P14 –P22 Long–Evans rats, while stimulating
with just suprathreshold extracellular stimulation in the under-
lying L4 barrel. In a previous study, we showed that bath appli-
cation of D-APV (50 �M) reduced the amplitude of EPSCs re-
corded at �90 mV, and increased paired-pulse ratio (PPR),
suggesting that NMDARs modulate evoked presynaptic release at
L4 –L2/3 synapses (V. A. Bender et al., 2006). This effect was only
observed during high-frequency presynaptic bursts, or when
EAATs were partially blocked with a subsaturating concentration
of TBOA (25 �M), suggesting that an increase in glutamate con-
centration, caused transporter blockade (Cavelier and Attwell,
2005; Lien et al., 2006) or presynaptic bursting, was required to
activate the relevant NMDARs (V. A. Bender et al., 2006).

To confirm that the NMDARs that modulate release at L4 –
L2/3 synapses were non-postsynaptic, we recorded isolated
AMPA-EPSCs with internal iMK-801 in the postsynaptic cell (1
mM) to block postsynaptic NMDA receptors (see Materials and
Methods). Cells were held at �90 mV and recordings were made
at room temperature. TBOA (15 �M) was applied to elevate ex-
tracellular glutamate (Cavelier and Attwell, 2005), and BMI was
applied locally to block GABAA-mediated inhibition (Castro-
Alamancos et al., 1995; Feldman, 2000). Two pulses at 30 Hz were
applied every 30 s. We asked whether D-APV reduced AMPA-
EPSCs and/or changed PPR under these conditions, when
postsynaptic NMDA currents were already blocked with iMK-
801. In an example cell (Fig. 1A), bath application of 50 �M

D-APV caused a decrease in the amplitude of evoked AMPA cur-
rents and an increase in PPR, without coincident changes in hold-
ing current, series resistance, or input resistance. This decrease in
AMPA-EPSC and increase in PPR is consistent with a decrease in
the probability of evoked vesicle release per presynaptic action
potential (Dobrunz and Stevens, 1997; Zucker and Regehr, 2002;
Sun et al., 2005). Both of these effects recovered with washout of
D-APV.

Across the population of neurons, D-APV application for 14
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min (n � 5 cells) reversibly decreased
AMPA-EPSCs and increased PPR (Fig.
1B,D, filled diamonds). Baseline PPR was
slightly, but not significantly, 
1.0 (PPR,
0.920 � 0.056; n � 15; p � 0.17, t test),
consistent with previous studies of extra-
cellular stimulation at this projection (K. J.
Bender et al., 2006). Longer duration
D-APV application (30 min) (n � 5 cells)
produced a similar magnitude effect, indi-
cating that 14 min D-APV exposure was
sufficient to produce the maximal effect
(Fig. 1C,D, filled circles). Interleaved con-
trol experiments confirmed that the pres-
ence of TBOA itself, without D-APV appli-
cation, did not cause a decrease in AMPA-
EPSC amplitude or a change in PPR (n �
5) (Fig. 1C,D, open circles). These data in-
dicate that in the presence of TBOA
(which increases extracellular glutamate
concentration), blockade of non-post-
synaptic, putatively presynaptic NMDARs
decreases release probability.

PreNMDARs regulate mEPSC frequency
To test whether PreNMDARs modulate
spontaneous transmitter release, we tested
whether activation of PreNMDARs altered
the frequency, but not amplitude or kinet-
ics, of AMPA-mediated mEPSCs. mEPSCs
were measured at �90 mV, at room tem-
perature, from L2/3 pyramidal neurons in
TTX (500 nM) and picrotoxin (100 �M),
with iMK-801 (1 mM) to block postsynap-
tic NMDARs (no TBOA was present in
mEPSC experiments). mEPSCs were re-
corded under baseline conditions (10 min), after which 15 �M

NMDA was bath applied to activate NMDARs (10 min), and then
D-APV was added to antagonize the effect (10 min) (Fig. 2A).
NMDA caused a small but significant increase in mean mEPSC
frequency (Fig. 2C), which was evident as a leftward shift in the
cumulative probability histogram of inter-mEPSC interval com-
piled across six cells (Fig. 2B) (25,291 total individual mEPSCs).
Addition of D-APV returned mEPSC frequency to baseline levels
(Fig. 2C) (baseline, 6.6 � 0.9 Hz; NMDA, 7.6 � 1.0 Hz; NMDA
plus APV, 6.4 � 0.9 Hz; p 
 0.0001, repeated-measures ANOVA;
post hoc pairwise-comparison p values in Fig. 2). In contrast,
NMDA and D-APV did not alter mEPSC amplitude (Fig. 2D)
(baseline, 9.5 � 0.4 pA; NMDA, 9.7 � 0.2; NMDA plus APV,
9.4 � 0.2; p � 0.58). NMDA and D-APV also did not alter mEPSC
kinetics, consistent with the interpretation that mEPSCs at �90
mV represent AMPA, but not NMDA currents (Fig. 2B, inset)
(rise time: baseline, 2.1 � 0.1 ms; NMDA, 2.2 � 0.2 ms; NMDA
plus APV, 2.2 � 0.2 ms; p � 0.34; decay time: baseline, 4.9 � 0.4
ms; NMDA, 5.2 � 0.5 ms; NMDA plus APV, 5.2 � 0.6 ms; p �
0.24). These data indicate that activation of PreNMDARs by ex-
ogenous agonist modestly, but significantly, increases spontane-
ous release probability.

To test whether PreNMDARs actively promote release un-
der normal baseline conditions in the slice, we applied D-APV
without NMDA in 6 cells, also at room temperature. Under
these conditions, D-APV had no effect on mEPSC frequency
(baseline, 5.90 � 1.22 Hz; D-APV, 5.89 � 1.23 Hz; p � 0.96) or

amplitude (baseline, 8.8 � 0.3 pA; D-APV, 8.7 � 0.3 pA; p �
0.56). This indicates that, at least at room temperature, Pre-
NMDARs promote spontaneous release only under condi-
tions of exogenous NMDAR agonist. Taken with the results
from Figure 1 (with TBOA) this confirms that, at room tem-
perature, PreNMDAR activation depends on enhanced extra-
cellular glutamate.

Localization of PreNMDARs on L4 –L2/3 terminals
Presynaptic ionotropic receptors could influence release by being
located on the presynaptic terminal [e.g., by locally influencing
membrane potential (Turecek and Trussell 2001, 2002; Trussell
2002), or directly supplying calcium for release (Chen et al.,
2000)]. Alternatively, they could be located on the presynaptic
somatodendritic compartment, and generate somatic depolar-
ization that spreads down the axon to influence release, as has
been shown to occur with subthreshold depolarization at some
terminals (Alle and Geiger, 2006; Shu et al., 2006). To determine
the location of the PreNMDARs that modulate evoked release at
L4 –L2/3 synapses, we focally puffed D-APV (2.5 mM via a pico-
spritzer pipette) in L2/3. We first verified that the focal D-APV
puffing protocol blocked local NMDARs on neural elements in
L2/3, but not in L4, by recording pharmacologically isolated
postsynaptic NMDAR currents at �30 mV from L2/3 and L4
neurons (in 10 �M DNQX and 100 �M picrotoxin, with 5 mM

internal BAPTA). Focal D-APV puffing in L2/3 blocked 77.4 �
5.4% (n � 4) of synaptically evoked, postsynaptic NMDA cur-
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rents recorded in L2/3 neurons 103 � 30 �m (SD) away from the
puffer pipette, but only 16.7 � 2.6% (n � 4) of synaptically
evoked NMDA currents recorded in L4 neurons in the underly-
ing barrel (Fig. 3A, insets). Thus, this protocol blocked NMDARs
located in L2/3 (presumably including the presynaptic axons and
terminals of L4 cells that extended into L2/3), relatively selectively
compared with L4.

Next, we tested whether focal D-APV puffing in L2/3 modu-
lated L4 –L2/3 AMPA-EPSCs. We stimulated in L4 while record-
ing AMPA-EPSCs in 15 �M TBOA, focal BMI, and iMK-801.
After a stable baseline in which two AMPA-EPSCs were evoked at
30 Hz every 30 s, 2.5 mM D-APV was puffed focally in L2/3, 108 �
29 �m (SD) away from the postsynaptic cell. One puff was deliv-
ered 15 s before each sweep (Fig. 3A). Figure 3B shows an example
cell in which this protocol caused a rapid decrease in AMPA-
EPSC amplitude and an increase in PPR, which recovered after
puffing was stopped. This effect was consistent across a popula-
tion of 12 cells (Fig. 3C,G, filled circles). In interleaved control
experiments (n � 5 cells), we focally puffed Ringer’s solution
using the same protocol, and observed no change in evoked EPSC
amplitude or PPR (Fig. 3C,G, open circles).

To ensure that this effect was not caused by the modest block-
ade of L4 NMDARs produced by D-APV puffing in L2/3, we
performed the converse experiment, focally puffing D-APV in the
center of the L4 barrel (�100 �m apical to the site of stimula-
tion), to block NMDARs in the somatodendritic compartment of
L4 neurons (Fig. 3D). D-APV puffing in L4 blocked 80.6 � 1.2%
(n � 4) of pharmacologically isolated postsynaptic NMDA cur-
rents in local L4 neurons, but only 20.5 � 6.8% (n � 3) of

postsynaptic NMDA currents in overlying
L2/3 neurons (Fig. 3D, insets). Thus, puff-
ing in L4 preferentially blocked NMDARs
located in L4. D-APV puffing in L4 did not
affect AMPA-EPSCs at L4 –L2/3 synapses
(n � 10 cells) (Fig. 3E,F), and did not
change PPR (Fig. 3G, open squares). To-
gether, these results indicate that D-APV
modulates release by acting on non-
postsynaptic NMDARs that are located in
L2/3, rather than in L4, consistent with lo-
calization on L4 axons or terminals in
L2/3, rather than on L4 cell bodies or
dendrites.

PreNMDARs contain NR2B subunits
NMDARs are heterotetrameric channels
made up of two NMDA receptor 1 (NR1)
subunits and two NR2 subunits (Dingle-
dine et al., 1999). Of the four types of NR2
subunits, cortical neurons preferentially
express NR2A and/or NR2B (Monyer
et al., 1994). In cortex, postsynaptic
NMDARs undergo an early postnatal
developmental switch from NR2B-con-
taining to NR2A-containing receptors
(Monyer et al., 1994; Flint et al., 1997; Kew
et al., 1998; Stocca and Vicini, 1998; Tovar
and Westbrook, 1999; Liu et al., 2004),
whereas PreNMDARs are thought to
preferentially retain NR2B subunits
(Woodhall et al., 2001; Sjöström et al.,
2003; Yang et al., 2006). To determine the
subunit composition of PreNMDARs at

L4 –L2/3 synapses, we applied the antagonist ifenprodil, which
blocks NR2B-containing NMDARs (Williams, 1993). We first
tested whether NR2B receptors were largely absent from postsyn-
aptic NMDARs, as expected by this age (Flint et al., 1997), by
measuring L4-evoked postsynaptic NMDA currents in L2/3 py-
ramidal cells (�30 mV holding potential, in 10 �M DNQX and
100 �M picrotoxin, 5 mM internal BAPTA), and applying increas-
ing concentrations of ifenprodil. Postsynaptic NMDA currents
were almost completely insensitive to 3 �M ifenprodil (4.3 �
0.1% block, n � 3), but were progressively blocked by higher
ifenprodil concentrations, consistent with the weak affinity of
ifenprodil for postsynaptic NR2A-containing NMDARs (Fig.
4A) (Williams, 1993).

To test whether NR2B-containing receptors regulated release
at L4 –L2/3 synapses, we applied 3 �M ifenprodil while measuring
L4 –L2/3 EPSCs recorded at �90 mV in the presence of 15 �M

TBOA and focal BMI. iMK-801 was not present in these experi-
ments. Pairs of EPSCs (30 Hz) were evoked every 30 s. After a
stable baseline period, 3 �M ifenprodil was applied. Ifenprodil
caused a decrease in EPSC amplitude and an increase in PPR,
indicating a decrease in release probability (Fig. 4B–D, filled sym-
bols). Interleaved control experiments confirmed that no change
in EPSC amplitude or PPR was observed without ifenprodil (Fig.
4C,D, open symbols).

As an additional test of the subunit composition of Pre-
NMDARs, we measured the effect of the NR2A- and NR2B-
preferring NMDAR agonist HQA (20 �M) on mEPSC frequency
(de Carvalho et al., 1996; Woodhall et al., 2001). mEPSCs were
measured (500 nM TTX, 100 �M picrotoxin and 1 mM iMK-801)
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during a baseline period (10 min), after
addition of HQA (20 �M, 10 min), and
after subsequent addition of ifenprodil (3
�M, 10 min, Fig. 4E). HQA caused an in-
crease in mEPSC frequency, which was re-
versed by ifenprodil (Fig. 4F) (baseline,
7.4 � 0.9 Hz; HQA, 8.7 � 1.1 Hz; HQA
plus ifenprodil, 7.3 � 1.0 Hz; p 
 0.0001).
There was no effect on mEPSC amplitude
(baseline, 9.1 � 0.4 pA; HQA, 8.8 � 0.3
pA; HQA plus ifenprodil, 9.0 � 0.4 pA;
p � 0.68), rise time (baseline, 1.93 � 0.06
ms; HQA, 2.04 � 0.04 ms; HQA plus ifen-
prodil, 2.06 � 0.09 ms; p � 0.16), or decay
time (baseline, 5.0 � 0.3 ms; HQA, 4.8 �
0.3 ms; HQA plus ifenprodil, 4.9 � 0.3 ms;
p � 0.68). Thus, these results are consis-
tent with the hypothesis that the Pre-
NMDARs that modulate spontaneous
release onto L2/3 pyramidal cells preferen-
tially contain NR2B subunits, relative to
synaptically activated postsynaptic recep-
tors, which lack NR2B. Presynaptic recep-
tors may be NR1/NR2B or NR1/NR2A/
NR2B, both of which are blocked by
ifenprodil (Neyton and Paoletti, 2006). In-
volvement of NR2C and 2D could not be
assessed because of inavailability of selec-
tive antagonists.

Synapse specificity of PreNMDARs
We examined the presence of functional
PreNMDARs with respect to two types of
synapse specificity: first, input specificity,
in which PreNMDARs are not localized on
all excitatory synaptic inputs to a neuron,
but are instead localized to one class of in-
puts; and second, target specificity, in
which PreNMDARs are not expressed on
all axonal terminals of a neuron, but only
those terminals that contact a specific tar-
get neuron class.

Input specificity
We first tested whether PreNMDARs are se-
lectively expressed at L4–L2/3 inputs onto
L2/3 pyramidal cells, relative to other excita-
tory inputs onto these same cells, by testing
for functional PreNMDARs at horizontal,
cross-columnar L2/3 inputs onto L2/3 neu-
rons. We recorded AMPA-EPSCs from a
single L2/3 pyramidal cell in one barrel col-
umn in 15 �M TBOA and iMK-801, with
focal BMI. We placed one extracellular stim-
ulating electrode in L4 of the same column to
activate the L4–L2/3 pathway (as above),
and another in L2/3 of a neighboring col-
umn to activate the cross-columnar L2/3–
L2/3 pathway (Fig. 5B). We alternately stimulated each pathway with
two pulses (30 Hz), with 15 s between pathways, and tested whether
bath-applied D-APV (50 �M) modulated release on either pathway.
In an example cell, D-APV decreased AMPA-EPSC amplitude and

increased PPR on the L4–L2/3 pathway, but caused no change in

either AMPA-EPSC amplitude or PPR on the simultaneously re-
corded L2/3 cross-columnar pathway (Fig. 5A). Similar results were
obtained across eight cells (Fig. 5C,D). Thus, PreNMDARs function-
ally regulate L4 inputs onto L2/3 pyramidal cells, but not cross-
columnar L2/3 inputs onto L2/3 pyramidal cells, indicating that the
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presence of PreNMDARs depends on the or-
igin of presynaptic input.

Target specificity
To test whether the presence of functional
PreNMDARs is dependent on the postsyn-
aptic cell that different axon collaterals tar-
get, we asked whether other synapses made
by L4 neurons, in addition to L4 –L2/3
synapses, also express functional Pre-
NMDARs. In addition to projecting to
L2/3, L4 excitatory neurons are extensively
interconnected in their home barrels
(Feldmeyer et al., 1999; Petersen and Sak-
mann, 2000). We therefore tested whether
unitary connections between L4 neurons
are regulated by PreNMDARs (Fig. 6A).
We recorded uEPSCs at �90 mV from 12
synaptically connected L4 –L4 pairs in the
presence of 15 �M TBOA. Seven pairs sur-
vived long enough to assess the effects of
D-APV application. Two presynaptic ac-
tion potentials (30 Hz) were evoked every
30 s. After a stable baseline, 50 �M D-APV
was applied. D-APV application caused no
change in the amplitude of the first uEPSC
or PPR as seen in a single, representative
cell (Fig. 6B) and across a population of
seven cells (Fig. 6C,D). These results indi-
cate that PreNMDARs functionally regu-
late L4 –L2/3 synapses, but not L4 –L4
synapses.

Because L4 neurons form many in-
tralaminar connections with each other
(Feldmeyer et al., 1999), spontaneous
mEPSCs on L4 neurons will reflect, to a
large degree, inputs from other L4 cells.
Therefore, as a second test of whether
functional PreNMDARs regulate release at
L4 –L4 synapses, we measured the effects
of the NMDAR agonist HQA on mEPSCs
in L4 excitatory neurons in 500 nM TTX,
100 �M picrotoxin, and 1 mM iMK-801
(holding potential, �90 mV). Bath application of HQA (20 �M)
did not affect mEPSC frequency (Fig. 6E) (baseline, 7.3 � 0.9 Hz;
HQA, 7.6 � 0.8 Hz; p � 0.35), amplitude (baseline, 7.8 � 0.1 pA;
HQA, 7.9 � 0.1 pA; p � 0.30), rise time (baseline, 2.03 � 0.04 ms;
HQA, 2.08 � 0.05 ms; p � 0.14), or decay time (baseline, 5.0 �
0.2 ms; HQA, 5.0 � 0.1 ms; p � 0.60). Together, these results
indicate that PreNMDARs regulate spontaneous and evoked re-
lease on L4 –L2/3 synapses, but not at L4 –L4 synapses or hori-
zontal L2/3–L2/3 synapses. Thus, the expression of functional
PreNMDARs exhibits both target specificity and input
specificity.

Confirmation of functional PreNMDARs at unitary
L4 –L2/3 synapses
To verify that PreNMDAR regulation of synaptic transmission
occurs specifically at L4 –L2/3 synapses, as opposed to other syn-
apses that may be activated by extracellular L4 stimulation, we
tested whether PreNMDARs regulated release probability at syn-
aptically coupled pairs of presynaptic L4 excitatory cells and
postsynaptic L2/3 pyramidal cells (Feldmeyer et al., 2002). To

obtain dual recordings, the postsynaptic L2/3 pyramidal cell was
whole-cell voltage-clamped at �90 mV with iMK-801, and the
presynaptic L4 cell was identified by loose-patch stimulation and
repatched in whole-cell current-clamp mode using K�-
gluconate internal (see Materials and Methods). Recordings were
made at room temperature. We tested 1085 pairs, of which 28
were connected, and 11 remained stable long enough for analysis.
PPR was measured in eight pairs (before TBOA addition) to be
0.95 � 0.15 at 20 ms interstimulus interval (ISI) and 0.65 � 0.06
at 200 ms ISI, which were not different from PPR previously
measured at L4 –L2/3 inputs using extracellular L4 stimulation
( p � 0.87 for 20 ms, p � 0.15 for 200 ms) (K. J. Bender et al.,
2006) (K. Bender and D. Feldman, unpublished observations). In
two cells, AMPA-uEPSC reversal potential was measured to be
�7 mV, consistent with glutamatergic transmission. All L4 cells
exhibited a regular-spiking pattern consistent with excitatory
spiny stellate or star pyramidal cells (Fig. 7A, inset) (Connors and
Gutnick, 1990; Feldmeyer et al., 2002)

We tested the effects of D-APV application on pairs of AMPA-
uEPSCs (30 Hz; 30 s intersweep interval; n � 7 pairs) in the
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presence of 15 �M TBOA and postsynaptic iMK-801 (postsynap-
tic holding potential, �90 mV). In an example pair, D-APV ap-
plication caused a reduction in amplitude of the first AMPA-
uEPSC, and an increase in PPR, without any coincident changes
in presynaptic membrane potential or input resistance, or
postsynaptic holding current, input resistance, or series resis-
tance (Fig. 7A). Across the population, D-APV consistently de-
creased first AMPA-uEPSC amplitude (Fig. 7B) and increased
PPR (Fig. 7C). To ensure that this effect did not represent non-
specific synaptic rundown, we performed interleaved control ex-
periments in which we recorded unitary L4 –L2/3 connections in
the presence of TBOA, but did not apply D-APV. In these exper-
iments (n � 4 pairs), no change was observed in the amplitude of
the first AMPA-uEPSC, and no consistent change in PPR (Fig.
7B,C).

As an additional test to determine whether D-APV affected
presynaptic release probability, we calculated the coefficient of
variation (CV) for the first AMPA-uEPSC amplitude before and
after D-APV application. Manipulations that cause postsynaptic
depression are associated with a decrease in mean EPSC ampli-
tude without change in CV�2, whereas depression of presynaptic
release is expected to cause a decrease in CV�2 greater than the
decrease in mean EPSC amplitude (Malinow and Tsien, 1990;
Faber and Korn, 1991; Larkman et al., 1992; Sjöström et al.,
2003). We found that D-APV treatment caused CV�2 to decrease
significantly more than mean EPSC amplitude (Fig. 7D)
(CV�2

APV/CV�2
baseline, 0.42 � 0.08; meanAPV/meanbaseline,

0.61 � 0.07; p � 0.03), consistent with a presynaptic locus of
depression. In contrast, control cell pairs in which D-APV was not
applied exhibited no change in mean (meanAPV/meanbaseline,

0.98 � 0.06; p � 0.81, t test) or CV�2

(CV�2
APV/CV�2

baseline, 1.08 � 0.33; p �
0.83, t test) (Fig. 7D). These results indi-
cate that PreNMDARs regulate release
probability at unitary L4 –L2/3 synaptic
connections.

PreNMDARs are active at physiological
temperatures without external
activation by TBOA or applied agonists
The data shown above demonstrate that at
room temperature, PreNMDARs at L4 –
L2/3 synapses are active only when extra-
cellular glutamate is elevated by TBOA, or
when exogenous NMDAR agonists are ap-
plied (Figs. 1–7) (V. A. Bender et al., 2006).
In contrast, other studies report that at
physiological temperatures, PreNMDARs
modulate spontaneous and evoked trans-
mission without any external activation of
these receptors (Berretta and Jones, 1996;
Woodhall et al., 2001; Sjöström et al.,
2003; Corlew et al., 2007). To test if Pre-
NMDARs are endogenously active at
physiological temperatures, we reassayed
for PreNMDAR activity at 30�32°C, with-
out TBOA or exogenous agonists (Fig. 8).
We first tested whether D-APV application
reduced evoked release at extracellularly
stimulated L4 –L2/3 synapses. Pairs of
AMPA-EPSCs (30 Hz, 30 s intersweep in-
terval, focal BMI, iMK-801) were mea-
sured. 50 �M D-APV reversibly and signif-

icantly decreased the amplitude of the first EPSC to 73.3 � 5.3%
of baseline ( p 
 0.01), and significantly increased PPR ( p 

0.05) (Fig. 8A1, example recording, A2,A3, population of seven
cells). Input specificity of PreNMDAR function remained intact,
because D-APV failed to affect AMPA-EPSCs evoked on L2/3–
L2/3 cross-columnar inputs onto L2/3 pyramidal cells (Fig.
8A2,A3).

To test whether PreNMDARs were activated by baseline glu-
tamate in the absence of evoked synaptic release, we measured the

effect of D-APV on AMPA-mEPSCs in L2/3 pyramidal neurons
(�90 mV holding potential, 30 –32°C, 500 nM TTX, 100 �M pic-
rotoxin, iMK-801, no TBOA). D-APV (50 �M) applied after a 10
min baseline period significantly decreased mEPSC frequency
(Fig. 8B1), evident as a rightward shift in the cumulative histo-
gram of inter-mEPSC interval (Fig. 8B2) ( p 
 0.01, Kolmogor-
ov–Smirnov test). There was no significant change in average
mEPSC amplitude (baseline, 9.9 � 0.7 pA; APV, 10.4 � 0.6 pA;
p � 0.13), rise time (baseline, 1.86 � 0.11 ms; APV, 1.89 � 0.12
ms; p � 0.42), or decay time (baseline, 4.51 � 0.44 ms; APV,
4.46 � 0.40 ms; p � 0.50). Thus, PreNMDARs were active even in
the absence of evoked synaptic transmission.

To determine whether PreNMDAR activity was saturated un-
der these baseline, nonspiking conditions, we recorded AMPA-
mEPSCs in L2/3 pyramidal cells as above, and after a 10 min
baseline period, applied 20 �M HQA for 10 min. HQA caused a
significant increase in mEPSC frequency, and subsequent addi-
tion of 50 �M D-APV for 10 min reduced mEPSC frequency be-
low baseline levels (Fig. 8C1). These effects were evident in the
cumulative probability histogram for inter-mEPSC interval (Fig.
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8C2) ( p 
 0.01 for all pairwise compari-
sons, Kolmogorov–Smirnov test). There
was no change in mEPSC amplitude (base-
line, 10.2 � 0.7 pA; HQA, 9.9 � 0.6 pA;
HQA plus APV, 10.1 � 0.9 pA; p � 0.64),
rise time (baseline, 1.94 � 0.09 ms; HQA,
1.99 � 0.09 ms; HQA plus APV, 1.91 �
0.09 ms; p � 0.10), or decay time (baseline,
4.7 � 0.3 ms; HQA, 4.6 � 0.4 ms; HQA
plus APV, 4.6 � 0.3 ms; p � 0.57). These
findings suggest that PreNMDARs are ac-
tive, but not saturated, by endogenous
baseline glutamate in S1 slices at 30 –32°C.

To determine whether functional
PreNMDARs were absent from synapses
onto L4 neurons at 30 –32°C, we re-
corded AMPA-mEPSCs from L4 neu-
rons (Vhold, �90 mV, 500 nM TTX, 100
�M picrotoxin, iMK-801, no TBOA).
Neither HQA nor subsequent applica-
tion of D-APV altered mEPSC frequency
(Fig. 8 D1) (baseline, 11.9 � 2.4 Hz;
HQA, 12.3 � 2.7 Hz; HQA plus APV,
11.8 � 2.1 Hz; p � 0.87) or cumulative
probability histogram for inter-mEPSC
interval (Fig. 8 D2) ( p � 0.05, Kolmog-
orov–Smirnov test for all pairwise com-
parisons). No changes occurred in
mESPC amplitude (baseline, 10.7 � 0.8
pA; HQA, 10.4 � 0.9 pA; HQA plus
APV, 10.2 � 1.0 pA; p � 0.50), rise time
(baseline, 1.76 � 0.04 ms; HQA, 1.89 �
0.07 ms; HQA plus APV, 1.92 � 0.14 ms;
p � 0.26), or decay time (baseline, 4.0 �
0.2 ms; HQA, 4.0 � 0.3 ms; HQA plus
APV, 4.0 � 0.3 ms, p � 0.98). These re-
sults indicate that PreNMDARs are en-
dogenously active, but not saturated, at
L4 –L2/3 synapses at 30 –32°C, but that
functional expression remains input and
synapse specific, as observed at room
temperature.

Discussion
PreNMDARs modulate synaptic trans-
mission at many excitatory cortical synapses
(Berretta and Jones, 1996; Woodhall et al.,
2001; Sjöström et al., 2003; Yang et al., 2006;
Corlew et al., 2007), particularly during the first 3 postnatal weeks
(Fiszman et al., 2005; Mameli et al., 2005; Corlew et al., 2007). Our
results demonstrate that functional, NR2B-containing PreN-
MDARs are present in L2/3 of S1 at P14–P22, but are restricted to a
specific subset of synapses: they are present at L4–L2/3 excitatory
synapses, but not at other synapses made by L4 cells (L4–L4 syn-
apses) or at other inputs onto L2/3 cells (synapses of the cross-
columnar L2/3–L2/3 projection). Thus, expression of functional
PreNMDARs depends both on the origin and the target of synaptic
inputs. These results indicate that functional expression of PreN-
MDARs is not a general property of developing cortical synapses, but
is highly targeted to specific synapses within and across neurons.
These results also demonstrate, for the first time to our knowledge,
that synapses of single cortical excitatory neurons onto different ex-

citatory postsynaptic targets can have distinct, target-specific
properties.

Presynaptic localization and function of PreNMDARs
The NMDARs that modulate transmission at L4 –L2/3 syn-
apses are not located on the postsynaptic neuron because their
function was not blocked by postsynaptic hyperpolarization
or internal MK-801, manipulations that block postsynaptic
NMDAR currents in L2/3 neurons (V. A. Bender et al., 2006).
Our iMK-801 data also rule out the possibility that the rele-
vant NMDARs are extrasynaptic postsynaptic receptors
which, like PreNMDARs, are also enriched for NR2B (Tovar
and Westbrook, 1999) (but see Thomas et al., 2006). D-APV
does not reduce AMPA-mediated transmission by a nonselec-
tive effect on L2/3 neurons, because D-APV selectively reduced
L4 –L2/3 synaptic responses, but not horizontal L2/3–L2/3

-20

-10

0
20100-10

-2000

40
0

5000

-100
-60

500
0

20100-10

1.2

1.0

0.8

0.6

0.4

20100

1.2

1.0

0.8

0.6

0.4

Baseline APV

1.0

0.8

0.6

0.4

0.2

0.0
10008006004002000

10

8

6

4

Baseline HQA

3 pA
20 ms

R
in

pu
t

(M
Ω

)
R

se
rie

s

(M
Ω

)
Ih

ol
d

(p
A

)
R

in
pu

t

(M
Ω

)
V

m

(m
V

)

P
re

sy
na

pt
ic

   
   

P
os

ts
yn

ap
tic

P
P

R

m
E

P
S

C
 fr

eq
. (

H
z)

C
um

ul
at

iv
e 

Fr
ac

tio
n

Inter-mEPSC interval (ms)

Time (min)

Time (min)

Fi
rs

t u
E

P
S

C
(n

or
m

al
iz

ed
)

A                                           C

B1

B2

D                 E

F

10 µm

HQA        Baseline

Time (min)

Fi
rs

t u
E

P
S

C
am

pl
itu

de
 (p

A
)

40 mV
100 ms

Post

Pre

50 mV

10 pA
20 ms

50 µM D-APV

50 µM D-APV

Baseline,
APV

Figure 6. Functional PreNMDARs are absent from local synapses between L4 excitatory cells. A, Differential interference
contrast image of example synaptically coupled L4 excitatory cells, with regular-spiking pattern for these cells. B1, Postsynaptic
uEPSCs elicited by a pair of presynaptic spikes before (black) and after (gray) 50 �M D-APV application for the regular-spiking pair
above. Each trace shown is the average of the last 10 sweeps of each condition. B2, Top, Lack of effect of D-APV on amplitude of the
first uEPSC for one representative cell pair. Bottom: Postsynaptic holding current, postsynaptic series resistance, postsynaptic
input resistance, presynaptic membrane potential, and presynaptic input resistance for this pair. C, Mean effect of D-APV appli-
cation on first uEPSC amplitude (n � 7 pairs). D, Effect of D-APV on PPR. Error bars show population means. E, Mean mEPSC
frequency for five L4 cells before and after 20 �M HQA application. F, Cumulative probability histogram of mEPSC interval before
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synaptic responses, recorded simultaneously onto the same
postsynaptic target.

Given that the relevant receptors are not postsynaptic, they
could be located on the somatodendric compartment of the pre-
synaptic cell, the presynaptic terminal itself, or on a third cell. We
were able to exclude the somatodendritic compartment of the
presynaptic L4 cell, because focal puffing of D-APV in L2/3 re-
duced release at the L4 –L2/3 projection, whereas focal puffing in
L4, where presynaptic somata and dendrites are located, did not.
Thus, the relevant NMDARs must be located in L2/3, either on
the axons or terminals of presynaptic L4 cells, or on an unknown
third cell, such as a synaptically associated glial cell (Conti et al.,
1996, 1999; DeBiasi et al., 1996; Lalo et al., 2006; Verkhratsky and
Kirchhoff, 2007). Because NMDAR blockade decreases the prob-
ability of evoked transmitter release (evidenced by increased PPR
and decreased CV�2 of AMPA-uEPSCs) and because NMDAR
agonists and antagonists increase and decrease the probability of
spontaneous release, respectively (evidenced by effects on
mEPSC frequency), the simplest possible location for these
NMDARs is on the presynaptic L4 –L2/3 terminal, where release
probability can be directly modulated. This hypothesis is sup-

ported by electron microscopic evidence
that places NMDAR protein on axon ter-
minals in L2/3 of visual cortex (Aoki et al.,
1994; Conti et al., 1997; Charton et al.,
1999; Corlew et al., 2007).

Our results indicate that PreNMDAR
activation serves to enhance the probabil-
ity of spontaneous and evoked transmitter
release. If located on presynaptic termi-
nals, PreNMDAR activation could en-
hance release via depolarization of the ter-
minal (e.g., by activating voltage-sensitive
calcium channels to increase resting
[Ca 2�]) (Turecek and Trussell, 2001,
2002; Trussell, 2002), via calcium influx
through the NMDA receptor channel
(Chen et al., 2000), or via an unknown
(calcium- and voltage-independent) sig-
naling process. It is possible that the mech-
anism for increasing spontaneous mEPSC
frequency may be distinct from the mech-
anism for enhancing evoked release. Other
presynaptic receptors use a variety of
calcium-dependent and -independent sig-
naling pathways to modulate release
(Trussell, 2002).

Activation of PreNMDARs
When are PreNMDARs active, and what is
the source of glutamate for activation? At
near-physiological temperatures, D-APV
reduced evoked transmission and proba-
bility of spontaneous release, without the
need for artificial elevation of glutamate or
application of exogenous agonists, indi-
cating that PreNMDARs are active under
these conditions (Fig. 8). Glutamate for
PreNMDAR activation could arise from
(1) basal, ambient glutamate that exists in
the absence of evoked synaptic transmis-
sion (Sah et al., 1989; Cavelier and Attwell,
2005; Herman and Jahr, 2007; Le Meur et

al., 2007), (2) glutamate released by action potential-evoked
transmission at the same synapse that expresses the Pre-
NMDARs, and/or (3) activity-dependent glutamate release from
nearby synapses, neuronal cell bodies and dendrites, or glia
(Isaacson and Strowbridge, 1998; Schoppa et al., 1998; Jourdain
et al., 2007).

We found that APV decreased AMPA-mEPSC frequency
(measured at 30 –32°C in the presence of TTX), indicating that
PreNMDARs are activated by basal, ambient glutamate, without
evoked release. However, PreNMDARs were not maximally acti-
vated under these conditions, because NMDAR agonist applica-
tion further increased mEPSC frequency (Fig. 8D). This implies
that additional glutamate, potentially from activity-dependent
sources, i.e., sources (2) and (3), may further increase Pre-
NMDAR activation beyond that achieved by ambient glutamate.
That both ambient and activity-dependent glutamate release
contribute to PreNMDAR activation is consistent with previous
reports showing that PreNMDARs modulate spontaneous, ac-
tion potential-independent release (Berretta and Jones, 1996;
Woodhall et al., 2001; Sjöström et al., 2003; Corlew et al., 2007),
and that high-frequency bursting is required for PreNMDAR
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modulation of evoked release at L5–L5 synapses in visual cortex
(Sjöström et al., 2003), and at L4 –L2/3 synapses in S1 at room
temperature (V. A. Bender et al., 2006). At L4 –L2/3 synapses at
near physiological temperatures, PreNMDAR modulation of
evoked release did not require sustained bursts (Fig. 8A). The
finding that PreNMDARs modulate spontaneous and low-
frequency evoked release at near physiological temperatures pre-
dicts that PreNMDARs will be active at L4 –L2/3 synapses in vivo.

Blockade of PreNMDARs decreased the amplitude of the first
AMPA-EPSC in a pair or a train (Fig. 8A) (Sjöström et al., 2003),

indicating that PreNMDARs are active during the first action
potential to invade the presynaptic terminal. In contrast, synaptic
modulation by presynaptic kainate receptors is absent on the first
spike of a train, and develops as the train progresses (Sun and
Dobrunz, 2006). This suggests that kainate receptors, which have
a low affinity for glutamate (Pinheiro et al., 2007), require
build-up of local synaptic glutamate released during trains,
whereas PreNMDARs, which contain NR2B subunits with a
higher affinity for glutamate (Laurie and Seeburg, 1994; Priestley
et al., 1995), are effectively activated by ambient glutamate, or by

-300
-200
-100

0
3020100-10

100 pA
10 ms

50 µM D-APV

APV

Baseline
Wash

**

Fi
rs

t E
P

S
C

am
pl

itu
de

 (p
A

)

Fi
rs

t E
P

S
C

(n
or

m
al

iz
ed

)

P
P

R

A1                                        A2    A3

                          Layer 2/3 mEPSCs         Layer 4 mEPSCs
B1                                        C1    D1

B2                                        C2    D2

Time (min)Time (min)
APV WashBaseBase APV Wash

2.0

1.5

1.0

0.5

D-APV

1.2
1.0
0.8
0.6
0.4
0.2

20100-10
L4-L2/3         L2/3-L2/3

1.0

0.8

0.6

0.4

0.2

0.0
8006004002000

3 pA
20 ms

C
um

ul
at

iv
e 

Fr
ac

tio
n

Inter-mEPSC interval (ms)

APV

Baseline
1.0

0.8

0.6

0.4

0.2

8006004002000

3 pA
20 ms

C
um

ul
at

iv
e 

Fr
ac

tio
n

Inter-mEPSC interval (ms)

HQA

Baseline,
HQA+APV

1.0

0.8

0.6

0.4

0.2

5004003002001000

3 pA
20 ms

C
um

ul
at

iv
e 

Fr
ac

tio
n

Inter-mEPSC interval (ms)

Baseline,
HQA,
HQA+APV

12

10

8

6

4

2
Baseline APV

*

m
E

P
S

C
 fr

eq
ue

nc
y 

(H
z) 20

15

10

5

Baseline HQA HQA+APV

* **
*

m
E

P
S

C
 fr

eq
ue

nc
y 

(H
z)

20

15

10

5

Baseline HQA HQA+APV

m
E

P
S

C
 fr

eq
ue

nc
y 

(H
z)

L2/3-L2/3 (n=7)

L4-L2/3 (n=7)

Figure 8. PreNMDARs are active, but not saturated, at 30 –32°C in the absence of TBOA. A1, Single example of depression of extracellularly evoked L4 –L2/3 synaptic responses by 50 �M D-APV
at 30 –32°C, without TBOA or exogenous NMDAR agonist. Focal BMI and iMK-801 were included to isolate AMPA-EPSCs. The first EPSC amplitude is shown throughout the recording. Inset, Pairs of
AMPA-EPSCs (30 Hz) during baseline (black), D-APV application (gray), and after D-APV washout (dashed black). Each trace is mean of the last 10 sweeps in each condition. A2, Mean effect of D-APV
on amplitude of first AMPA-EPSC at L4 –L2/3 synapses (n � 7; filled symbols) and at extracellularly evoked L2/3–L2/3 cross-columnar synapses (n � 7; open symbols). Bars are SEM. A3, Effects of
D-APV on PPR for cells in (A2). B1, D-APV (50 �M) decreased mEPSC frequency in L2/3 pyramidal cells at 30 –32°C. B2, Cumulative probability histogram for inter-mEPSC interval during baseline
(solid black) and D-APV (gray; p 
 0.01, Kolmogorov–Smirnov test). Inset, Mean mEPSC before (black) and during (gray) D-APV application. C1, Effects of HQA (20 �M) and subsequent APV (50 �M)
on mEPSC frequency in L2/3 pyramidal cells. C2, Cumulative probability histogram for inter-mEPSC interval during baseline (solid black), HQA (gray), and HQA plus APV (dashed black); ( p 
 0.01,
Kolmogorov–Smirnov test for all pairwise comparisons). Inset, Mean mEPSC during baseline (black), HQA (gray), and HQA plus APV (dashed black). D1, HQA (20 �M) and HQA plus D-APV (50 �M)
do not affect mEPSC frequency in L4. D2, Cumulative probability histogram for inter-mEPSC interval during baseline (solid black), HQA (gray), and HQA plus APV (dashed black); ( p � 0.05,
Kolmogorov–Smirnov test for all pairwise comparisons). Inset, Mean mEPSC during baseline (black), HQA (gray), and HQA plus APV (dashed black). *p 
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slow activity-dependent release of glutamate, for example by glia,
that may build up over multiple trains (Cavelier and Attwell,
2005; Jourdain et al., 2007).

Synapse specificity of PreNMDARs
Our data demonstrate that in juvenile S1, functional Pre-
NMDARs are not broadly expressed, but instead regulate release
at a highly specific subset of excitatory synapses within L4 and
L2/3. This specificity is apparent at the cellular level, with func-
tional PreNMDARs evident at L4 –L2/3 synapses, but not at hor-
izontal, cross-columnar synapses, or at L4 –L4 synapses. Thus,
the molecular targeting or functional regulation of PreNMDARs
must be tightly spatially controlled in L4 neurons. Differences
between our results in somatosensory cortex and the previous
findings of Corlew et al. (2007) showing PreNMDAR expression
in L4 of visual cortex may reflect different cellular specializations
or developmental programs in these two areas.

Excitatory synapses made by collaterals from the same presyn-
aptic axon can have markedly different release properties, dy-
namics, and expression of presynaptic metabotropic and kainate
receptors (Reyes et al., 1998; Scanziani et al., 1998; Tóth and
McBain, 2000; Koester and Johnston, 2005; Sun and Dobrunz,
2006). Our results indicate that PreNMDARs can also be ex-
pressed in a target-specific manner. Thus, differential expression
of presynaptic receptors (including ionotropic receptors) may be
a general mechanism by which a single presynaptic cell regulates
release dynamics and other synapse properties in a target-cell-
specific manner.

Potential functional role of PreNMDARs
PreNMDARs appear to function to enhance release probability at
L4 –L2/3 synapses. This suggests that one role of PreNMDARs
may be to dynamically offset the synaptic depression that occurs
with modest, sustained activity at this synapse (Feldmeyer et al.,
2002). Selective expression of PreNMDARs at feedforward L4 –
L2/3 synapses, rather than at cross-columnar L2/3–L2/3 synapses
or at L4 –L4 synapses, suggests that PreNMDARs preferentially
promote ascending, feedforward activation of single S1 columns,
relative to lateral spread of excitation across columns. Thus, ac-
tivation of PreNMDARs could serve to sharpen the representa-
tion of single whiskers, especially during trains of sensory-evoked
responses or cortical up states (McCormick, 2005).

In addition to acutely regulating synapse function, Pre-
NMDARs are also important in activity-dependent plasticity,
particularly in endocannabinoid-mediated, presynaptically ex-
pressed LTD (Sjöström et al., 2003; V. A. Bender et al., 2006;
Corlew et al., 2007). It has been suggested that these receptors
participate in a novel presynaptic coincidence detection mecha-
nism for this form of LTD (Duguid and Sjöström, 2006) (but see
V. A. Bender et al., 2006). Synapse-specific and developmentally
regulated expression of PreNMDARs (Corlew et al., 2007;
present study) suggests synapse-specific and developmentally
regulated expression of this form of LTD. Thus, synapse-specific
expression of PreNMDARs provides a potentially important reg-
ulatory mechanism for synapse-specific modulation of excitatory
synaptic transmission and plasticity.
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