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Thalamocortical (TC) afferents relay sensory input to the cortex by making synapses onto both excitatory regular-spiking principal cells
(RS cells) and inhibitory fast-spiking interneurons (FS cells). This divergence plays a crucial role in coordinating excitation with inhibi-
tion during the earliest steps of somatosensory processing in the cortex. Although the same TC afferents contact both FS and RS cells, FS
cells receive larger and faster excitatory inputs from individual TC afferents. Here, we show that this larger thalamic excitation of FS cells
occurs via GluR2-lacking AMPA receptors (AMPARs), and results from a fourfold larger quantal amplitude compared with the thalamic
inputs onto RS cells. Thalamic afferents also activate NMDA receptors (NMDARs) at synapses onto both cells types, yet RS cell NMDAR
currents are slower and pass more current at physiological membrane potentials. Because of these synaptic specializations, GluR2-
lacking AMPARs selectively maintain feedforward inhibition of RS cells, whereas NMDARs contribute to the spiking of RS cells and hence
to cortical recurrent excitation. Thus, thalamic afferent activity diverges into two routes that rely on unique complements of postsynaptic
AMPARs and NMDARs to orchestrate the dynamic balance of excitation and inhibition as sensory input enters the cortex.

Introduction
Sensory information is transmitted from the thalamus to the cor-
tex via thalamocortical (TC) afferents. TC afferents thus provide
an essential gateway for the cortical processing of sensory stimuli
by setting the initial information available to the cortex. To ac-
complish this task, TC afferents make the majority of their syn-
apses in cortical layer 4, where they distribute information to
both excitatory and inhibitory cells. In fact, even an individual TC
afferent can contact both inhibitory interneurons and excitatory
principal cells (Gabernet et al., 2005; Inoue and Imoto, 2006;
Cruikshank et al., 2007).

The divergence of TC fibers onto interneurons and principal cells
forms the basis of a disynaptic feedforward inhibitory circuit that is
critical in coordinating excitation with inhibition during the initial
phases of cortical sensory processing (Agmon and Connors, 1991;
Swadlow and Gusev, 2000; Wehr and Zador, 2003; Gabernet et al.,
2005; Wilent and Contreras, 2005). In the rodent somatosensory
barrel cortex, TC afferents initiate feedforward inhibition by provid-
ing monosynaptic input to both fast-spiking interneurons (FS cells, a
category that include several distinct GABAergic interneuron sub-
types) and excitatory regular-spiking spiny stellate and star pyrami-
dal cells (RS cells) (Simons and Woolsey, 1984; McCormick et al.,
1985; Feldmeyer et al., 1999). In response to sensory stimuli, tha-
lamic afferent activity recruits FS cells with high probability, leading

to a large disynaptic inhibition of RS cells (Agmon and Connors,
1991; Swadlow and Gusev, 2000). This inhibition has been shown to
restrict the time window for RS cells to integrate EPSPs (Gabernet et
al., 2005), allowing them to respond with high temporal fidelity to
sensory stimuli (Kyriazi et al., 1994; Pinto et al., 2000; Petersen et al.,
2001; Wilent and Contreras, 2004). Thus, the feedforward inhibition
provided by FS cells is a critical functional property of the TC
microcircuit.

To ensure reliable feedforward inhibition of RS cells in response
to thalamic activity, several elements of this disynaptic circuit appear
to have established “fail-safe” properties. TC afferents converge onto
FS cells with a higher probability than onto RS cells (Inoue and
Imoto, 2006; Cruikshank et al., 2007). Each FS cell also targets a large
fraction of neighboring RS cells (Swadlow and Gusev, 2002; Gaber-
net et al., 2005; Inoue and Imoto, 2006) where they elicit large uni-
tary inhibitory conductances (Gabernet et al., 2005; Sun et al., 2006).
Perhaps more importantly, however, single TC afferents provide
much stronger and faster monosynaptic excitation to FS cells than to
RS cells (Gibson et al., 1999; Gabernet et al., 2005; Inoue and Imoto,
2006; Cruikshank et al., 2007). As a result of these specializations, any
stimulus of sufficient strength to activate an RS cell is also likely to
rapidly recruit FS cells, thereby resulting in fast, precisely timed feed-
forward inhibition of RS cells. It has remained unknown, however,
what synaptic mechanisms underlie the differential excitation of FS
and RS cells by individual TC afferents.

Here, we compare TC inputs onto electrophysiologically de-
fined FS and RS cells to reveal that larger quantal responses me-
diated by GluR2-lacking AMPA receptors (AMPARs) account
for the larger excitation of FS cells by TC afferents. Furthermore,
although TC inputs activate NMDA receptors (NMDARs) at
both FS and RS cells, the NMDARs at synapses onto RS cells pass
more current at physiological potentials. As a direct consequence
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of this differential excitation of FS and RS cells by thalamic affer-
ents, we show that GluR2-lacking AMPARs selectively mediate
cortical feedforward inhibition, whereas NMDARs play a critical
role in cortical recurrent excitation.

Materials and Methods
Slices. Acute TC slices (400 �m) of the somatosensory barrel cortex were
prepared from ICR white mice (p14 –25) according to published proto-
cols (Agmon and Connors, 1991; Porter et al., 2001). Mice were anesthe-
tized with isoflurane. Slices were incubated on an interface chamber for
30 min at 35°C with an artificial CSF equilibrated with 95% O2 and 5%
CO2, containing (in mM): 119 NaCl, 2.5 KCl, 1.3 NaH2PO4, 1.3 MgCl2,
2.5 CaCl2, 26 NaHCO3, and 20 glucose (pH 7.3, osmolarity 310). After
incubation, slices were kept in the same chamber at room temperature
for 0 – 6 h until being transferred to a submerged chamber where electro-
physiological recordings were made at 31�34°C.

Recordings. Whole-cell recordings of layer IV cells (infrared DIC
videomicroscopy and water-immersion 40� objective) were obtained
with patch pipettes (2–5 M�) pulled from borosilicate capillary glass
with a Sutter P-97 horizontal puller. Pipette solution contained (in mM):
142 K-gluconate, 4 KCl, 5 HEPES, 1.1 EGTA, 0.5 MgCl2, 10 phosphocre-
atine, and biocytin (0.1– 0.5%). Some experiments (I–V curves) requir-
ing depolarized or positive membrane potentials were performed in Cs �

(substituting Cs-gluconate for K-gluconate) and QX 314-Cl (3 mM), and
all experiments examining rectification of AMPAR currents included 100
�M spermine in the patch pipettes. Internal solution pH was adjusted to
7.2 with KOH or CsOH. Data were recorded with a Multiclamp 700B
amplifier (Axon Instruments), digitized at 10 –20 kHz with a Digidata
1332 (Axon Instruments), filtered at 2 kHz, and analyzed off-line. Series
resistance was monitored in all recordings with a 5 mV hyperpolarizing
pulse, and only recordings which remained stable over the period of data
collection were used. For AMPAR current–voltage relationships where
gabazine was used, 100 nM NBQX was also included in 6 of 16 FS cell
experiments and 6 of 14 RS cell experiments to prevent epileptic bursts
after TC stimulation. This manipulation did not change AMPAR cur-
rent–voltage relationships (data not shown). We did not observe any
age-dependent changes in synaptic or intrinsic electrophysiological
parameters for the cells measured in this study (supplemental Fig. 1,
available at www.jneurosci.org as supplemental material). All drugs were
purchased from Sigma-Aldrich or Tocris.

Stimulating thalamic inputs to cortical barrels. Connectivity between
the thalamus and the cortex was assessed with a field-recording electrode
(2 M NaCl) placed in layer 4 of the barrel cortex, and a stimulation
electrode (monopolar steel microelectrodes; stimulus duration, 100 �s)
was placed near the thalamic ventrobasal nucleus (VB). VB also receives
axons originating from layer 6 pyramidal neurons (Sherman and
Guillery, 1996), and these send collaterals to layer 4 (Zhang and De-
schênes, 1998). Thus, to ensure the “correct” orthodromic activation of
the TC projection, three electrophysiological parameters were used to
discriminate between orthodromic and antidromic responses: short re-
sponse latency (�3 ms), depressing paired pulse ratio, and response with
no supernormality. These parameters are well characterized (Ferster and
Lindström, 1985; Beierlein and Connors, 2002; Gabernet et al., 2005). TC
afferents were stimulated at 0.1 Hz.

Identifying the cortical neurons receiving thalamic inputs. FS and RS cells
were identified according to their spiking pattern in response to pulses of
depolarizing current, their membrane time constant, the kinetics of their
EPSCs, their input resistance, and their morphology under DIC optics. In
response to depolarizing current injection, FS cells produce trains of narrow
action potentials (AP half-width, FS: 0.40 � 0.10 ms, n � 6; RS: 1.86 � 0.20
ms, n � 5) with little frequency adaptation (steady-state spike frequency
normalized by peak spike frequency; spiking was elicited by 800-ms-long
depolarizing pulses) (FS: 0.63 � 0.05%, RS: 0.24 � 0.01%). FS cells also have
a lower input resistance (FS: 90 � 10 M�, RS: 226 � 31 M�), a shorter
membrane time constant (FS: 8 � 1 ms, RS: 20 � 3 ms), and faster rising
EPSCs (FS: 450 � 70 �s, RS: 860 � 80 �s). We did not observe a significantly
different TC paired-pulse ratio (PPR) between FS and RS cells in paired

recordings (FS: 0.62 � 0.07, RS: 0.71 � 0.05, n � 8, p � 0.3). EPSCs evoked
by thalamic stimuli occurred earlier in FS compared with RS cells (FS: 2.09 �
0.06 ms, RS: 2.32 � 0.08 ms, n � 8, p � 0.01), consistent with previous work
(Cruikshank et al., 2007). Low threshold spiking (LTS) neurons were not
included in the present study (Gibson et al., 1999; Porter et al., 2001). In a
subset of experiments, biocytin-filled cells were histologically developed to
confirm their morphological identity. RS cells are either spiny stellate or star
pyramidal neurons, both of which have spiny dendrites (Simons and Wool-
sey, 1984; McCormick et al., 1985; Feldmeyer et al., 1999; Porter et al., 2001).
In contrast, FS cells are aspiny or sparsely spiny, consistent with their inhibi-
tory classification (Simons and Woolsey, 1984; McCormick et al., 1985; Porter
et al., 2001). However, we did not develop a large set of cells, and it is
possible that the “fast-spiking” characteristic of FS interneurons identi-
fies a class of cells that may be divisible into smaller subgroups (Wang et
al., 2002). Therefore, we measured a set of intrinsic and synaptic proper-
ties for 30 interneurons included in this study to determine whether our
population of FS cells should be further divided into more than one
subgroup. Histograms of each individual parameter (resting membrane
potential, input resistance, membrane time constant, spike train adapta-
tion, latency from thalamic stimulation, paired-pulse ratio, and spike
half-width) did not reveal discernable multimodal distributions, suggest-
ing no single parameter could be used to divide the recorded interneu-
rons into distinct subpopulations (supplemental Fig. 2, available at www.
jneurosci.org as supplemental material). Next, we addressed whether
interneuron subgroups could be identified using an analysis that simul-
taneously takes into account multiple parameters. To accomplish this, we
conducted principal component analysis (PCA) using the same seven
parameters to aid in visualizing high-dimensional data (supplemental
Fig. 3, available at www.jneurosci.org as supplemental material). This
method determines the set of axes (where each axis is linearly combined
from our original parameters) that correspond to variance within the
dataset. To avoid biasing this analysis toward parameters with the largest
absolute values, all individual parameters were normalized to their mean
before conducting PCA. PCA revealed that most of the variance within
our set of parameters could be accounted for by a single principal com-
ponent (PC1) (supplemental Fig. 3A1, available at www.jneurosci.org as
supplemental material), and the largest contribution to PC1 came from
spike train adaptation. When PC1 was compared with PC2–PC4, no
clustering of data points was apparent (supplemental Fig. 3A2– 4, avail-
able at www.jneurosci.org as supplemental material), suggesting no clear
justification for segregating FS cells into subgroups based on these
parameters.

Strontium experiments. Asynchronous EPSCs (asEPSCs) were col-
lected during a 200 ms window beginning 5 ms after TC stimulation.
Spontaneous EPSCs were also collected during an identical time window
before TC stimulation for comparison. To eliminate the slow exponen-
tial decay associated with residual synchronous release immediately after
TC stimulation, all traces from each cell were averaged, and then fit with
a single exponential which was subsequently subtracted from each indi-
vidual trace. Event analysis was performed using the “mini analysis”
program from Synaptosoft. The frequency of asEPSCs collected in the
time window after TC stimulation was significantly higher than the fre-
quency of spontaneous EPSCs collected in the window before stimula-
tion for both FS and RS cells (supplemental Fig. 4, available at www.
jneurosci.org as supplemental material). Furthermore, the mean
amplitude of asEPSCs collected immediately after thalamic stimulation
was not significantly different from the mean amplitude of spontaneous
events collected from an identical time window immediately before tha-
lamic stimulation for both FS and RS cells (supplemental Fig. 4, available
at www.jneurosci.org as supplemental material), consistent with previ-
ous data showing that TC and intracortical synapses onto RS cells pro-
duce asEPSCs of the same amplitude (Gil et al., 1999). In addition, the
frequency of non-evoked, spontaneous events was significantly higher
for FS cells than for RS cells ( p � 0.01) (supplemental Fig. 5, available at
www.jneurosci.org as supplemental material). Average root mean square
(RMS) current noise levels for prestimulus (prestim) and poststimulus
(poststim) epochs in the presence of strontium were: FS: prestim 2.59 �
0.39 pA; poststim 2.78 � 0.55 pA, n � 6, RS: prestim 1.86 � 0.14 pA;
poststim 2.21 � 0.08 pA, n � 8.
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Variance-mean analysis. Variance-mean relationships were fit with a
multinomial model (Silver, 2003), which describes the mean amplitude of a
synaptic response by extending the following basic binomial model: I �
NPrQ, where I is the mean synaptic current, N is the number of functional
release sites, Pr is release probability, and Q is the average quantal amplitude.
In the multinomial model, the parabolic function relating the mean current
(I) to the variance of synaptic currents (�) is: �2 � [QI� I2/N](1�CVII

2 )�
QICVI

2). This model assumes uniform release probability across sites, but
does not assume synchronous release or uniform quantal amplitude (Q).
Quantal variability is accounted for by CVI

2 and CVII
2 , the coefficients of

variation related to intrasite and intersite variabil-
ity, respectively. Total quantal variation of each
synapse (CVT

2) was measured by collecting quan-
tal events using strontium substitution (Clem-
ents and Silver, 2000). In this method, the CV of
asEPSC amplitude distributions reflects CVT

2. Be-
cause CVT

2 must equal CVI
2 � CVII

2 , we make the
simplifying assumption that CVI

2 � CVII
2 , which

is not expected to introduce significant error
(Clements, 2003). A minimum of 20 trains were
recorded at each Pr condition, and Spearman’s
rank correlation analysis was used to ensure that
amplitudes remained stable over the course of the
experiments.

Because minimal stimulation was difficult to
maintain over the long time intervals necessary
for these experiments, we used bulk stimulation
of several afferents so that we could reproducibly
activate the same number of fibers. In these ex-
periments, we monitored the paired pulse ratio to
make sure it remained constant throughout the
experiment, and was not different from single fi-
ber paired pulse ratios as a test to ensure that the
same set of fibers was reproducibly activated.
Also, to ensure that we activated the same num-
ber of fibers throughout an experiment, we only
accepted experiments in which the amplitude of
the first EPSC remained constant throughout the
experiment. To estimate the number of release
sites made by a single TC fiber onto an FS or an RS
cell, we have divided the mean unitary EPSC am-
plitude by the quantal amplitude (Q) and the
probability of release (Pr).

Rectification index. Current–voltage rela-
tionships showed an average 5.5 mV difference
in extrapolated reversal potential for AMPAR
currents between FS and RS synapses. How-
ever, for simplicity we have used measured data
points from the same membrane potentials
(�34/�36 mV) at both synapses to compare
the two cell populations. Using the nonrectify-
ing RS cell data as a standard, and a linear
extrapolation between points for FS cells to
correct for the difference in driving force, we
can estimate the error in our calculated rectifi-
cation index. Extrapolation to �30.5 mV and
�39.5 mV reveals that the mean rectification
index of FS cells would change from 0.34 to
0.40, corresponding to an error of 15% of the
FS cell value, or 6% with respect to the rectifi-
cation index of RS cells (1.08).

Isolation of postsynaptic currents and latency
measurements. EPSCs were recorded at the
IPSC reversal potential (EIPSC � �85 mV). IP-
SCs were recorded at depolarized potentials
(Vm � �65 mV), and then isolated by scaling
the EPSC at EIPSC to the initial slope of the
EPSC at the recorded IPSC potential. This
scaled EPSC was then subtracted to isolate the
true IPSC. At the potentials used for this scal-

ing method, NMDA I–V curves revealed only a 3% maximum difference
in the fractional peak NMDA current underlying EPSCs. Based on the
average EPSC amplitude in these experiments (185 pA), this would cor-
respond to a very small residual NMDA current (5.6 pA on average) that
remains unsubtracted from IPSCs. Since IPSCs were 502 pA on average,
this corresponds to an error �1% in the peak of subtracted IPSCs using
this method. The latency of postsynaptic currents was determined by the
time difference between the onset of the stimulus artifact and the 5% rise
point of postsynaptic currents. Membrane potential is corrected for the

A

B

C

n = 7

n = 11

200 pA
1 ms

-76 mV

+44 mV

Figure 1. TC afferents evoke GluR2-lacking AMPAR-mediated EPSCs onto FS cells. A, Left, EPSCs evoked by TC stimulation and recorded
in an RS and an FS cell voltage clamped at membrane potentials ranging from �76 to �44 mV, in gabazine (10 �M) and CPP (25 �M).
Middle, Summary data of current–voltage relationships for TC-evoked EPSCs. Membrane potentials are corrected for liquid junction poten-
tial. Currents are normalized to the peak negative current, and 100 �M spermine is included in the patch pipettes. Right, Summary of
rectification index (�34/�36 mV); filled square, RS cells; open square, FS cells. Only the FS cells show AMPAR-mediated current rectifica-
tion. Asterisk denotes statistical significance. B, Left, EPSCs evoked by TC stimulation and recorded simultaneously in an RS and an FS cell
voltage clamped at the reversal potential for IPSCs (EIPSC). Only the EPSC recorded in the FS cell is reduced in the presence of the GluR2-
lacking AMPAR blocker NASPM (50 �M, green traces). Inset represents recording configuration. Abbreviations, here and in subsequent
figures: VB, ventrobasal complex; Stim., stimulation electrode; V-clamp, voltage clamp. Right, Summary data illustrating the normalized
EPSC amplitudes after application of NASPM; filled square, RS cells; open square, FS cells. C, NASPM (green) does not affect the rectification
ofTCEPSCsontoFScellsascomparedtocontrol(black).Left,Exampletraces.Middle,Summarydataofcurrent–voltagerelationship.TheRS
cell data (gray, from A) are shown for comparison. Right, Summary of rectification index.
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calculated liquid junction potential (�15.9
mV with internal Cs �, �15 mV with a K �

internal). Average values are expressed as
mean � SEM. The Student’s t test was used for
statistical comparisons, with significance de-
fined as p � 0.05.

Results
Distinct AMPARs mediate TC
transmission onto FS versus RS cells
Stimulation of TC afferents with an extra-
cellular electrode placed in the ventrobasal
complex of the thalamus evoked EPSCs in
cortical layer 4 RS and FS cells recorded in
the whole cell voltage-clamp configuration.
In the presence of the NMDAR blocker CPP
(25 �M) and the GABAAR blocker gabazine
(10 �M), the current–voltage (I/V) relation-
ship of thalamic EPSCs differed between the
two neuron types. Whereas thalamic EPSCs
recorded in RS cells showed a linear I/V re-
lationship, EPSCs recorded in FS cells
showed a strong inward rectification (recti-
fication index, ratio at � 34 mV/�36 mV;
RS: 1.08 � 0.10, p � 0.01, n � 14; FS: 0.34 �
0.04, n � 16, p � 0.01) (Fig. 1A). The ob-
served rectification in FS cells suggests the
presence of GluR2-lacking AMPARs
(McBain and Dingledine, 1993; Bochet et
al., 1994). Indeed, the selective blocker of
GluR2-lacking AMPARs, 1-naphthylacetyl
spermine (NASPM, 50 �M), reduced the TC
EPSC onto FS but not RS cells (FS EPSC:
41�5% of control, n�11; RS EPSC: 103�
4% of control, n � 7, p � 0.01) (Fig. 1B).
The incomplete block of TC afferent medi-
ated EPSCs onto FS cells by NASPM could
indicate that only a fraction of AMPARs lack
the GluR2 subunit. If so, the NASPM re-
sistant component of the EPSC should show
a linear I/V relationship. Alternatively,
NASPM may only produce a partial block of
GLUR2-lacking AMPARs. To discriminate
between these two possibilities, we com-
pared the rectification of TC EPSCs onto FS
cells before and after NASPM perfusion
(Fig. 1C). NASPM reduced EPSC ampli-
tudes by 60% at all membrane potentials
(Fig. 1C, left), and did not significantly affect
the rectification index (control: 0.4 � 0.1,
NASPM: 0.3 � 0.1, n � 5, p � 0.09) (Fig.
1C, middle and right), suggesting a partial
block by the antagonist and indicating that
TC EPSCs onto FS cells are predominantly
mediated by GluR2-lacking AMPARs.

Quantal amplitude differs at TC synapses onto FS and
RS cells
Consistent with previous observations by several groups (Porter et
al., 2001; Beierlein et al., 2003; Gabernet et al., 2005; Inoue and
Imoto, 2006), bulk stimulation of TC afferents produced a fourfold
larger EPSC onto FS cells compared with simultaneously recorded
RS cells (FS: 871 � 87 pA, RS: 198 � 35 pA, n � 8, p � 0.001) (Fig.

2A). This relationship also held true when individual thalamic affer-
ents were stimulated using a minimal stimulation paradigm to evoke
unitary EPSCs (FS: 229 � 57 pA, n � 6; RS: 56 � 9 pA, n � 5, p �
0.01) (Fig. 2B) (Gibson et al., 1999; Gabernet et al., 2005; Inoue and
Imoto, 2006; Cruikshank et al., 2007).

Several possible presynaptic and postsynaptic mechanisms
could explain the larger TC inputs onto FS compared with RS
cells, including the number of release sites made by a single tha-
lamic afferent, the probability of releasing a vesicle at each of

Figure 2. TC afferents evoke larger EPSCs onto FS as compared to RS cells. A, Bulk stimulation of TC afferents evokes
EPSCs onto an FS and an RS cell recorded simultaneously in voltage clamp at the reversal potential for IPSCs (EIPSC). Insets
show the recording configuration and response to 800 ms step depolarizations in current clamp. B, Left, Top, Fifty-one
superimposed EPSCs sequentially evoked by minimal stimulation of TC afferents and recorded in an RS cell voltage clamped
at EIPSC. Note the presence of success and failures. Bottom, The EPSC amplitude is plotted against trial number, with
stimulus intensity displayed beneath. Note that progressively increasing stimulus intensity leads initially to a reduction in
failures without increasing the amplitude of successes. Further increases in stimulus intensity lead to a step-like transition
to a larger EPSC. Right, Same experiment for an FS cell, 76 superimposed sweeps. Note the larger unitary amplitude of TC
EPSCs onto the FS cell. C, Summary data of amplitude, latency, and paired pulse ratio of EPSCs evoked by stimulation of TC
afferents and recorded in FS and RS cells.

9130 • J. Neurosci., July 15, 2009 • 29(28):9127–9136 Hull et al. • Synaptic Mechanisms of Thalamocortical Excitation



these release sites, or a difference in the responsiveness to indi-
vidual transmitter vesicles (quantal amplitude). Paired pulse
stimulation has been shown to be related to release probability,
and hence may provide an initial clue as to whether Pr may differ
at TC inputs onto FS and RS cells (Silver et al., 1998). We found
virtually identical paired pulse depression (interstimulus inter-
val, 100 ms) for TC-evoked EPSCs at FS and RS cells (Fig. 2C).
This suggests that TC inputs to both FS and RS cells may have a
similarly high Pr. Given the likelihood of a similar Pr for inputs
onto both cell types, we first tested the possibility that the stron-
ger responses of FS cells might result from a difference in either
quantal amplitude or in the number of release sites.

Estimating quantal amplitude
To determine the amplitude of the response of FS and RS cells to
individual quanta of transmitter released by TC afferents, we desyn-
chronized transmitter release by substituting Ca2� with Sr2� (Goda
and Stevens, 1994; Gil et al., 1999). asEPSCs collected during a 200
ms window after TC afferent stimulation were three times larger and
significantly faster at TC synapses onto FS versus RS cells (FS: 19.1 �

1.7 pA, n � 6; RS: 7.2 � 0.5 pA, n � 8; FS: 10–90% rise time � 200 �
10 �s, decay �, 0.640 � 0.080 ms, RS: 10–90% rise time � 600 � 20
�s, p � 0.001, decay �1, 1.78 � 0.16 ms, p � 0.001) (Fig. 3).

The threshold used to detect asEPSCs in the presence of Sr2�

may have led to an overestimate of their amplitudes because sub-
threshold asEPSCs did not contribute to the average. This overesti-
mate is likely to affect the smaller asEPSCs recorded in RS cells more
than those recorded in FS cells, since a larger fraction of the events
recorded in RS cells would be below detection threshold. Such a
selective bias would underestimate the actual difference in quantal
amplitude between the two cell types. To address this concern, we
measured quantal amplitude with a variance-mean analysis of TC-
evoked EPSCs. This approach does not rely on thresholding and
makes use of a statistical model of transmitter release to determine
both quantal amplitude (Q) and the mean synaptic release probabil-
ity (Pr) (Clements and Silver, 2000; Clements, 2003; Silver, 2003).
We measured EPSCs evoked over a wide range of release probabili-
ties, both by modulating Pr with repetitive stimulation to progres-
sively depress release and by changing the ionic composition of the
external solution. Specifically, we delivered 10 stimuli at 20 Hz re-

Figure 3. Larger quantal amplitude of TC inputs onto FS as compared to RS cells. A, Left, Three individual sweeps illustrate asynchronous release elicited by thalamic stimulation and recorded in RS (top) or
FS (bottom) cells after replacing calcium with 4 mM strontium. The blue line illustrates the 200 ms time window within which quanta were analyzed. Inset, Response to 800 ms step depolarizations in current
clamp. Middle, Plot of event amplitude against trial number illustrating response stability. Inset, Average asEPSC. Right, Distributions of quantal events. Note larger asEPSC amplitudes for FS as compared to RS
cells. B, Left, asEPSCs averaged across cells. Right, Summary data of amplitudes, rise times, and decay time constants for asEPSCs recorded in FS cells (open squares) and RS cells (closed squares). Decay times were
fitted with a single exponential. Note that both the rise time and decay time constant of asEPSCs recorded in FS cells were faster than those recorded in RS cells.
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petitively to TC afferents in 2.5 mM external
calcium, followed by 10 stimuli at 20 Hz re-
petitively in 2.5 mM calcium plus 30 �M cad-
mium (Fig. 4).

These experiments show a 4.4-fold
larger quantal amplitude at TC synapses
onto FS cells compared with RS cells (FS:
Q � 17.0 � 3.3 pA, n � 4; RS: Q � 3.9 �
0.5 pA, n � 4) (Fig. 4C). Together, our
estimates of quantal size using asEPSCs
and variance-mean analysis suggest a �4-
fold difference in quantal amplitude be-
tween FS and RS cells that is similar to the
difference in amplitude of unitary EPSCs
between the two cell types. Furthermore,
consistent with the equivalent paired-
pulse ratio at RS and FS cell TC synapses,
Pr determined by variance-mean analysis
was the same at these two synapses (FS: Pr

� 0.88 � 0.4, n � 4; RS: Pr � 0.88 � 0.3,
n � 4). Given the average unitary EPSC of
56 and 229 pA for RS and FS cells respec-
tively, we can estimate the number of re-
lease sites of individual TC fibers to be
�15 onto FS cells and 16 onto RS cells.

These results indicate that the larger
AMPAR-mediated excitation of FS versus
RS cells by individual TC fibers is mainly
attributable to a difference in the response
of these two cell types to individual quanta
of transmitter, rather than to a difference
in the number of release sites or in the
probability of release.

NMDARs at TC synapses
Is the difference in thalamic excitation lim-
ited to AMPAR-mediated transmission, or
is there also a difference for NMDAR-
mediated transmission at synapses onto FS and RS cells? We first
assessed the relative contribution of AMPARs and NMDARs at TC
synapses onto FS and RS cells by measuring the ratio of AMPAR to
NMDAR-mediated currents (Fig. 5). These experiments show a
nearly threefold larger AMPAR to NMDAR-mediated current ratio
for TC synapses onto FS cells (FS: 2.6 � 0.5, n � 12; RS: 1.0 � 0.2,
n � 13). Thus, in contrast to AMPAR-mediated EPSCs, which are
approximately four times larger in FS as compared to RS cells, the
peak amplitude of TC activated NMDAR-mediated synaptic cur-
rents (recorded at ��40 mV) is similar between the two neurons.

Despite the similarity in amplitude, however, NMDAR-
mediated currents showed marked differences between the two
cells types, both in terms of voltage dependence and kinetics
(Fig. 5B, D). Specifically, the normalized current–voltage and
conductance–voltage relationships (normalized for responses
elicited at �34 mV, in the presence of 10 �M NBQX and 10 �M

gabazine) illustrates that the NMDAR-mediated EPSCs evoked at
��30 mV onto RS cells passed approximately twice as much
peak inward current compared with those elicited onto FS cells
(Vm � �26 mV; FS: 0.28 � 0.02, n � 6; RS: 0.46 � 0.05, n � 9).
Furthermore, NMDAR-mediated EPSCs recorded at RS cells rose
and decayed slower than at FS cells (�30 mV: 10 –90% rise time
FS: 3.4 � 0.5 ms, n � 6; RS: 4.8 � 0.5 ms, n � 8, p � 0.06; time to
1⁄2 decay FS: 7.4 � 0.6 ms, n � 6; RS: 16.8 � 2.1 ms, n � 9, p �
0.01). As a consequence, individual NMDARs at RS cells can pass

three times more charge at �30 mV than the NMDARs at FS cells.
Thus, considering the fourfold smaller unitary TC inputs, and the
2.6-fold smaller AMPA to NMDA ratio, RS cells can receive as
much as twice (3.0 � 0.25 � 2.6) the NMDAR-mediated charge
in response to unitary TC inputs as compared FS cells.

Based on the AMPA-NMDA ratio, these results show that
whereas TC excitation of FS cells is driven by GluR2-lacking
AMPARs, excitation of RS cells is in large part mediated by NMDARs.

What roles do the unique AMPAR and NMDAR comple-
ments onto FS and RS cells play in the circuit engaged by TC
afferents? To address this question, we have measured the relative
contribution of GluR2-lacking AMPARs and NMDARs in gener-
ating feedforward inhibition and recurrent excitation in the cor-
tex in response to thalamic afferent activity.

Role of GluR2-lacking AMPARs in feedforward inhibition
Layer 4 FS cells mediate powerful feedforward inhibition onto RS
cells in response to TC activity. Since GluR2-lacking AMPARs
contribute a large fraction of TC excitation at FS cells, we tested
the role of these receptors in mediating feedforward inhibition
within layer IV. We stimulated TC afferents while recording from
one FS and one RS cell simultaneously. To monitor direct TC
excitation as well as disynaptic feedforward inhibition, RS cells
were voltage clamped at �65 mV, i.e., between the reversal po-
tential of EPSCs and IPSCs. The feedforward IPSC was isolated by

Figure 4. Larger quantal amplitude but similar release probability of TC inputs onto FS as compared to RS cells. A, EPSCs
recorded in RS (left) and FS (right) cells voltage clamped at EIPSC in response to repetitive bulk stimulation of TC afferents (20 Hz)
under control conditions (black) and in the presence of cadmium (30 �M, green). Insets show response to an 800 ms step
depolarization in current clamp. B, The mean amplitude of each EPSC in the train is plotted against its respective variance
(measured at the peak of the EPSC). Black and green data points represent EPSCs recorded in control and cadmium, respectively.
The data are fit with a parabolic function based on a multinomial model (see Materials and Methods). C, Summary data: note that
while the quantal amplitude ( Q) is 4.4-fold larger in FS as compared to RS cells, the probability of release (Pr) is similar.
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digitally subtracting the underlying EPSC recorded at EIPSC (see
Materials and Methods). Consistent with previous data, the onset
of the IPSC followed the onset of the EPSC by 1.3 ms (1.27 � 0.13
ms, n � 5) (Gabernet et al., 2005; Cruikshank et al., 2007). Ap-
plication of NASPM (50 �M) nearly abolished feedforward inhi-
bition in RS cells (11 � 3% of control, Fig. 6A).

Furthermore, as shown above, NASPM
reduced the size of the FS cell EPSC (42 �
5% of control, five pairs) without affecting
the RS cell EPSC (Vm � EIPSC). To deter-
mine the impact of the reduction of TC
feedforward IPSC on the membrane poten-
tial of RS cells, we repeated this experiment
in four pairs in which the RS cells were held
in the current clamp configuration (Fig.
6B). Application of NASPM changed the re-
sponse of RS cells from an EPSP-IPSP se-
quence to a pure EPSP, thereby increasing
the EPSP half-width 13-fold (control PSP
half-width, 1.89 � 0.08, NASPM half-
width, 25.72 � 3.76, n � 3. One PSP was
purely inhibitory, and was completely abol-
ished by NASPM). In contrast to NASPM,
the NMDAR antagonist CPP had no effect
on the amplitude of feedforward IPSCs
(117 � 12% of control, n � 5, p � 0.12)
(Fig. 6C).

These experiments suggest that the
spiking of FS cells in response to TC
afferent activity is predominantly medi-
ated by calcium-permeable GluR2-
lacking AMPARs. The lack of effect of
CPP on disynaptic inhibition suggests
that the NMDAR component of TC-
evoked EPSCs do not play a role in bring-
ing FS cells to spike threshold. Thus,
GluR2-lacking AMPARs play an essential
role in generating TC feedforward inhibi-
tion in layer IV of the somatosensory cortex.

Role of NMDARs in thalamic excitation
of RS cells
In contrast to their role at FS TC synapses,
we find that NMDARs significantly contrib-
ute to the thalamic excitation of RS cells.
Specifically, we find that a large NMDAR
component underlies the canonical EPSP-
IPSP sequence initiated by thalamic affer-
ents at synapses onto RS cells (Fig. 7A).
At these synapses, CPP shifted the bal-
ance of excitation and inhibition for
near threshold PSPs. Namely, by remov-
ing the slow underlying NMDAR com-
ponent of the RS cell PSP, CPP allowed a
larger membrane hyperpolarization result-
ingfromfeedforwardIPSPs.ThiseffectofCPP
(as quantified by the integrated CPP-
sensitive component of the PSP) was sig-
nificantly larger at TC synapses onto RS
cells compared with FS cells (FS: 35.4 �
7.6 mV�ms, n � 6; RS: 149.1 � 39.0
mV�ms, n � 8). Thus, RS cell NMDARs
play a major role in controlling the mem-

brane potential after thalamic excitation, which could allow them
to facilitate synaptic integration and enhance RS cell excitability.

To test this idea, we examined the role of NMDARs in recurrent
excitation after thalamic stimulation. In addition to their projections
to layer 2/3, layer 4 RS cells make synapses both with each other, and
with FS cells (Beierlein et al., 2003; Sun et al., 2006). As a result,
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logically isolated NMDAR-mediated EPSC was recorded �30 mV above the reversal potential in the presence of the AMPAR antagonist
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Note the larger AMPAR–NMDAR ratio of EPSCs recorded in FS cells. B, Current–voltage relationship of NMDAR-mediated EPSCs elicited by
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half-decay times of the NMDAR-mediated EPSCs recorded in FS and RS cells.
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stimulation of TC afferents can produce re-
current excitatory currents in layer 4 cells
that appear after monosynaptic TC EPSCs.
We thus monitored recurrent excitation at
FS cells, which manifests itself as a barrage of
EPSCs immediately after the monosynaptic
TC EPSC. Whereas blocking NMDARs did
not affect disynaptic feedforward IPSCs re-
corded in RS cells, CPP had a dramatic effect
on recurrent excitatory currents recorded in
FS cells (Fig. 7B). In 5 FS cell recordings
where delayed recurrent excitatory EPSCs
were observed after the monosynaptic TC
EPSC, CPP selectively reduced the synaptic
charge transfer of the recurrent component
without changing the amplitude of the early,
monosynaptic EPSC (normalized recur-
rent charge transfer � 50 � 10% of con-
trol). Hence, these data suggest that
NMDAR-mediated current, although not
participating in the firing of FS cells, con-
tributes to the recruitment of RS cells in
layer IV in response to thalamic activity.

Discussion
The thalamus communicates differently
with excitatory and inhibitory cells in
the cortex, providing much stronger
and faster excitation to inhibitory inter-
neurons. Here, we reveal the synaptic
mechanisms that allow such differential
communication, and show how these syn-
aptic specializations sculpt the activity of
the circuit engaged by thalamic afferents.
At synapses onto FS cells, thalamic affer-
ents produce large, fast EPSCs with a four-
fold larger underlying quantal amplitude
by activating GluR2-lacking AMPARs to
reliably engage disynaptic feedforward in-
hibition. Furthermore, at these synapses
most excitatory charge passes through
AMPARs compared with NMDARs. In
contrast, thalamic excitation of RS cells is
more heavily weighted toward NMDARs,
which are specialized to pass more current
at physiological potentials. These differ-
ences in AMPARs and NMDARs at tha-
lamic synapses allow FS and RS cells to
perform unique roles at the first stage of
cortical somatosensory processing.

In cortical layer IV, FS cells generate
feedforward inhibition in response to thalamic activity (Porter et
al., 2001; Swadlow, 2003; Inoue and Imoto, 2006; Sun et al.,
2006). Previous studies of TC feedforward inhibition have con-
sistently shown that FS cells are more responsive to thalamic
input than RS cells (Simons, 1978; Kyriazi et al., 1994; Brumberg
et al., 1996). In fact, one spike in a single thalamic axon is suffi-
cient to trigger a spike in layer 4 FS cells in vivo (Swadlow and
Gusev, 2000, 2002). The resulting feedforward inhibition from
these FS cells has been shown to be critical for regulating the
timing of cortical spiking (Wehr and Zador, 2003; Gabernet et al.,
2005; Higley and Contreras, 2006). It has remained unknown,
however, what allows thalamic afferents to produce stronger ex-

citation of interneurons. Here, by demonstrating a fourfold
larger quantal amplitude at synapses onto FS cells that exclusively
contain GluR2-lacking AMPARs, we provide a synaptic mecha-
nism that can explain these previous observations. Since Glur2-
lacking AMPARs typically have a single channel conductance that
is several-fold larger than GluR2-containing AMPARs (Swanson
et al., 1997), the presence of these receptors may likely account for
this larger quantal amplitude, although differences in the num-
bers of receptors between FS and RS synapses may also play a role.

It has also been shown that FS cells must spike rapidly after tha-
lamic input to produce feedforward inhibition quickly enough to
restrict the time window for RS cells to integrate monosynaptic tha-

Figure 6. Blocking GluR2-lacking AMPARs abolishes feedforward inhibition evoked by stimulation of TC afferents. A, Top, Recording
configuration. Traces: Bulk stimulation of TC afferents triggers a feedforward IPSC in an RS cell (top, voltage clamped at �65 mV; see
MaterialsandMethodsfor isolationof IPSC)andanEPSCinasimultaneouslyrecordedFScell (bottom,voltageclampedatEIPSC).Application
oftheGluR2-lackingAMPARblockerNASPM(green)abolishesthefeedforwardIPSCrecordedintheRScellanddecreasestheEPSCrecorded
intheFScell. Incontrast, theEPSCevokedintheRScell (isolatedbyvoltageclampingtheneuronatEIPSC, inset)remainsunaffected.Bottom,
Summary data. B, Top, Recording configuration (I-clamp: current clamp). Traces: Bulk stimulation of TC afferents triggers an EPSP-IPSP
sequence in an RS cell (top, current clamp configuration) and an EPSC in a simultaneously recorded FS cell (bottom, voltage clamped at
EIPSC). Application of NASPM (green) abolishes the feedforward IPSP recorded in the RS cell, thereby increasing the amplitude and prolong-
ing the time course of the EPSP. As in A, NASPM decreases the EPSC recorded in the FS cell. Bottom, Summary graph of the effect of NASPM
on the peak amplitude and half width of the postsynaptic potential recorded in RS cells. C, Left, Recording configuration as in A. The NMDAR
antagonist CPP (25 �M, green) has no effect either on the feedforward IPSC recorded in the RS cell (top) or on the EPSC recorded in the RS
cells (inset) or FS cells (bottom). Right, Summary graph.
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lamic EPSPs (Gabernet et al., 2005; Cruikshank et al., 2007). For FS
cells to reach threshold quickly, they must therefore also produce fast
thalamic EPSCs. Hence, in addition to a large quantal amplitude, FS
cells exhibit significantly faster AMPAR-mediated currents than RS
cells. GluR2-lacking AMPARs are well suited for this requirement
because of their typically fast channel kinetics (Geiger et al., 1995)
capable of producing rapid EPSPs (Geiger et al., 1997). Previous
work has identified GluR2-lacking AMPARs at interneurons in
the visual cortex (Jonas et al., 1994), as well as at other interneu-
ron synapses (Koh et al., 1995; Angulo et al., 1999; Liu and Cull-
Candy, 2000). Here, we find that GluR2-lacking AMPARs at TC
synapses onto layer IV FS cells are critical for activating feedfor-
ward inhibition, and blocking these receptors selectively abol-
ishes disynaptic IPSCs recorded in RS cells after thalamic stimu-
lation. Hence, cortical inhibition initiated by thalamic activity is
generated by the selective activation of GluR2-lacking AMPARs
onto FS cells.

We also determined that NMDARs differ at thalamic inputs onto
FS and RS cells, and that they contribute to the recruitment of RS
cells. Although most investigations of NMDARs have focused on
their role in synaptic plasticity, several studies have demonstrated a
crucial role for NMDARs in normal synaptic transmission and the
processing of sensory information in the cortex (Miller et al., 1989;
Armstrong-James et al., 1993; Gil and Amitai, 1996; Kasamatsu et al.,
1998). Unfortunately, the specific stage at which NMDARs are in-
volved in the transmission and processing of sensory information in
the cortex has remained a matter of speculation. Furthermore how
NMDARs may contribute to normal synaptic transmission despite
their voltage-dependent Mg2� sensitivity has remained unclear.

Here we show that, in the somatosensory
cortex, NMDARs play a fundamental role
already at the very initial steps of informa-
tion transfer from the thalamus to the cor-
tex; namely at the thalamic input onto layer
4 RS cells. The relatively large currents pass-
ing through RS cell NMDARs at hyperpo-
larized potentials and their slow kinetics
compared with FS cells are likely to repre-
sent the mechanism underlying the strong
and selective contribution of NMDARs in
the transmission of somatosensory infor-
mation from the thalamus to RS cells. The
voltage dependence of RS NMDARs sug-
gests a low Mg2� sensitivity, consistent with
the presence of the NR2C subunit in cortical
excitatory neurons (Kuner and Schoepfer,
1996; Fleidervish et al., 1998; Binshtok et al.,
2006). These data also support previous ev-
idence that NMDARs do not play a major
role in the excitability of cortical interneu-
rons (Ling and Benardo, 1995; Angulo et al.,
1999).

It will be interesting to discover what fur-
ther implications the unique glutamate re-
ceptor complements of FS and RS cells have
for somatosensory processing, apart from
their immediate roles in layer IV feedfor-
ward inhibition and recurrent excitation.
Specifically, it may be possible that GluR2-
lacking AMPARs at FS cells confer unique
plasticity rules at interneuron synapses, as
has been shown for other cells with calcium-
permeable AMPARs (Lamsa et al., 2007).

Also, because antagonists for GluR2-lacking AMPARs can remove
feedforward inhibition within layer IV, these drugs could be used to
investigate the role of this inhibition in downstream processing
without affecting excitatory transmission through RS cells. For both
FS and RS cells, it will also be important to determine whether the
differences in AMPARs and NMDARs hold true at intracortical syn-
apses as well, since TC synapses are a minority of inputs at both cell
types (White and Rock, 1980; Harris and Woolsey, 1983; Ahmed et
al., 1994).

Together, the data described here reveal that the excitatory
and inhibitory cells of layer IV have evolved a host of postsynaptic
specializations which allow the thalamus to differentially engage
them during somatosensory processing. The fast, large quantal
amplitude AMPAR-mediated currents at thalamic inputs onto
FS cells allow them to initiate feedforward inhibition in a reliable,
precisely timed manner. In contrast, RS cells use a smaller quantal
amplitude and slower AMPA and NMDAR-mediated currents to
facilitate integration of convergent inputs (Bruno and Sakmann,
2006). These synaptic specializations hence allow the TC micro-
circuit to refine thalamic input and support the temporal preci-
sion necessary for higher cortical tactile discriminations.
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