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A Feedforward Inhibitory Circuit Mediates Lateral
Refinement of Sensory Representation in Upper Layer 2/3 of
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Sensory information undergoes ordered and coordinated processing across cortical layers. Whereas cortical layer (L) 4 faithfully acquires
thalamic information, the superficial layers appear well staged for more refined processing of L4-relayed signals to generate corticocortical outputs. However, the specific role of superficial layer processing and how it is specified by local synaptic circuits remains not well
understood. Here, in the mouse primary auditory cortex, we showed that upper L2/3 circuits play a crucial role in refining functional
selectivity of excitatory neurons by sharpening auditory tonal receptive fields and enhancing contrast of frequency representation. This
refinement is mediated by synaptic inhibition being more broadly recruited than excitation, with the inhibition predominantly originating from interneurons in the same cortical layer. By comparing the onsets of synaptic inputs as well as of spiking responses of different
types of neuron, we found that the broadly tuned, fast responding inhibition observed in excitatory cells can be primarily attributed to
feedforward inhibition originating from parvalbumin (PV)-positive neurons, whereas somatostatin (SOM)-positive interneurons respond much later compared with the onset of inhibitory inputs to excitatory neurons. We propose that the feedforward circuit-mediated
inhibition from PV neurons, which has an analogous function to lateral inhibition, enables upper L2/3 excitatory neurons to rapidly
refine auditory representation.
Key words: excitatory-inhibitory balance; inhibitory neuron; lateral inhibition; surround suppression; tonal receptive field; whole-cell
recording

Introduction
In all sensory modalities, information is processed vertically
along a canonical pathway across cortical layers. Among these
cortical layers, the L4 circuits are structured for a faithful recipient of signals conveyed from the thalamus (Winer et al., 2005; Liu
et al., 2007; Wu et al., 2008, 2011), whereas the superficial layers
appear naturally poised for more refined processing of L4-relayed
signals before sending out the principal corticocortical outputs to
other cortical areas (Callaway, 1998; Douglas and Martin, 2004).
Supporting this view, neuronal selectivity for several sensory features appears more salient in superficial layers than the input
layer. For example, in the primate auditory cortex, a large proReceived April 14, 2014; revised Aug. 21, 2014; accepted Aug. 27, 2014.
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portion of superficial neurons exhibit enclosed receptive fields,
which are strongly selective for sound intensity (Sadagopan and
Wang, 2010). In the mouse visual cortex, oriented simple-cell
receptive field structures are more pronounced in L2/3 (Liu et al.,
2009; Ma et al., 2010), and selectivity for stimulus size is strengthened by specific inhibitory inputs from L2/3 (Adesnik et al.,
2012). Compared with the input layer, L2/3 circuits are also
found more susceptible to changes induced by alterations of the
animal’s sensory experience (Trachtenberg et al., 2000; Allen et
al., 2003), indicating that the superficial layers play an important
role in adapting cortical functions to the external environment.
Despite the functional importance of cortical superficial layers, how information processing and specific response properties
are determined in these laminae remains elusive. The strong ascending input from L4 (Barbour and Callaway, 2008; Oviedo et
al., 2010), together with the direct input from the thalamus (Petreanu et al., 2009), probably dictates the major functional properties of L2/3 neurons. Conversely, it has been shown in some
species that superficial layers contain elaborate horizontal axons
(Gilbert and Wiesel, 1983; Callaway and Katz, 1990; White et al.,
2001; Marino et al., 2005). The horizontal connections may provide a way of modulating functional responses of neurons in a
context-dependent manner (Blakemore and Tobin, 1972; Nelson
and Frost, 1978; Allman et al., 1985; Gilbert and Wiesel, 1990;
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Knierim and van Essen, 1992; Levitt and Lund, 1997; Walker et
al., 1999), determine the spatial summation of neuronal responses (Hubel and Wiesel, 1965; Sillito and Versiani, 1977;
DeAngelis et al., 1994; Li and Li, 1994; Adesnik et al., 2012), or
even help to create novel functional properties (Chisum et al.,
2003). To understand the logic for hierarchical cortical processing, it is important to elucidate excitatory and inhibitory synaptic
circuit mechanisms underlying specific laminar processing. In
the mouse primary auditory cortex (A1), by examining the functional responses of excitatory cells and two major types of inhibitory neuron, as well as the innervation patterns between
inhibitory and excitatory cells, we found that the upper L2/3 plays
a crucial role in refining neuronal selectivity for sound frequency
and enhancing contrast of frequency representation. This refinement could be attributed to the feedforward inhibition mediated
by parvalbumin (PV) neurons, which contributed to the pronounced lateral suppression observed in the upper L2/3.

Materials and Methods
Animal preparation and auditory cortical mapping. All experimental procedures used in this study were approved under the Animal Care and Use
Committee at the University of Southern California. All animals were
housed in a vivarium with a 12 h light/dark cycle. Experiments were
performed in a sound-attenuation booth (Acoustic Systems). Adult female mice (C57BL/6 background, 2–3 months old) were sedated with
chlorprothixene (0.05 ml of 4 mg/ml) and anesthetized with urethane
(1.2 g/kg). Local anesthesia was applied by administrating bupivacaine
subcutaneously. The left auditory cortex of the mouse was exposed, and
the ear canal on the same side was plugged with a piece of clay wrapped
with a thin layer of cotton. The animal’s body temperature was maintained at 37.5°C by a feedback heating system (Harvard Apparatus). For
auditory stimulation, tone pips (100 ms duration, 3 ms ramp) of various
frequencies (2–32 kHz, 0.1 octave interval) and intensities [seven or eight
intensities from 0 dB sound pressure level (SPL), 10 dB interval] were
generated by a custom software (LabVIEW; National Instruments).
Through a 16-bit National Instruments interface, sound was delivered
from a calibrated speaker (Tucker-Davis Technologies) to the contralateral ear. The test stimuli were presented in a pseudorandom sequence.
We first performed sequential multiunit recordings at an array of cortical
sites to identify the location and frequency gradient of the A1. Multiunit
spikes were recorded with a parylene-coated tungsten microelectrode (2
M⍀; FHC) at 250 m below the pia. Electrode signals were amplified
(Plexon) and bandpass filtered between 300 and 6000 Hz. A custommade LabVIEW software was used to extract the spike times. The number of tone-evoked spikes was counted within a window of 10 – 40 ms
from the onset of tone stimuli. The characteristic frequency (CF) of the
cortical site was determined from the plotted multiunit frequency–intensity tonal receptive field (TRF). A1 was identified by a caudal-to-rostral
gradient of CFs (low to high frequency). During the mapping procedure,
the cortical surface was slowly perfused with a prewarmed artificial CSF
(ACSF; in mM: 124 NaCl, 1.2 NaH2PO4, 2.5 KCl, 25 NaHCO3, 20 glucose,
2 CaCl2, and 1 MgCl2). After mapping the A1, all the later experiments
were performed in the low- to mid-frequency (CF ⬃5–20 kHz) regions.
After the recording, some of the mice were perfused with 4% paraformaldehyde in PBS, the brain was sectioned, and confocal fluorescence
images were taken with an Olympus microscope.
In vivo loose-patch and whole-cell recordings. Loose-patch or whole-cell
recordings were performed as described previously (Wu et al., 2006,
2008; Zhang et al., 2011b). We used agar (3.25%) to minimize cortical
pulsation. Neurons recorded at 375–500 m below the pial surface were
analyzed for L4 and 150 –250 m for upper L2/3 (Kaur et al., 2005;
Oviedo et al., 2010). A small number of cells recorded at depths between
250 and 350 m were analyzed as lower L2/3 cells. The determination of
the depths of cortical layers was also based on the distribution of genetically labeled cells in an L4-specific Cre line (Scnn1a–Tg3–Cre; The Jackson Laboratory), as well as that of thalamocortical axons (Fig. 1). Patch
pipettes (Kimax) with ⬃4 –5 M⍀ impedance were used. For whole-cell
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voltage-clamp recordings, the internal solution contained the following:
125 mM Cs-gluconate, 5 mM tetraethylammonium-Cl, 4 mM MgATP, 0.3
mM GTP, 10 mM phosphocreatine, 10 mM HEPES, 1 mM EGTA, 2 mM
CsCl, 1.5 mM QX-314, and 1% biocytin, pH 7.2. Recordings were made
with an Axopatch 200B amplifier (Molecular Devices). The whole-cell
and pipette capacitance was completely compensated, and the initial
series resistance was compensated for 50 – 60% at 100 S lag. Signals were
filtered at 2 kHz and sampled at 10 kHz. To obtain tone-evoked synaptic
responses, neurons were clamped at two different voltages: ⫺70 and 0
mV, which are close to the theoretical reversal potentials for inhibitory
and excitatory currents, respectively. For loose-patch and whole-cell
current-clamp recordings, pipettes were filled with a potassium-based
internal solution: 125 mM K-gluconate, 4 mM MgATP, 0.3 mM GTP, 10
mM phosphocreatine, 10 mM HEPES, 1 mM EGTA, pH 7.2, and 1%
biocytin. Loose-patch recording was performed in a similar way as the
whole-cell recording, except that a loose seal (0.1– 0.5 G⍀) was made on
the cell body, allowing spikes only from the patched cell to be recorded.
Spike responses were recorded under the voltage-clamp mode, with the
command potential adjusted so that a near 0 pA baseline current was
achieved. Signals were filtered at 10 kHz and sampled at 10 kHz. Spike
shape was extracted by superimposing and averaging 50 individual spikes
using a custom LabVIEW software. In some experiments, membranes
were broken, allowing staining of the recorded cell. The cell morphology
was reconstructed with the standard histological procedure for biocytin
staining (Hefti and Smith, 2000). As reported previously (Wu et al., 2008;
Zhou et al., 2010), patch recordings with large pipette opening sizes
resulted in highly biased samplings only from large excitatory neurons.
The experimental results in this study also support this notion. We did
not ever record from any fast-spiking cell using a recording pipette with
⬍6 M⍀ impedance. The reconstructed morphologies were also consistent with excitatory cell types (Fig. 1 A, B). The quality of voltage clamp in
our recordings was reasonably good, as indicated by the absence of significant excitatory currents when the cell was clamped at 0 mV (Liu et al.,
2010; Wu et al., 2011).
In vivo two-photon imaging-guided recording. The PV-ires-Cre and
SOM-ires-Cre driver lines (The Jackson Laboratory) were crossed with
the Ai14 tdTomato reporter line (The Jackson Laboratory) to label desired neurons with fluorescence expression. In vivo two-photon imaging
was performed with a custom-built imaging system. A mode-locked titanium:sapphire laser (MaiTai Broadband; Spectra-Physics) was tuned
at 880 nm with the output power at 10 –30 mW for L2/3 neurons. For
cell-attached recording, the glass pipette, with ⬃1 m tip opening and
8 –10 M⍀ impedance, was filled with the potassium-based internal solution containing 0.15 mM calcein (Invitrogen). The pipette tip was navigated in the cortex and patched onto a fluorescent soma as described
previously (Liu et al., 2009). After confirming a successful targeting (Liu
et al., 2009), the positive pressure in the pipette (⬃10 mbar) was then
released, and a negative pressure (20 –150 mbar) was applied to form a
loose seal (with 0.1– 0.5 G⍀ resistance), which was maintained throughout the course of the recording. The depth of the patched cell (150 –250
m below the pia) was directly determined under imaging. For wholecell recordings, glass pipettes with larger openings (6 – 8 M⍀ impedance)
were used to form gigaohm seals on fluorescence-labeled cell bodies. The
cell membrane was broken in subsequently, and the recording was made
under the current-clamp mode to reveal intracellular membrane potential responses.
Viral injection. AAV2/9.EF1␣.DIO.hChR2(H134R)–EYFP.WPRE.hGH
(Addegene 20298) virus was injected to the left A1 of adult PV–Cre (or
SOM–Cre) ⫻ Ai14 tdTomato reporter pigmented female mice, as described previously (Li et al., 2013). Mice were allowed to recover for 2– 4
weeks before slice recordings were performed. The same adenoassociated virus (AAV) virus was injected to the center of the ventral
medial geniculate body (MGBv; 3.2 mm caudal to bregma and 2 mm
lateral to middle line at the depth of 3 mm) of a few mice to examine the
projection pattern of thalamocortical axons in the ipsilateral A1.
Cortical slice preparation. Acute brain slices were prepared from viralinjected mice. After the urethane anesthesia, the animal was decapitated,
and the brain was rapidly removed and immersed in an ice-cold dissection buffer (in mM): 60 NaCl, 3 KCl, 1.25 NaH2PO4, 25 NaHCO3, 115
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Figure 1. Frequency representation is refined in the upper L2/3. A, Reconstructed spike TRF of an example L4 pyramidal neuron, displayed as an array of PSTHs for the responses of the cell to pure
tones of varying frequency and intensity. Red dashed line depicts the TRF boundary. Each PSTH trace depicts the spike response evoked by a 100 ms tone, averaged over 10 repeats. Bin size, 10 ms.
Scale, 0.5 spike count. Right top inset, PSTH generated from the spike responses to all effective tones. Red bar marks the duration of tone stimuli. Right bottom inset, The reconstructed morphology
of the cell stained after breaking in the membrane. Cortical layers are marked. B, Spike TRFs for an example L2/3 excitatory cell. Data are presented in a similar manner as in A. C, More examples of
spike TRFs for both L4 and upper L2/3 cells. Color maps depict the average evoked spike rate in the frequency–intensity space. Spontaneous activity was subtracted. The color maps in the first column
are for the cells shown in A and B. Scale: L4, 30, 17, 27 and 23 Hz for maximum; L2/3, 15, 12, 16 and 20 Hz for maximum. D, Average tuning bandwidths of spike TRF at 10 and 20 dB above the intensity
threshold for L4 (n ⫽ 44) and L2/3 (n ⫽ 29) excitatory neurons. Error bar indicates SD. **p ⬍ 0.01, t test. E, Average intensity thresholds of spike TRF for L4 and L2/3 neurons. **p ⬍ 0.01, t test.
F, Average onset latencies of evoked spike responses. **p ⬍ 0.01, t test. G, Left, Confocal image of a coronal section of the A1 of an Scnn1a–Tg3–Cre (L4-specific) tdTomato mouse. Note that
fluorescence-labeled neurons are mainly distributed in L4. Scale bar, 100 m. Middle, Confocal image showing the distribution of thalamocortical axons, which were labeled by injecting
AAV–ChR2–EYFP in the MGBv. WM, White matter. Right, Image showing the MGB injection site. The MGB and A1 are outlined. Scale bar, 1 mm. A, Anterior; P, posterior.
sucrose, 10 glucose, 7 MgCl2, and 0.5 CaCl2 (bubbled with 95% O2 and
5% CO2), pH 7.4. Cortical slices of 350 m thickness including the A1
region were cut in a coronal plane from the infected brain hemisphere
using a vibrating microtome (Leica VT1000s). Slices were allowed to
recover for 30 min in a submersion chamber filled with the warmed (at
35°C) ACSF (126 mM NaCl, 2.5 mM KCl, 1.25 mM Na2PO4, 26 mM
NaHCO3, 1 mM MgCl2, 2 mM CaCl2, 0.5 mM ascorbic acid, 2 mM sodium
pyrurate, and 10 mM glucose, saturated with 95% O2 and 5% CO2), after
which they cooled gradually to the room temperature until recording.
Slice recording. The spatial pattern of hChR2–EYFP expression in each
cortical slice was examined under a fluorescence microscope before recording. Only slices with an appropriate viral expression location (within
the A1) and spreading range (⬃800 –1000 m) were used for additional
recording. Epifluorescence illumination was applied for either specifically targeting td-Tomato and EYFP colabeled inhibitory neurons or
avoiding recording from those inhibitory neurons. Patch pipettes with
⬃4 –5 M⍀ impedance were used. For whole-cell voltage-clamp recordings from L2/3 excitatory neurons, the cesium-based internal solution
(as described above) was used. The inhibitory synaptic currents were
recorded by clamping the membrane potential of the cell at the reversal
potential for excitatory synaptic currents (0 mV). For whole-cell currentclamp recordings from PV or SOM neurons, the potassium-based internal solution was used to allow spike generation. Data were recorded with
an Axopatch 200B amplifier, filtered at 2 kHz, and sampled at 10 kHz.
Photostimulation in slice recording. A mercury Arc lamp was used as the
light source. The light was delivered through a blue light filter on an
upright Olympus microscope (BX51WI), which was collimated and coupled to the epifluorescence pathway of the microscope. A calibrated ap-

erture placed at the conjugated plane of the slice was used to control the
size of the illumination area. For layer-specific activation, the illuminating spot was restricted to 60 –70 m in diameter (power, 0.4 mW). For
all-layer activation, the illuminating area was large enough to cover the
entire A1 region (power, 4 mW). A 2-s-long train of 20 Hz illumination
pulses (the duration of each pulse was 1 ms) was delivered to test the blue
light-evoked responses of viral-infected inhibitory neurons. A 2 ms pulse
illumination was used to activate inhibitory neurons while recording
from excitatory neurons.
Dynamic-clamp recording. Dynamic-clamp recording under currentclamp mode was performed in L4 and upper L2/3 excitatory neurons in
slice preparations. The current injected into the cell was calculated in real
time by a custom-written LabVIEW routine and controlled by a National
Instrument Interface, as we described previously (Liu et al., 2011; Li et al.,
2012):

I(t) ⫽ Ge(t) ⫻ (Vm(t) ⫺ Ee) ⫹ Gi(t) ⫻ (Vm(t) ⫺ Ei).
The time-dependent Ge and Gi were similar to those used in the neuron
modeling. Ee and Ei were set as 0 and ⫺70 mV, respectively. The membrane potential Vm was sampled at 2 or 5 kHz. The junction potential was
corrected. Measurements of Vm were corrected offline for the voltage
drop on the uncompensated, residual series resistance (15–20 M⍀). The
corrected Vm was only slightly different from the recorded Vm.
Data analysis. In cell-attached recordings, spikes could be detected
without ambiguity because their amplitudes were normally higher than
50 pA, whereas the baseline fluctuation was ⬍5 pA. Tone-driven spikes
were counted within a 0 –100 ms time window after the onset of tones.

Li et al. • Refining Auditory Cortical Processing in Layer 2/3

The onset latency of evoked spike response was determined from the
peristimulus spike time histogram (PSTH) generated from all the responses as the lag between the stimulus onset and the time point at which
spike rate exceeded the baseline level by 3 SDs of the baseline fluctuation.
All the synaptic responses were averaged by trials. The peak synaptic
responses were analyzed within a 0 –100 ms time window after the tone
onset. The onset latency of this averaged trace was identified as the time
point in the rising phase of the response waveform, in which the amplitude exceeded the baseline level by 2 SDs of the baseline fluctuation. Only
responses with onset latencies within 7– 40 ms from the onset of tone
stimulus were considered as evoked.
TRFs were reconstructed according to the array sequence. CF was
defined as the frequency that evoked reliable spike responses at the lowest
intensity level. TRF bandwidth was measured at 10 and 20 dB above the
intensity threshold (BW10 and BW20, respectively) in cell-attached recordings and at 20 dB above the intensity threshold (BW20) in whole-cell
recordings, as the total frequency range of effective tones. The bandwidth
of TRF at 60 dB SPL was also measured for both spike and synaptic
responses. The total responding frequency range was determined based
on the continuity of evoked responses in the frequency domain. The
boundary of the receptive field was determined as where there were more
than two consecutive testing tones in the frequency domain that failed to
evoke significant responses. To generate a synaptic tuning curve, an envelope curve was derived based on the peak amplitude of each synaptic
response within the total responding frequency range, using a modified
MATLAB software, Envelope 1.1 (MathWorks; Sun et al., 2010).
For two-tone stimulation, the first tone was varied in frequency and
intensity. The second tone was a CF tone at an intensity of 10 –20 dB
above the threshold, which could consistently evoke spike responses. The
second tone was played 20 ms after the onset of the first tone. The method
of measuring sideband widths was similar to that described previously
(Zhang et al., 2003). The boundary of the suppressive region was determined as the first tone stimulus that suppressed the response evoked by
the second tone by half. The inhibitory sideband was calculated as the
sum of the lower band (i.e., the frequency range between the lowerfrequency boundaries of the suppressive region and the spike TRF of the
cell) and higher band at 20 dB above the intensity threshold of spike TRF.
Modeling. The synaptic responses in L2/3 excitatory neurons were
simulated by the following function (Zhang et al., 2003; Zhou et al., 2010,
2012):

I 共 t 兲 ⫽ a ⫻ H 共 t ⫺ t 0 兲 ⫻ 共 1 ⫺ e ⫺ 共 t⫺t 0兲 冫  rise兲 ⫻ e⫺ 共 t⫺t 0兲 冫  decay.
I(t) is the modeled synaptic current, a is the amplitude factor, H(t) is the
Heaviside step function, t0 is the onset delay of excitatory or inhibitory
input, and rise and decay define the shape of the rising phase and decay of
the synaptic current. The rise (inhibition, 2.57 ms; excitation, 3.92 ms)
and decay (inhibition, 60 ms; excitation, 32.96 ms) were chosen by fitting
the average shape of recorded synaptic responses with the above function. The t0 (inhibition, 67.5 ms; excitation, 65.5 ms) and a (inhibition,
0.51 or 0.7 nA; excitation, 0.35 nA) were chosen based on our experimental data.
Excitatory and inhibitory synaptic conductances were derived according to the following (Wehr and Zador, 2003; Tan et al., 2004): I(t) ⫽
Ge(t)(V(t) ⫺ Ee) ⫹ Gi(t)(V(t) ⫺ Ei) ⫹ Gr(V(t) ⫺ Er). I is the amplitude
of current at a given time point, Gr and Er are the resting conductance and
resting membrane potential that could be derived from the baseline recording, Ge and Gi are the excitatory and inhibitory synaptic conductances, respectively, V is the holding voltage, and Ee (0 mV) and Ei (⫺70
mV) are the reversal potentials. In this study, a corrected clamping voltage was used, instead of the holding voltage applied (Vh). V(t) was corrected by V(t) ⫽ Vh ⫺ Rs ⫻ I(t), where Rs was the effective series
resistance. A 10 mV junction potential was corrected. By holding the
recorded cell at two different voltages, Ge and Gi were calculated from the
equation. Ge and Gi reflect the strength of pure excitatory and inhibitory
synaptic inputs, respectively.
Membrane potential responses were derived from the simulated excitatory and inhibitory responses based on an integrate-and-fire model
(Sun et al., 2010; Zhou et al., 2010):
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V m共t ⫹ dt兲 ⫽ ⫺

dt
关G 共t兲 ⫻ 共Vm共t兲 ⫺ Ee兲 ⫹ Gi共t兲 ⫻ 共Vm共t兲 ⫺ Ei兲
C e
⫹ Gr共Vm共t兲 ⫺ Er兲兴 ⫹ Vm共t兲,

where Vm(t) is the membrane potential at time t, C the whole-cell capacitance (50e ⫺12F), Er the resting membrane potential (⫺65 mV), and Gr
the resting leaky conductance. Gr was calculated based on the equation
Gr ⫽ C ⫻ Gm/Cm, where Gm, the specific membrane conductance, is
2e ⫺5 S/cm 2 (Stuart and Spruston, 1998), and Cm, the specific membrane
capacitance, is 1e ⫺6 F/cm 2 (Hines, 1993; Gentet et al., 2000). To simulate
spike responses, a spike was generated when the membrane potential
reached at 18 mV above the resting membrane potential (average spike
threshold of our recorded cortical cells), and a 5 ms refractory period was
applied. The membrane potential was reset as 5 mV below the spike
threshold immediately after the spike (Liu et al., 2010).
Statistics. All data were found to be normally distributed by the
Shapiro-Wilk test. Student’s t test was used to compare the means of two
groups. Paired t test was used to the paired samples, while unpaired t test
was applied to independent samples. Data were presented as mean ⫾ SD
if not otherwise specified.

Results
Refined frequency representation in a superficial layer
To reveal the processing role of superficial cortical layers, we
compared frequency–intensity TRFs of individual neurons between the thalamocortical recipient L4 and superficial layers in
anesthetized adult mouse A1. Cell-attached loose-patch recordings were made in L4 or upper L2/3 of the A1 (see Materials and
Methods). The parameters for the recordings were chosen to
preferentially record from excitatory neurons (see Materials and
Methods). For each neuron, the spike TRF (covering 4 octaves
and seven to eight intensities) was mapped for 3–10 trials. As
shown by TRF maps of example cells (Fig. 1A–C), TRFs of the
L2/3 neurons were apparently narrower compared with the L4
cells. To quantify the sharpness of TRFs, we measured BW10 and
BW20, which was defined as the minimum intensity level at
which reliable spike responses were evoked. As summarized in
Figure 1D, both BW10 and BW20 were larger in the L4 than
upper L2/3 neurons, indicating that the latter cells exhibited significantly sharper frequency tuning. In other words, frequency
representation has been refined in the upper L2/3. Accompanying with this refinement, the intensity threshold of TRF was also
elevated in the upper L2/3 (Fig. 1E). In addition, the spike responses evoked by CF tones exhibited longer onset latencies in
the upper L2/3 than L4 cells (Fig. 1F ), consistent with the direction of primary information flow from L4 to superficial layers
(Callaway, 1998; Douglas and Martin, 2004). In this study, the
boundaries and locations of cortical layers were verified based on
the fluorescence pattern in a transgenic mouse line, Scnn1a–Tg3–
Cre, in which fluorescence proteins were specifically expressed in
L4 (Fig. 1G, left), as well as on the arborization pattern of
thalamocortical axons, which were found to be distributed extensively in L1 and L4 (Fig. 1G, middle and right).
The observed TRF refinement in the upper L2/3 could possibly be attributable to excessive cortical inhibition (Ojima and
Murakami, 2002; Liu et al., 2010; Sadagopan and Wang, 2010;
O’Connell et al., 2011; Zhang et al., 2011a), which has sometimes
been measured as the effectiveness of suppressing spikes. Following previous studies (Sutter and Loftus, 2003; Zhang et al., 2003),
we evaluated inhibitory regions in the frequency–intensity space
with a two-tone stimulation paradigm, which consisted of a CF
tone preceded by a testing tone with various combinations of
frequency and intensity (see Materials and Methods). Inhibition
evoked by a testing tone (masker) could then be reflected by its
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Figure 2. Broader inhibitory sidebands in the upper L2/3 than L4. A, One-tone and two-tone stimulation experiments in an example L4 neuron. Blue, PSTH for the responses to the one-tone
stimulation. Red, PSTH for the responses to the two-tone stimulation. Blue curve labels the boundary of the spike TRF of the cell. Red curve labels the boundary of the suppressive region tested with
the two-tone stimulation. The interval between the two curves (marked by the double arrowhead) was defined as the inhibitory sideband. Bottom, Color map on the left depicts the suppressive
region, and color map on the right depicts the spike TRF of the cell. Scale, 15 and 20 Hz for maximum. B, Spike TRF and suppressive region of an example L2/3 neuron. Data are presented in a similar
manner as in A. Scale, 40 and 50 Hz for maximum. C, Average widths of inhibitory sidebands (quantified at 20 dB above the TRF intensity threshold) of L4 (n ⫽ 13) and L2/3 (n ⫽ 17) neurons. **p ⬍
0.01, t test.

suppression of the spike response to the CF tone (probe). As
shown by two example cells (Fig. 2 A, B), the suppressive region as
revealed by two-tone stimulation consisted of two parts: (1) the
original spike TRF as demonstrated by one-tone stimulation; and
(2) the flanking inhibitory sidebands (Sutter and Loftus, 2003;
Zhang et al., 2003). We quantified the absolute width of inhibitory sidebands at 20 dB above the intensity threshold of TRF (see
Materials and Methods). The inhibitory sidebands were significantly broader in the upper L2/3 than L4 neurons (Fig. 2C).
Broader inhibitory sidebands would enhance the contrast of TRF
edges, increase the signal-to-noise ratio around TRF boundaries,
and thus result in better tone discrimination. The sharpening of
spike TRF and enhancement of contrast of frequency representation suggested a prominent role of upper L2/3 in refining auditory processing.
Broadly recruited synaptic inhibition in upper L2/3 neurons
However, The broader inhibitory sidebands in the upper L2/3
compared with L4 do not necessarily indicate broader or
stronger inhibitory inputs because, in principle, nonlinear
spike thresholding effects per se can lead to broader inhibitory
sidebands as information is transferred to the next layer of
neurons. In addition, the lateral suppression phenomenon itself involves subcortical mechanisms (Kopp-Scheinpflug et
al., 2002; Higley and Contreras, 2003; Xie et al., 2007). To
further examine potential cortical synaptic mechanisms underlying the observed TRF refinement, we performed in vivo
whole-cell voltage-clamp recordings in the A1 (see Materials
and Methods). By clamping the membrane potential of the cell
at ⫺70 and 0 mV, its excitatory and inhibitory synaptic TRFs
were revealed separately. Two example cells are shown in Figure 3, A and B. Although the frequency ranges of inhibitory
and excitatory responses looked similar in the L4 cell (Fig. 3A),
the inhibitory TRF was apparently broader than its excitatory
counterpart in the upper L2/3 cell (Fig. 3B). Comparisons of
inhibitory and excitatory frequency ranges at the same intensity level are given for more example cells (Fig. 3C,D). The
envelope for peak response amplitudes depicted the frequency
tuning curve of synaptic input. As shown by the superimposed
inhibitory (black) and excitatory (red) tuning curves (Fig.

3C,D, right), the inhibitory frequency range was broader than
the excitatory counterpart in all the example upper L2/3 cells,
whereas they were similar in the L4 cells.
We summarized the bandwidth of synaptic tuning, defined
as the total frequency range of evoked synaptic responses, at 20
dB above the intensity threshold of excitatory TRF (i.e.,
BW20). This intensity level was comparable with that of 10 dB
above the threshold of spike TRF, because the spike TRF
threshold was usually 10 dB higher than the subthreshold TRF
threshold (data not shown). The total frequency range of inhibition was significantly broader than that of excitation in the
upper L2/3 neurons (Fig. 4A). In contrast, in L4 cells, excitation and inhibition had similar bandwidths (Fig. 4A), which is
consistent with previous reports in the rat A1 (Wu et al., 2008;
Sun et al., 2010) and mouse A1 (Tan and Wehr, 2009; Zhou et
al., 2014). There was no difference in excitatory frequency
range between the upper L2/3 and L4 cells ( p ⬎ 0.5, t test),
whereas the inhibitory frequency range was significantly
broader in the upper L2/3 than L4 cells ( p ⬍ 0.05, t test). In
other words, inhibition was more broadly recruited than excitation in upper L2/3 neurons, which may contribute to their
broader inhibitory sidebands compared with L4 cells. Indeed,
in the upper L2/3 cells, the frequency range of synaptic inhibition, measured at 60 dB SPL, was comparable with the sum
of spike response range and inhibitory sideband width (Fig.
4B). This finding suggests that the synaptic inhibition evoked
by a preceding tone can contribute to the suppressive region as
revealed by two-tone stimulation. Figure 4C shows the distribution of the bandwidth ratio between excitatory and inhibitory frequency ranges across cortical depths of recorded cells.
The plot further demonstrates that cells in the upper L2/3
possessed broader inhibition than excitation, whereas cells in
the lower L2/3 and L4 exhibited similar bandwidths for excitation and inhibition.
We also examined the temporal relationship between excitatory and inhibitory inputs. As shown in Figure 4D, the onset
latencies of both excitation and inhibition evoked by bestfrequency (BF) tones were significantly longer in the upper
L2/3 than L4 neurons. Consistent with the observation on
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Figure 3. Inhibition has a broader frequency range than excitation in upper L2/3 excitatory neurons. A, TRFs of inhibitory (upper; Inh) and excitatory (lower; Exc) responses (average
of 3 repeats) of an example L4 neuron. Color map depicts the peak response amplitude. Color scale, 414.4 (Inh)/ 249 (Exc) pA. Inset, enlarged response trace to the BF tone at 60 dB SPL.
Red line marks the tone duration (100 ms). Calibration, 120 (Inh)/80 (Exc) pA, 20 ms. B, TRFs of synaptic responses of an example L2/3 cell. Data are presented in a similar manner as in
A. Color scale, 715.9 (Inh)/265.2 (Exc) pA. Calibration: 240 (Inh)/90 (Exc) pA, 20 ms. C, Comparison of frequency ranges of inhibitory and excitatory responses at 20 dB above the intensity
threshold of the excitatory TRF for another three L4 cells. Calibration (from top to bottom): 93 (Inh)/49 (Exc), 58/34, and 105/54 pA, 200 ms. Right, Superimposed normalized inhibitory
(black) and excitatory (red) tuning curves. Green dotted line labels the baseline. D, Another three L2/3 neurons. Data are presented in a similar manner as in C. Calibration: 95 (Inh)/50
(Exc), 170/32, and 120/39 pA, 200 ms.

spike response (Fig. 1F ), this result further supports the notion that this superficial layer receives sensory information
later than L4. Within each group of cells, the onset of inhibition was delayed relative to excitation by 2–3 ms (Fig. 4D).
Such brief delays suggest that the inhibitory input involves one
more layer of synaptic relay than the excitatory input. In other
words, the inhibition (at least the early component) is feedforward. As for synaptic strength, the upper L2/3 neurons
received excitation of a similar amplitude as the L4 cells (Fig.
4E) but stronger inhibition than the latter (Fig. 4E). This leads
to a significantly lower excitation-to-inhibition (E/I) ratio in

the upper L2/3 than L4 cells (Fig. 4F; p ⬍ 0.05, t test). The
relatively stronger inhibition can provide additional power to
sharpen frequency tuning under a spike thresholding mechanism (Wehr and Zador, 2003; Tan et al., 2004; Zhang et al.,
2011a). The temporal response duration, measured at the halfmaximum level, was significantly shorter for excitatory than
inhibitory currents in both the L2/3 and L4 cells (Fig. 4G; p ⬍
0.01 and p ⬍ 0.05 respectively, t test). In addition, the inhibitory response duration was much longer in the L2/3 than L4
cells (Fig. 4G), demonstrating that the inhibition in the upper
L2/3 cells was temporally more persistent.
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Figure 4. Summary of synaptic response properties for upper L2/3 and L4 neurons. A, Average frequency bandwidths of excitation and inhibition at 20 dB above the intensity threshold of the
excitatory TRF. n ⫽ 19 for upper L2/3 and 11 for L4. Error bar indicates SD. *p ⬍ 0.05, t test; **p ⬍ 0.01, paired t test. B, Average frequency bandwidths at 60 dB SPL for excitation (n ⫽ 19), inhibition
(n ⫽ 19), as well as spike response (n ⫽ 29) plus inhibitory sideband (white column, n ⫽ 17) for L2/3 cells. **p ⬍ 0.01, paired t test. C, Plot of bandwidth ratio (E/I) as a function of cortical depth.
Bandwidth was measured at 60 dB SPL as the total frequency range of excitation or inhibition. One data point represents one cell. D, Average onset latencies of excitation and inhibition. *p ⬍ 0.05,
**p ⬍ 0.01, t test. E, Average peak amplitudes of excitation and inhibition in response to the BF tone at 60 dB SPL. *p ⬍ 0.05, **p ⬍ 0.01, t test. F, Average E/I ratios measured for responses at the
BF tone of the cell at 60 dB SPL. *p ⬍ 0.05, t test. G, Average half-peak durations of excitation and inhibition in response to the BF tone at 60 dB SPL. *p ⬍ 0.01, **p ⬍ 0.05, t test. Inset, Sample
recorded synaptic response. Red line marks half-peak duration. Calibration: 50 ms, 0.1 nA.

Sharpening of frequency tuning by broader inhibition
To understand how the spectral relationship between inhibition and
excitation shapes frequency tuning, we applied a conductance-based
neuron model to simulate membrane potential (Vm) responses resulting from synaptic inputs of different tuning patterns (see Materials and Methods). The temporal courses of tone-evoked
synaptic inputs in our model were based on the fitting of average
BF tone-evoked synaptic responses (of upper L2/3 cells) in our
experimental data (Fig. 5A, left). For simplicity, we only adjusted
the spectral relationship between excitatory and inhibitory inputs
while fixing other parameters. The E/I ratio was first set at 1:1.5,
similar to what was observed in L4 (Fig. 4E). Two scenarios (Fig.
5A, right) were compared: (1) cotuned excitation and inhibition
as observed in L4; and (2) inhibition having a broader frequency
range than excitation as observed in the upper L2/3. As shown by
the derived Vm response traces across frequency (Fig. 5B) and the
envelope of peak Vm responses (i.e., Vm tuning curve; Fig. 5C),
the broader inhibition clearly resulted in sharper Vm response
tuning compared with the cotuned inhibition. In addition, the
broader inhibition directly generated hyperpolarizing responses
at peripheries of the Vm receptive field (Fig. 5B, bottom, C, right),
reminiscent of inhibitory sidebands. We systematically varied the
bandwidth of inhibition while fixing that of excitation and measured the half-maximum bandwidth (BW50%) of the resulting

Vm response tuning. As the bandwidth of inhibition increased,
the BW50% of Vm tuning gradually reduced (Fig. 5D). Meanwhile, the hyperpolarizing response region became progressively
broader (Fig. 5E, black). Reducing the E/I ratio to 1:2 (as observed
in upper L2/3 cells) further broadened the hyperpolarizing response region (Fig. 5E, gray). Next we applied a spike thresholding mechanism (Troyer et al., 1998; Liu et al., 2010) to simulate
spike responses (Fig. 5F ). As expected, spike responses with a
narrower frequency range were generated in the broader inhibition scenario compared with the cotuned inhibition (Fig. 5 F, G).
To directly demonstrate the influence of inhibition, it would
be important to manipulate the level or tuning of inhibition received by the recorded neuron. Optogenetic inactivation of inhibitory neurons, although an attractive approach, may lead to
changes of spike response properties not only by reducing inhibition but also by globally increasing cell excitability and network
activity. Considering the potential caveats of optogenetic manipulations, we instead performed dynamic-clamp experiments in
which inhibition in the recorded neuron could be controlled in a
more specific manner. Dynamic-clamp recordings (Nagtegaal
and Borst, 2010; Li et al., 2012) with a K ⫹-based internal solution
were performed from L4 and upper L2/3 neurons (see Materials
and Methods). We recorded subthreshold membrane potential
as well as spike responses to injections of excitatory and inhibi-
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tory conductances as described in Figure
5. Consistent with the neuron modeling results, under the broader inhibition condition, the frequency range of recorded spike
responses was narrower compared with the
cotuned inhibition condition, regardless of
the laminar locations of recorded cells
(Fig. 6 A, B). Also consistent with the neuron modeling results, hyperpolarizing responses with little depolarization were
observed at receptive field peripheries
(Fig. 6A, bottom). No significant difference in spike threshold (Fig. 6C) or resting
membrane potential (Fig. 6D) was found
between L4 and upper L2/3 neurons. In
addition, injecting the same set of excitatory and inhibitory conductances into L4
and upper L2/3 neurons generated spike
responses with comparable frequency
ranges (Fig. 6B), indicating that these two
groups of cells did not differ in excitability. Our modeling and dynamic-clamp recording results together support the
notion that inhibition having a broader
frequency range than excitation can contribute to the generation of inhibitory
sidebands and sharpening of frequency
tuning.
Sources of inhibitory input to L2/3
excitatory neurons
Cortical interneurons are the sources of
inhibitory input to excitatory cells, and
they play important roles in shaping sensory processing (Atallah et al., 2012; Lee et
al., 2012; Wilson et al., 2012). To understand how different types of inhibitory
neurons might contribute to the broad inhibition and the functional refinement in
upper L2/3 excitatory neurons, we first
examined the laminar patterns of their innervations of L2/3 excitatory cells in the
mouse A1, which are unknown previously. We focused on two major inhibitory neuron types, PV and SOM neurons,
4

Figure 5. Modeling of effects of broader inhibition on frequency tuning. A, Left, Temporal profiles of modeled tone-evoked
excitatory (red) and inhibitory (blue) currents. Calibration: 20 ms, 0.17 nA. The amplitude of inhibition is 1.5-fold of excitation, and
inhibition is delayed by 2 ms relative to excitation. Right, Frequency tuning curves of excitatory (red) and inhibitory (blue)
responses. The top panel shows the cotuned (inhibitory/excitatory bandwidth, 1:1) scenario, and the bottom panel shows the
broader inhibition (inhibitory/excitatory bandwidth, 1.5:1) scenario. B, Traces of derived Vm responses (trace duration, 120 ms)
across tone frequency in the two scenarios. Red dash line marks the level of resting membrane potential. C, Left, Frequency tuning

curve of peak depolarizing Vm responses (red) when inhibition
is cotuned with excitation. Right, Frequency tuning curves of
peak depolarizing (red) and peak hyperpolarizing (black) Vm
responses when inhibition is more broadly tuned than excitation. Dotted red curve labels the Vm response tuning in the
cotuned scenario. D, BW50% of Vm response plotted against
the bandwidth ratio (inhibition/excitation). The interval between tones used in the model was 0.01 octave. E, Frequency
range of hyperpolarizing Vm responses (⬎2 mV, measured
within 50 ms time window after stimulus onset) plotted
against the bandwidth ratio (inhibition/excitation). Black and
gray represent scenarios when the amplitude ratio (E/I) is
1:1.5 and 1:2, respectively. F, Frequency tuning of derived
spike response under cotuned (upper) or broader (lower) inhibition. Note that each solid vertical line depicts a spike. E/I
amplitude ratio, 1:1.5. G, Frequency range of spike response as
a function of bandwidth ratio.
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Figure 6. Dynamic-clamp experiment. A, Vm responses of an example cell to injected excitatory and inhibitory conductances simulating responses to different tone frequencies. Top and bottom
panels represent the cotuned inhibition and broader inhibition scenarios, respectively. Red dash line marks the level of spike threshold. Arrow points to the level of resting membrane potential.
Calibration: 10 mV, 100 ms. B, Comparison of frequency range of recorded spike response under the two scenarios. Data points for the same cell are connected with a line. **p ⬍ 0.01, paired t test.
There is no significant difference between L4 and L2/3 cells for either condition ( p ⬎ 0.05, t test). C, Comparison of spike threshold (relative to the resting Vm) between L4 (n ⫽ 8) and upper L2/3
(n ⫽ 14) neurons. Data are presented as mean ⫾ SD. D, Comparison of resting Vm.

which are known to preferentially target perisomatic and distal
dendritic domains of excitatory cells, respectively (Di Cristo et al.,
2004). We injected an AAV vector encoding Cre-dependent
channelrhodopsin 2 (ChR2) fused with EYFP into the A1 region
of PV–Cre;tdTomato or SOM–Cre;tdTomato mice (Fig. 7A). After
2– 4 weeks, whole-cell recordings were made from fluorescencelabeled PV or SOM neurons in cortical slices prepared from these
mice (see Materials and Methods). More than 90% of tdTomatolabeled PV and SOM neurons in the injected region were expressing ChR2 (Fig. 7A), indicating a high efficiency of viral infection.
We found that EYFP-expressing PV and SOM neurons responded reliably with spikes to pulses of blue light applied to the
cortical slice (Fig. 7B), confirming the efficiency of ChR2 expression. We locally stimulated inhibitory neurons in each lamina of
a cortical column with spatially restricted blue light illumination
(spot diameter, 60 –70 m; Fig. 7C; see Materials and Methods)
and recorded the evoked IPSCs in upper L2/3 excitatory cells in
the same column. As shown by two example cells (Fig. 7D), under
our experimental conditions, observable IPSCs were evoked only
when the circular blue light was applied to L2/3 but not to other
layers. The phenomenon occurred in all the recorded L2/3 excitatory cells (Fig. 7E), indicating that the inhibition to L2/3 excitatory cells primarily originates from inhibitory neurons in the
same layer.
Although the optically stimulated PV and SOM neurons were
within a similar area around the recorded cell, the amplitude of
IPSC evoked by a single pulse of blue light was much larger when
PV neurons were stimulated (Fig. 7 D, E). This result is consistent
with a slice recording study showing that the individual neuronal
contribution of interneuron classes onto excitatory cells is higher
for PV than the other inhibitory cell types (Pfeffer et al., 2013).
Nonetheless, the total inhibition that can be provided by SOM
neurons may not be necessarily smaller than that by PV neurons,
because it has been shown in the visual cortex that SOM neurons
have a broader range of horizontal innervations of excitatory cells
than PV cells (Adesnik et al., 2012). Indeed, when we applied the
circular blue light spot at different horizontal positions in L2/3
(Fig. 7F ), the amplitude of IPSC elicited by PV-cell activation
quickly reduced as the light spot moved away from the recorded
excitatory cell, whereas that of IPSC evoked by SOM-neuron
activation reduced much more slowly (Fig. 7G). To compare the
total inhibition provided by PV and SOM neurons, we illumi-

nated the entire A1 area and thus activated the PV or SOM population to a full extent. We found that the amplitude of total IPSC
evoked by PV-cell activation was more than twofold of that by
SOM-cell activation (Fig. 7H; p ⬍ 0.05, t test). This result suggests
that the PV population can potentially provide stronger inhibition than the SOM population.
A major contribution by PV cell-mediated feedforward
inhibition
Based on the comparison of onset latencies of synaptic responses
to BF tones (Fig. 4C), we concluded that, at the center of synaptic
TRFs, the early-onset inhibition was likely mediated by a feedforward circuit (Zhang et al., 2011b). What about other receptive
field regions? To address this issue, we carefully compared the
onset latencies of excitation and inhibition across tone frequency.
As shown by the responses of an example upper L2/3 neuron to
tones at 60 dB SPL (Fig. 8A, blue and red), both inhibition and
excitation exhibited frequency-dependent changes in onset latency. Latencies were shortest at the receptive field center and
increased progressively toward receptive field peripheries. Although the frequency range of inhibition was broader than excitation, within the range in which both excitation and inhibition
were evoked, we observed a parallel change of excitatory and
inhibitory onset latencies so that their difference (i.e., ⌬latency)
remained relatively constant across frequency (Fig. 8A, black).
Such parallel changes in excitatory and inhibitory onset latencies
were observed in all the upper L2/3 excitatory cells recorded, as
evidenced by the narrow distribution of ⌬latencies with a mean
value of 2.3 ms (Fig. 8B). Therefore, within the entire frequency
range of excitatory input, there is a nearly constant delay of inhibition relative to excitation, which strongly suggests that the inhibition (at least the early component) is feedforward in nature.
Because inhibitory inputs to L2/3 excitatory cells are mainly
from interneurons in the same layer (Fig. 7E), we performed
two-photon imaging-guided targeted loose-patch recordings
(Ma et al., 2010; Li et al., 2014) from L2/3 PV and SOM neurons
in PV–Cre;tdTomato and SOM–Cre;tdTomato mice, respectively,
and compared their spike response onset latencies. As shown by
two example cells preferring a similar tone frequency (Fig. 8C),
the onset latencies of tone-evoked spikes exhibited a V/U-shaped
distribution across tone frequency, similar to that of synaptic
inhibition. That is, the latency was shortest at the receptive field
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Figure 7. Inhibitory inputs to L2/3 excitatory cells are originated from interneurons in the same layer. A, Left, Confocal image of a brain slice showing that ChR2 was locally expressed in the A1
region. Scale bar, 500 m. Right, Enlarged confocal images showing that ChR2–EYFP was expressed in tdTomato-labeled PV (top) or SOM (bottom) neurons. Scale bar, 20 m. B, Spikes evoked by
20 Hz pulses (pulse duration, 1 ms) of blue light illumination in an example PV and SOM neuron expressing ChR2, recorded under whole-cell current-clamp mode. Each blue dot indicates a single
pulse. Calibration: 20 mV, 150 ms. C, Schematic graph showing the laminar specific activation of cortical inhibitory neurons. Whole-cell voltage-clamp recording was made from an upper L2/3
excitatory neuron while PV or SOM neurons expressing ChR2 were stimulated by small circular blue light spots (diameter, 60 –70 m). D, IPSCs recorded in an example L2/3 excitatory neuron while
activating PV (left) or SOM (right) neurons in different cortical layers. Calibration: 20 pA, 10 ms. E, Average IPSC amplitudes to PV- or SOM-cell activation in different layers for all the recorded L2/3
excitatory neurons (n ⫽ 5). Data points for the same cell are connected with lines. Gray triangle and bar depict the mean and SD, respectively. F, Schematic graph showing the local stimulation of
inhibitory neurons in L2/3 in a horizontal plane. G, Average ⫾ SD IPSC amplitudes to stimulation of PV or SOM neurons at different horizontal distances from the recorded L2/3 excitatory cell (n ⫽
7). H, Average ⫾ SD IPSC amplitudes to stimulation of PV or SOM neurons in the entire A1 region (n ⫽ 7). *p ⬍ 0.05, t test.
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Figure 8. PV neurons mediate the broad inhibition via a feedforward circuit. A, Latencies of tone-evoked excitatory (red) and inhibitory (blue) responses at 60 dB SPL across tone frequency
(relative to the BF) in an example L2/3 neuron. Black represents the ⌬latency (inhibition– excitation). B, Distribution of ⌬latencies (to tones at 60 dB SPL) within the recorded L2/3 excitatory neuron
population (n ⫽ 19 cells). Arrow marks the mean value. C, Left, Two-photon image of a td-Tomato-labeled inhibitory neuron in our targeted loose-patch recording (top) and 50 superimposed
individual spikes (black) and their average (red) of an example SOM (middle) and PV (bottom) cell. Scale bar (top), 20 m. Calibration: 0.6 ms, 0.04 nA (middle); 0.6 ms, 0.1 nA (bottom). Middle,
Latencies of spike responses to 60 dB tones across frequency for the SOM (upper) and PV (lower) cell. Right, PSTHs of their spike responses. Red bar marks the tone duration. D, Average latencies of
spike responses to 60 dB tones across frequency for the recorded SOM (blue, n ⫽ 19) and PV (red, n ⫽ 17) cells, as well as average latencies of inhibitory responses in the recorded L2/3 excitatory
cell population (black, n ⫽ 10 cells). Error bars indicate SD. E, Average Vm responses to 60 dB BF tones of an example PV, SOM, and excitatory cell all preferring 8 kHz. Note that spikes are truncated.
Red, blue, and green dashed lines mark the stimulus onset, the onset of depolarizing responses of the PV and excitatory cells, and the onset of depolarizing responses of the SOM neuron, respectively.
Calibration: 4 mV, 30 ms. F, Distributions of onset latencies of excitatory inputs to the recorded PV (red, n ⫽ 8 cells), SOM (blue, n ⫽ 6), and excitatory (black, n ⫽ 21) cell populations. Bin size, 1
ms. Latencies were measured for depolarizing Vm responses to all effective tones at 60 dB SPL.

center and longest at receptive field peripheries. Notably, all the
spikes of the SOM neuron were delayed relative to the PV cell
(Fig. 8C, right). Next we compared the onset latencies of SOM
and PV-cell spikes with those of synaptic inhibition across frequency. As shown by the summarized result (Fig. 8D), the onset
of PV-cell spiking matched well with that of synaptic inhibition
(compare red and black), whereas the onset of SOM-neuron
spiking (Fig. 8D, blue) was markedly delayed. These data strongly
suggest that the onset inhibition in L2/3 excitatory neurons is
most likely provided by the PV-cell population. Finally, by breaking the cell membrane, we recorded tone-evoked depolarizing Vm
responses in L2/3 excitatory, PV and SOM neurons. As shown by
three example cells preferring a similar tone frequency (Fig. 8E),
the onset latency of BF tone-evoked depolarizing response in the
PV cell was comparable with that of the excitatory cell. Conversely, the response of the SOM neuron was delayed by several
milliseconds. This well explains why the spike responses of SOM
neurons were delayed (Fig. 8D). For summary, we plotted the
distribution of onset latencies of depolarizing Vm responses
evoked by tones (at 60 dB SPL) across tone frequency for each
recorded cell population (Fig. 8F ). The distributions of excitatory

and PV cell populations were similar, whereas the distribution of
the SOM population was shifted markedly toward longer latencies. Because the onset latency of the depolarizing Vm response
agrees with that of excitatory input, our data indicate that PV
cells, like excitatory cells, receive feedforward excitation from
lower processing stages, whereas the excitation to SOM cells is
more likely from excitatory cells in the same layer (Adesnik et al.,
2012). Therefore, the inhibition from L2/3 PV cells is feedforward
in nature and is a major mediator underlying the sharpening of
TRFs of upper L2/3 excitatory neurons.

Discussion
In this study, we showed that upper L2/3 excitatory neurons receive a broader frequency range of inhibition than excitation,
which contributes to the refining of their frequency tuning. Our
results also suggest that this broad inhibition can be primarily
attributed to PV neurons recruited via a feedforward circuit.
Lateral suppression in the sensory cortex
Lateral or surround suppression has been proposed widely to
play important roles in sensory processing (Allman et al., 1985;
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Shamma and Symmes, 1985; Gilbert and Wiesel, 1990; Knierim
and van Essen, 1992; Levitt and Lund, 1997; Walker et al., 1999).
For example, in the visual system, lateral inhibition is thought to
increase the contrast and sharpness in visual responses, and surround suppression is shown to underlie neuronal selectivity for
stimulus size (Sillito and Versiani, 1977; DeAngelis et al., 1994;
Adesnik et al., 2012). In the auditory system, lateral suppression is
manifested by the suppression of probe tone-evoked spikes by a
masker tone. Although the phenomenon itself involves subcortical mechanisms (Kopp-Scheinpflug et al., 2002; Xie et al., 2007),
cortical inhibitory inputs are able to contribute to lateral suppression if the masker tone-evoked inhibition temporally coincides
with the probe tone-evoked excitation (Sutter et al., 1999; Ojima
and Murakami, 2002). The broader the tone-evoked inhibition in
the frequency domain, the larger the suppressive region would
appear. Consistent with this concept, we showed here that inhibition being more broadly recruited than excitation in the upper
L2/3 contributes to the more pronounced lateral suppression observed in this layer than L4.
Tuning relationship between inhibition and excitation in
upper L2/3
In two recent studies, inhibition being cotuned with excitation
has been reported generally for mouse A1 cells, including L2/3
cells (Tan and Wehr, 2009; Zhou et al., 2014), and this has been
considered as a universal phenomenon for auditory cortical circuits (Tan and Wehr, 2009). These previous studies only sampled
neurons at a deeper laminar location (⬎250 m depth) (Tan and
Wehr, 2009; Zhou et al., 2014) than the upper L2/3 (⬍250m
depth) defined in this study. Here, using low-angle (25–30°) penetrations, we were able to routinely record from very superficial
neurons. Our results are consistent with those previous studies,
in that neurons in lower L2/3 and L4 have cotuned excitation and
inhibition (Fig. 4C). However, in upper L2/3 neurons, inhibition
is broader than excitation. Therefore, although on a global scale
excitation and inhibition can be considered as approximately
balanced (Isaacson and Scanziani, 2011; Zhang et al., 2011a), the
exact tuning relationship between excitation and inhibition may
depend on cell type and laminar location. Another interesting
example is thick-tufted pyramidal cells in L5 of the rat A1, for
which excitation is more broadly tuned than inhibition (Sun et
al., 2013).
In rodent sensory cortices, there is no clear anatomical
boundary between L2 and L3. Historically, L2/3 has often been
considered as a single functional unit. However, a recent study
has provided evidence that L2 and L3 neurons may be functionally different (Oviedo et al., 2010). Based on the projection pattern of thalamocortical axons, L3 is also considered as a major
input layer in the A1 besides L4 (Winer et al., 2005). Our current
results also suggest that functional response properties may be
different between upper and lower L2/3 (Fig. 4C), which may
approximately correspond to L2 and L3, respectively. Future investigations will be required to identify molecular markers to
distinguish between L2 and L3 in the mouse A1.
Involvement of PV and SOM neurons
In superficial cortical layers, sensory-evoked inhibition may consist of two components: (1) the feedforward inhibition from inhibitory neurons that are directly activated by ascending axons
from lower stages of processing (e.g., L4); and (2) the feedback
inhibition indirectly activated by intralaminar horizontal circuits. A visual cortical study has suggested that horizontal connections significantly contribute to the generation of cortical
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surround suppression in superficial layers (Adesnik et al., 2012).
Whether this applies to other sensory cortical areas remains
unclear.
One advantage of the auditory cortex is that tone-evoked
spike responses are transient onset responses with relatively precise onset timings (with millisecond precision; DeWeese et al.,
2003; Zhou et al., 2012). Therefore, based on the timing of spike
responses and synaptic inputs, it is possible to delineate the sequence of information flow in cortical circuits comprising different types of neurons (Wu et al., 2011; Li et al., 2014). Because
spike timing of the PV neuron population matches the onset
timing of synaptic inhibition across stimulus frequency, the PV
neuron population most likely contributes to the onset inhibition
that is more broadly tuned than excitation. In other words, PV
inhibition is most likely able to modulate the generation of onset
spike responses in excitatory neurons (Wehr and Zador, 2003;
Tan et al., 2004; Zhou et al., 2012) and control the broadness of
their spike receptive fields. Conversely, the slow-responding
SOM neurons are unlikely able to modulate the onset spike responses, although they may possibly have greater effects on spike
responses during more sustained and complicated stimulation.
Feedforward versus feedback inhibition
The onset delays of synaptic inputs to different types of neurons
have shed light on the nature of inhibitory circuits accountable
for the broad inhibition observed in upper L2/3 neurons. The
excitatory synaptic inputs to L2/3 PV and excitatory cells arrive
nearly at the same time (Fig. 8E), suggesting that these two types
of cells both receive ascending inputs from previous processing
stages. Therefore, PV neurons are recruited via a feedforward
circuit. Some known functional properties of PV cells further put
them in the best position to provide broadly tuned inhibition
immediately after ascending excitation. First, PV neurons spike
even slightly earlier than excitatory neurons (Li et al., 2014), possibly because of a higher efficiency of input– output transformation (Wu et al., 2008). Second, frequency tuning of PV neurons in
L2/3 of the A1 has been shown to be much broader than excitatory neurons (Li et al., 2014; but see Moore and Wehr, 2013).
Compared with PV and excitatory cells, the excitatory input to
SOM neurons is much more delayed, and its timing is more
compatible with the spike timing of excitatory neurons (also see
Li et al., 2014). These results indicate that SOM neurons are most
likely driven by excitatory neurons in the same layer. Therefore,
SOM neurons are recruited by horizontal circuits and provide
feedback inhibition.
The circuits of PV and SOM neurons found in vivo are consistent with slice recording results in the visual cortex showing
that ascending L4 axons provide strong excitation to PV cells in
L2/3 but little excitation to SOM neurons in that layer, which
otherwise receive strong horizontal excitatory inputs (Adesnik et
al., 2012). The broad spatial distribution of SOM-to-excitatory
cell connections (Fig. 7G) is also consistent with the visual cortical study. However, different from its conclusion of an important
contribution of SOM neurons to size selectivity, our results do
not support the idea that SOM neurons can contribute significantly to the sharpness of auditory receptive fields. It is possible
that different components of cortical circuits are engaged in different forms of sensory processing, depending on the temporal
nature of sensory input (e.g., auditory signals are in general modulated much faster than visual signals). Notably, differential roles
of PV and SOM neurons in sensory responses have also been
reported in the somatosensory cortex (Gentet et al., 2012) and for
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orientation selectivity in the visual cortex (Atallah et al., 2012; Lee
et al., 2012; Wilson et al., 2012).
Potential modulation by brain state
Our study was performed in anesthetized mice. It remains to
be investigated whether the synaptic tuning properties observed here are preserved in awake conditions, considering
that the overall E/I balance can be modulated by brain states
(Bennett et al., 2013; Haider et al., 2013). Interestingly, a recent study in the awake A1 revealed that, when animals transition from quiescence to active behavioral states, excitation
and inhibition in lower L2/3 neurons are scaled down by a
similar factor, so that the E/I ratio and synaptic tuning properties (frequency range and tuning width) are essentially preserved (Zhou et al., 2014). Whether and how the synaptic
response properties in the upper L2/3 are modulated by different behavioral states awaits to be addressed.
Altogether, the refinement of auditory receptive fields in upper L2/3 suggests that the superficial layer does not simply relay
L4 signals but performs additional processing of these signals.
Powered by broad feedforward inhibition analogous to lateral
inhibition, the superficial layer significantly sharpens neuronal
selectivity for sound frequency and enhances signal contrast. Besides the broader frequency range for inhibition than excitation,
the lower E/I ratio provides an additional mechanism for further
narrowing spike receptive fields. The feedforward inhibition mediated by PV neurons not only enables the superficial layer to
refine existing neuronal representation of sensory features but
may also allow novel representational properties to be created
(Sutter and Loftus, 2003; de la Rocha et al., 2008).
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