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Cooke JE, Kahn MC, Mann EO, King AJ, Schnupp JW,
Willmore BD. Contrast gain control occurs independently of both
parvalbumin-positive interneuron activity and shunting inhibition in
auditory cortex. J Neurophysiol 123: 1536–1551, 2020. First pub-
lished March 18, 2020; doi:10.1152/jn.00587.2019.—Contrast gain
control is the systematic adjustment of neuronal gain in response to
the contrast of sensory input. It is widely observed in sensory
cortical areas and has been proposed to be a canonical neuronal
computation. Here, we investigated whether shunting inhibition
from parvalbumin-positive interneurons—a mechanism involved
in gain control in visual cortex—also underlies contrast gain
control in auditory cortex. First, we performed extracellular re-
cordings in the auditory cortex of anesthetized male mice and
optogenetically manipulated the activity of parvalbumin-positive
interneurons while varying the contrast of the sensory input. We
found that both activation and suppression of parvalbumin in-
terneuron activity altered the overall gain of cortical neurons.
However, despite these changes in overall gain, we found that
manipulating parvalbumin interneuron activity did not alter the
strength of contrast gain control in auditory cortex. Furthermore,
parvalbumin-positive interneurons did not show increases in ac-
tivity in response to high-contrast stimulation, which would be
expected if they drive contrast gain control. Finally, we performed
in vivo whole-cell recordings in auditory cortical neurons during
high- and low-contrast stimulation and found that no increase in
membrane conductance was observed during high-contrast stimu-
lation. Taken together, these findings indicate that while parval-
bumin-positive interneuron activity modulates the overall gain of
auditory cortical responses, other mechanisms are primarily re-
sponsible for contrast gain control in this cortical area.

NEW & NOTEWORTHY We investigated whether contrast gain
control is mediated by shunting inhibition from parvalbumin-positive
interneurons in auditory cortex. We performed extracellular and
intracellular recordings in mouse auditory cortex while presenting
sensory stimuli with varying contrasts and manipulated parvalbumin-
positive interneuron activity using optogenetics. We show that while
parvalbumin-positive interneuron activity modulates the gain of cor-
tical responses, this activity is not the primary mechanism for contrast
gain control in auditory cortex.

auditory cortex; circuit mechanisms; contrast gain control; parvalbu-
min-positive interneurons; shunting inhibition

INTRODUCTION

Contrast gain control is a common computational principle
in multiple sensory systems (Carandini and Heeger 2012). As
the contrast of sensory inputs increases, the gain of neural
responses in visual (Carandini and Heeger 1994; Carandini et
al. 1997; Heeger 1992; Heeger et al. 1996) and auditory
(Rabinowitz et al. 2011, 2012) cortices is reduced. This helps
to create sensory representations that are invariant to factors
such as changes in illumination or background noise. Contrast
adaptation has also been shown to affect perceptual thresholds
(Greenlee and Heitger 1988; Lohse et al. 2020).

Since the computation of contrast gain control may be
similar across cortical areas, it is also possible that the neural
circuits that implement contrast gain control may be conserved
between areas. Indeed, the similarity of circuit architecture
across cortical areas raises the possibility of a common mech-
anism (Douglas and Martin 1991). In primary visual cortex
(V1), gain control has been attributed to a combination of
inhibition from parvalbumin (PV)-positive interneurons (PVIs;
Atallah et al. 2012; Wilson et al. 2012), shunting inhibition
(Carandini and Heeger 1994; Carandini et al. 1997), fluctua-
tions in membrane potential (Finn et al. 2007), and synaptic
depression. Each of these mechanisms could also contribute to
contrast gain control in auditory cortex.

Optogenetic activation of PVI firing reduces the gain of
spiking responses in V1, whereas reducing PVI firing has been
found to increase gain (Atallah et al. 2012; Wilson et al. 2012).
These manipulations left tuning bandwidth and the orientation
preferences of V1 pyramidal cells unchanged, indicating that
the principal effect of PVI activity was to modulate neuronal
gain. PVI inhibition is also a plausible candidate mechanism
for contrast gain control in auditory cortex. PVIs tend to have
larger sound-level dynamic ranges and lower response gains
and are more likely to exhibit monotonic response-level func-
tions than PV-negative neurons (Moore and Wehr 2013). Thus,
their responses appear to be more linear with respect to
stimulus level than those of pyramidal cell responses, a char-
acteristic that may make them well suited for implementing
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stimulus-driven gain control in auditory cortex. PVIs in audi-
tory cortex also show frequency tuning that may be matched to
the local population (Moore and Wehr 2013), a feature con-
sistent with the finding that auditory cortical contrast gain
control predominantly depends on contrast within the receptive
field of the neuron (Rabinowitz et al. 2012). Should PVI
inhibition underlie contrast gain control in auditory cortex, this
would suggest that it may provide a canonical mechanism for
gain control across sensory cortical areas.

PVIs are thought to alter neuronal gain by modulating input
conductance, a process known as shunting inhibition (Borg-
Graham et al. 1998; Frégnac et al. 2003). This has a scaling
effect on the amplitude of postsynaptic potentials (PSPs), with
increases in conductance reducing PSP size. In keeping with
the hypothesis that shunting inhibition contributes to gain
control, the input conductance of V1 neurons has been found to
increase by up to 300% from baseline during stimulation with
high-contrast gratings (Anderson et al. 2000; Monier et al.
2003).

Another candidate mechanism for contrast gain control in-
volves contrast-dependent fluctuations in membrane potential.
With no synaptic noise present, the relationship between mem-
brane potential and the firing rate of cortical pyramidal cells is
captured by a linear threshold function. In vivo, membrane
potential variability smooths this relationship so that it approx-
imates a power law function (Miller and Troyer 2002), which
can increase gain by increasing spiking probability for a given
mean membrane potential. In V1, reductions in this variability
with increasing contrast reduce the gain of cortical responses,
contributing to gain control (Carandini 2004; Finn et al. 2007;
Hansel and van Vreeswijk 2002). It is unknown whether a
similar mechanism is found in auditory cortex.

In this study, we investigated whether shunting inhibition
from PVIs or fluctuations in membrane potential contribute
mechanistically to contrast gain control in mouse auditory
cortex. We found that optogenetically manipulating PVI activ-
ity modulated response gain but had much smaller effects on
contrast gain control. Furthermore, PVI activity and neuronal
input conductance were not modulated by stimulus contrast.
We also found that stimulus contrast had no effect on mem-
brane potential fluctuations. These findings indicate that mech-
anisms implicated in gain control in visual cortex do not
contribute to contrast gain control in auditory cortex.

MATERIALS AND METHODS

A total of 38 male mice between 4 and 12 wk old were used in this
study. The strains used are given in the following sections. All
procedures received approval from the Oxford University Animal
Care and Ethical Review Committee and were licensed by the UK
Home Office.

We performed all extracellular and intracellular recordings from the
auditory cortex of anesthetized mice. The anesthetized preparation
was deemed appropriate for these experiments as contrast gain control
in the auditory cortex (Rabinowitz et al. 2011) and midbrain (Lohse et
al. 2020) has been found to be unaffected by anesthesia. Similarly,
research into the role of PV interneuron activity is routinely investi-
gated in both awake (e.g., Natan et al. 2017) and anesthetized (e.g.,
Atallah et al. 2012) preparations, and no difference between these
conditions was reported in experiments in which the effects of
optogenetic activation of PV interneurons on activity in auditory
cortex was examined (Blackwell et al. 2020). Finally, anesthesia was

a constant factor across conditions and so should not have been a
relevant variable for the between-condition changes observed here.
Anesthesia was induced through an intraperitoneal (i.p.) injection of
0.1 mg/kg ketamine (Narketan, Chassot AG, Belp, Bern, Switzerland)
and 0.25 mg/kg medetomidine (Domitor, Pfizer). 0.1 mg atropine
(Atrocare, Animal Care Ltd.) and 0.01 mg dexamethasone (Dexa-
dreson, MSD Animal Health) per animal were delivered subcutane-
ously to reduce lung secretions and cerebral edema, respectively.
Anesthesia was maintained via i.p. infusion of 50 mg·kg�1·h�1

ketamine and 0.06 mg·kg�1·h�1 medetomidine. We monitored core
body temperature throughout the experiment and maintained it at
37.5 � 0.5°C. We assessed anesthesia levels regularly via the pedal
withdrawal (paw pinch) reflex and any signs of whisker movement.
We anesthetized the scalp locally using 0.1 g Marcain (AstraZenica)
before exposing the left temporal and parietal bones of the skull. We
anesthetized the left temporal muscle locally using 0.1 mg Marcain
and subsequently retracted the muscle, using diathermy to cauterize
any bleeding. The skull was then fixed to a head plate using a
combination of tissue adhesive (Vetbond, Santa Cruz Animal Health)
and dental acrylic.

We identified the location of auditory cortex using cranial land-
marks and local vasculature. Craniotomies extended from the lamb-
doid suture at the most caudal extent to 1 mm rostral of the point at
which the squamosal suture crosses the temporal ridge. In the dorsal-
ventral axis, the craniotomy extended from 2 mm dorsal of the
temporal line to the squamosal suture at the most ventral extent.
Recording sites close to the largest vessel in this area, oriented along
the dorsal-ventral axis, were consistently responsive to auditory stim-
uli. We used the frequency tuning of auditory responses to confirm
that recordings were localized to auditory cortex. However, it was not
possible to map specific auditory cortical fields in these experiments,
so auditory cortex recordings likely include responses from secondary
as well as primary cortical areas.

Extracellular Recordings

We made extracellular recordings from the auditory cortex of mice
between 8 and 12 wk of age, using silicon multielectrodes (Neu-
roNexus). There were two groups of mice, in which PVI activity was
manipulated via either archearhodopsin (Arch) or channelrhodopsin.

Arch experiments. In these experiments (n � 8 mice), we aimed to
suppress PVI activity. To achieve this, we crossed homozygous PVcre

(Jax No. 008069, Hippenmeyer et al. 2005) with homozygous Ai35D
mice (Jax No. 012735, Madisen et al. 2012), which express Arch
(Chow et al. 2010) and green fluorescent protein (GFP) in a cre-
dependent manner. PVcre x Ai35D offspring therefore express Arch
and GFP in PVIs. Multiunit activity was recorded from the auditory
cortices of the offspring using 1�32 linear multielectrodes (17
penetrations).

Channelrhodopsin experiments. In another set of mice (n � 20), we
aimed to stimulate PVI activity. We targeted expression of channel-
rhodopsin (ChR2, Boyden et al. 2005) and enhanced yellow fluores-
cent protein (eYFP) to PVIs to increase PVI activity during record-
ings. PVcre mice were anesthetized using i.p. 0.05 mg/kg fentanyl
(Sublimaze, Janssen Ltd.), 0.5 mg/kg medetomidine (Domitor,
Pfizer), and 5 mg/kg midazolam (Hypnovel, Roche Products Limited).
The anesthetized animals then received stereotaxic injections of 500
nL AAV-EF1a-DIO-hChR2(H134R)-EYFP-WPRE-pA serotype 2
(UNC Vector Core) in auditory cortex. The virus was injected 3–5 wk
before terminal recordings, to allow for expression of ChR2 and
EYFP in PVIs.

Multiunit analysis. We recorded multiunit activity (MUA) in 14 of
these mice using 1�32 linear multielectrodes (29 penetrations) and
performed single-unit recordings in another 6 mice using 64-channel
Buzsaki probes (NeuroNexus, 6 penetrations). We identified single
units manually following spike sorting using KlustaKwik (Rossant et
al. 2016). We used an analog measure of the MUA recorded on each
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channel, which involved measuring the voltage signal power in the
frequency range occupied by spiking activity by band-pass filtering
the recorded signals (Chung et al. 1987; Choi et al. 2010; Kayser et al.
2007; King and Carlile 1994; Schnupp et al. 2015; Schroeder et al.
1998). For each channel, we band-pass filtered the recorded voltage
signal between 300 and 6,000 Hz. We then low-pass filtered the
full-wave rectified signal below 6,000 Hz and downsampled it to a
sample rate of 12,000 Hz. We also extracted local field potentials by
low-pass filtering the recorded signals below 300 Hz using a digital
8th order Chebyshev Type I filter.

Light stimulation. We manipulated PVI activity by exposing audi-
tory cortex to either amber light (595 nm; Arch experiments only) or
blue light (450 nm, channelrhodopsin experiments only), delivered by
an LED (Doric Lenses Inc.) coupled to a 0.55-mm-diameter fiber-
optic cable. We positioned the fiber-optic cable over the recording site
using a micromanipulator, with the tip �1 mm above the surface of
the cortex. The power output of the LED was calibrated for each
penetration. We calibrated the strength of the optogenetic manipula-
tions by adjusting the light intensity to produce a 5% difference in the
peak evoked firing rate to noise burst stimuli. We performed post hoc
quantification of the strength of the optogenetic manipulations only
for multiunits (MUs) that were included in subsequent analysis, after
meeting the selection criterion of having a predictive spectrotemporal
receptive field (STRF). We assigned recordings to cortical layers
using current source density (CSD) profiles of noise responses. The
highest powers used were 1.2 mW (amber) and 3.6 mW (blue).

Continuous LED illumination of the cortex occurred on a pseudo-
randomly selected half of trials, both for noise burst stimuli and for
dynamic random chords (DRCs) (see Dynamic Random Chords). For
the noise bursts, light onset occurred 250 ms before sound onset and
lasted for 750 ms. For DRCs, light onset was coincident with stimulus
onset and lasted for the entire duration of the stimulus (40 s).

Stimulus presentation. In all animals, we made recordings in the
left auditory cortex and delivered stimuli to the contralateral ear. All
stimuli had a mean sound level of 80 dB SPL. We presented stimuli
using an Ultrasonic Dynamic Speaker (Avisoft Bioacoustics, Glien-
icke, Germany), modified for monaural in-ear delivery. The speaker
was driven using a TDT RX6 multifunction processor (Tucker-Davis
Technologies) at a sample rate of 200 kHz. We calibrated stimuli
across the frequency range of 1–64 kHz using a Brüel and Kjær Type
4138 1/8th inch pressure-field microphone to assess the response of
the speaker across this range. We then created an inverse filter based
on this response, which was used to produce a flat frequency response
within 3 dB. We controlled stimulus presentation and data acquisition
using in-house software (Benware; https://github.com/beniamino38/
benware). Subsequent analysis was carried out in MATLAB (The
MathWorks, Natick, MA).

Noise bursts. Bursts of broadband noise (50-ms duration) were
delivered to test for acoustic responses at the recording sites and to
verify the effectiveness of the optogenetic manipulations on these
responses. We constructed peristimulus time histograms (PSTHs) of
multiunit (MU) responses by binning spike times after stimulus onset
into 25-ms time bins. The first two bins following light onset were
removed to avoid light artifacts. For both “light-on” and “light-off”
conditions, the bin within 150 ms of noise onset with the highest
MUA signal amplitude was taken as the peak response. We used the
difference in peak firing rate between light-on and light-off conditions
to quantify the effect of the optogenetic manipulations. Each penetra-
tion showed noise-evoked responses on multiple channels. For the
Arch-expressing mice, 85% of MUs recorded showed noise-evoked
responses, defined as at least a doubling of baseline firing in response
to noise onset. For the ChR2-expressing mice, 40% of MUs recorded
showed noise-evoked responses, according to this criterion. Noise
responsiveness was only used as a selection criterion when assessing
the strength of optogenetic effects. Recordings from ChR2-transfected
mice showed fewer noise-responsive neurons, which could be due to
the additional injection surgery before recording. Furthermore, the

3-wk postinjection period required for viral expression in this group
resulted in the ChrR2 mice typically being several weeks older than
Arch mice, which may have also contributed to this difference. LED
illumination of the cortex occurred on a pseudo-randomly selected
half of trials. Light onset occurred 250 ms before sound onset and
lasted for 750 ms.

Dynamic Random Chords

As in previous work (Cooke et al. 2018), we used dynamic random
chord (DRC) stimuli to deliver sounds with adjustable spectrotempo-
ral contrast. Each DRC is a series of chords, where each chord is a
superposition of pure tones. The duration of individual chords and the
frequencies of the tones were fixed. However, the sound level (dB
SPL) of each tone varied randomly from chord to chord according to
a uniform probability distribution. All DRCs in this study consisted of
25 superposed pure tones, with frequencies from 1 kHz to 64 kHz in
¼-octave steps. Each chord lasted 25 ms, including 5-ms linear onset
and offset ramps.

To vary the contrast of the DRCs, we used different uniform
probability distributions for the sound level of the tones. The mean of
the distributions was fixed at 40 dB SPL. In the low-contrast condition,
the distribution had a range of 20 dB (�L � 6.2 dB, c � �P/�P � 0.7);
in the high-contrast condition, the range was 40 dB (�L � 12.0 dB, c �
�P/�P � 1.2). Each DRC sequence consisted of 1,600 chords, lasted 40
s in total, and was presented three times. For each condition, four DRC
stimuli were used and each DRC was presented three times. Each lasted
40 s, resulting in 480 s of DRC data for model fitting for each condition.

Spectrotemporal Receptive Fields

DRCs have previously been used to measure the spectrotemporal
tuning of auditory neurons (Ahrens et al. 2008; Bitterman et al. 2008;
Christianson et al. 2008; deCharms et al. 1998; Linden et al. 2003;
Rutkowski et al. 2002; Sahani and Linden 2003; Schnupp et al. 2001)
by constructing spectrotemporal receptive fields. Neurons in the
auditory system typically respond preferentially to particular frequen-
cies, as well as to temporal modulations. STRFs are models of
neuronal responses that are capable of capturing these features. We
estimated STRFs using a space-time separable model (Ahrens et al.
2008), to reduce the number of parameters and therefore reduce
overfitting. This involves fitting a frequency kernel, kf, and a history
kernel, kh, and computing the outer product of these two kernels, kfh:

kfh � kf � kh

We fitted each kernel in turn by least-squares linear regression
while holding the other kernel fixed, and repeating this procedure to
convergence. We then measured the best frequency (BF), spectral
bandwidth, and temporal integration window of each STRF. The BF
was defined as the frequency bin in the frequency kernel with the
largest coefficient. The spectral bandwidth was measured as the width
of the tuning curve around this peak response in the frequency kernel
at half of its amplitude. The temporal integration window was mea-
sured as the width of the tuning curve surrounding the peak coefficient
observed in the first 100 ms of the history kernel. The measurement
was taken at 50% of the amplitude of the peak coefficient.

Multiunit Selection Criterion

To be included in further analysis, we required MUs to meet the
selection criterion of having a predictive STRF. We fitted STRFs to
90% of responses to DRCs during light-off control trials and exam-
ined their predictive performance by using the STRFs to predict
responses to the remaining 10% of DRCs. In previous work all
predictive STRFs were included in further analysis no matter how
weakly predicted they may have been (Rabinowitz et al. 2011). Here,
however, we considered units unpredictive if the correlation coeffi-
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cient (CC) between the predicted and actual response was smaller than
0.04 and excluded them from further analysis.

Estimation of Gain Changes

For each MU, we quantified baseline activity under each condition
as the 5th percentile of the response of the MUA (Rmin) and the
maximum response as the 95th percentile (Rmax). We quantified
changes in Rmax and Rmin by taking the ratio of each of these
quantities under light-on (Rmax

on ) and light-off (Rmin
off ) conditions. Sub-

tractive or additive changes in the offset of responses (Roffset) pro-
duced by changes in PVI activity were quantified by taking the
difference between Rmin under light-on (Rmin

on ) and light-off conditions
(Rmin

off ) and normalizing this by the full range of responses:

Roffset �
Rmin

on � Rmin
off

Rmax � Rmin

For each combination of optogenetic (light on versus light off) and
stimulus (high versus low-contrast) conditions, we quantified the
range of responses, S, as the difference between Rmax and Rmin, i.e.:

S � Rmax � Rmin

giving the range in each of the four conditions: Shigh
off , Slow

off , Shigh
on , Slow

on .
We then calculated the relative strength of gain control in light-on

and light-off conditions. This is a measure of the extent to which
optogenetic manipulation of PVI activity affects contrast gain control,
where a value of 1 indicates no effect.

Grelative �
Slow

on ⁄ Shigh
on

Slow
off ⁄ Shigh

off

In addition to this nonparametric analysis of gain, we also per-
formed a parametric analysis similar to that described in Rabinowitz
et al. (2011). Fitting the parametric model to each condition individ-
ually proved challenging for some MUs in this data set, and so the
parametric fits were obtained by fitting a single model to all data from
each optogenetic condition. In this model, only the gain and x-offset
parameters were allowed to vary between contrast conditions. The
parametric analysis gave similar estimates of changes in the strength
of contrast gain control. However, it does not provide a direct method
to estimate the changes in overall gain between optogenetic condi-
tions, and so we have presented the nonparametric analysis here.

Histology

We confirmed expression of viral constructs in PVIs by histological
analysis. Following completion of terminal experiments, mice were
perfused transcardially with 4% paraformaldehyde in phosphate-
buffered saline (PBS). We removed the brain from the skull and
immersed it in 4% paraformaldehyde for a minimum of 24 h. After
fixation was complete, 50-�m sections were cut using a cryotome.
PVIs were identified by immunohistochemical labeling with a fluo-
rescent marker. We rinsed sections with 0.25% Triton in PBS before
incubating them in a 10% donkey serum solution for 1 h to block
background labeling. They were then incubated in a 1/4,000 PV goat
antibody (Abcam, Cambridge, MA, ab32895) PBS solution with 3%
donkey serum for 48 h at 4°C. We next rinsed the sections in 0.25%
PBS Triton before incubating them in a secondary red fluorescent
antibody in 0.25% PBS Triton (1/1,000 donkey anti-goat IgG Cy3,
Abcam, Cambridge, MA, ab6949). Finally, we rinsed sections in PBS
before mounting them on glass slides and coverslipping with
VectaShield HardSet mounting medium with DAPI (VectorLabs,
Burlingame, CA).

Intracellular Recordings

We performed blind whole-cell patch recordings from the auditory
cortex of eight C57BL/6 mice, between the ages of 4 and 10 wk. We
removed the dura and applied saline to the exposed cortex to avoid
dehydration. We inserted silver-plated reference and ground wires
into frontal and parietal cortices, respectively, through two small
craniotomies, and fixed them in place using dental acrylic.

We oriented electrodes 45° to the cortical surface and advanced
them to depths of between 300 and 700 �m to record from the middle
layers of the cortex, including lower layer 2/3, 4, and 5. We used
conventional, low-resistance (4–7 M�) patch pipettes made from
borosilicate glass (World Precision Instruments). The intracellular
solution consisted of (in mM): 110 K-gluconate, 40 HEPES, 2
ATP-Mg, 0.3 GTP, 4 NaCl, and 4 mg/ml biocytin, pH 7.2–7.3. We
used a Multiclamp 700B amplifier (Molecular Devices) to amplify
intracellular recordings. As with the extracellular recordings, we used
a TDT RZ2 digital signal processor to digitize the data.

Unlike extracellular recordings, which can be stable over several
hours, whole cell recordings can typically only be maintained for tens
of minutes. This limitation prevented us from collecting enough data
to fit receptive field models as we had done with the extracellular data.
The spectrotemporal tuning properties of the intracellularly recorded
neurons therefore remain unknown. To probe response properties in
neurons with unknown tuning properties, we embedded 50-ms bursts
of frozen noise halfway through each DRC. This enabled us to drive
responses in neurons irrespective of their individual best frequencies.
A similar approach has been used successfully previously to assess the
time course of contrast gain control in ferret auditory cortex (Rabi-
nowitz et al. 2011).

Stimuli were presented as described above and consisted of a 1-s
DRC that was repeated 11 times, alternating between low-contrast
(�L � 6.2 dB, c � �P/�P � 0.68) and high-contrast (�h � 11.97 dB,
c � �P/�P � 1.2) with each repetition while the spectrotemporal
pattern of the DRC otherwise remained the same. The 50-ms noise
bursts occurred 500 ms into each DRC, replacing the two 25-ms
chords that would otherwise have occurred at this time. We con-
structed such alternating DRC / noise burst sequences using four
different random seed tokens for the pseudo-random number se-
quences that determined the DRCs’ tone levels and the frozen noise
burst waveforms in each case. This allowed us to verify that our
results generalized to different DRCs and are not specific to one
particular DRC pattern or noise burst. We omitted the first low-
contrast DRC from the analysis to avoid including onset responses
resulting from the transition from silence to auditory stimulation.

To measure the input conductance, G, of recorded auditory cortex
neurons we injected different levels of current and measured the effect
on membrane potential, Vm. The extent to which Vm changes in
response to injected current, Iinj, depends on G, as captured in Ohm’s
law:

�Vm �
Iinj

G

This allowed us to estimate G from the recorded change in voltage
Vm in response to different levels of Iinj. The inverse of G is the input
resistance of the neuron Rinput. The resistance of the electrode after the
patch is formed, also known as the access resistance and here referred
to as Raccess, also contributes to the relationship between Vm and Iinj:

�Vm � Iinj · �Raccess � Rinput�
To accurately estimate stimulus-induced changes in G over time, it

was first necessary to compensate for Raccess in our recordings. Before
each stimulus presentation, current with a square waveform (20 cycles
at 20 Hz) was injected into each cell. The recorded change in
membrane potential in response to Iinj consists of two components, a
fast change due to Raccess and a slow exponential change due to Rinput
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(Anderson et al. 2000). To separate these two components, we fitted
a double exponential model to the mean recorded change in Vm over
time, V(t):

�V�t� ⁄ Iinj � Raccess�1 � exp��t ⁄ �access�� � Rinput

�1 � exp��t ⁄ �input��
where �input corresponds to the time constant of the neuron and �access

corresponds to the time constant of the patch electrode. The mean
response to Iinj was calculated from Vm recordings that did not include
an “up state.” Up states are periods of spontaneous depolarization
(Destexhe et al. 2003) that can mask the effect of Iinj on Vm. As this
results in a bimodal distribution of Vm values, up states could be
detected by threshold crossing, where the threshold is the mean Vm

recorded during both up and down states (Fig. 1A). Sweeps including
up states were excluded from further analysis. The model was fitted to
the mean Vm response (Fig. 1B). A clear minimum in the mean
squared error of the fit for different values of electrode resistance and
time constant was consistently observed (Fig. 1C). Subtracting the
voltage component corresponding to Raccess allowed us to estimate the
input resistance (Fig. 1D), and hence the membrane conductance, and
to observe how this changes as a function of stimulus condition.

To validate this method of Raccess compensation, we examined the
effect of current injection on spike threshold both before and after
compensation for Raccess (Fig. 1E). In keeping with previous studies
(Anderson et al. 2000), we assumed that spike threshold would not

change dramatically with Iinj. Any change in spike threshold with
different levels of Iinj can therefore be attributed to changes in Vm

resulting from Raccess. We detected spikes by crossing of a threshold
positioned seven standard deviations above the mean Vm. Spike
threshold was detected by finding the inflection point in the spike
waveform within 1 ms before threshold crossing. After identifying the
mean spike threshold for each Iinj, we fitted a linear model, with a
slope that corresponded to Raccess that had not been successfully
compensated for (Fig. 1F). The slope of this fit was consistently
reduced to near 0 following Raccess compensation.

G was estimated by injecting different levels of current into the
neuron during sensory stimulation (Fig. 2A) as this allowed us to
estimate G by examining the relationship between injected current and
recorded membrane potential. To do this, we fitted a linear model at
each time point of the stimulus to the recorded membrane potential
responses (Fig. 2B). The inverse of slope of the model was used as the
estimate for G at each time point (Fig. 2C). The estimates of G over
time could then be used to reconstruct the recorded Vm for different
levels of current injection. This allowed us to confirm that for our
recording protocol the neuron is responding to current injection
according to Ohm’s law and that we are estimating G successfully
(Fig. 2D).

To assess the reliability of the linear model over the recorded range
of membrane potentials, we compared the estimated Vm (Fig. 2D) to
the recorded Vm (Fig. 2A). This was performed for the entire data set.

Fig. 1. Compensation for access resistance. A: we injected a series of 40-pA current pulses into each neuron before each sweep. This allowed us to estimate both
Raccess and Rinput from the change in Vm. Cycles of current injection that included an up state (red traces) were identified by crossing a threshold corresponding
to the mean of the Vm distribution. These traces were excluded and the remaining traces (blue) were used to compute the mean Vm response to the current pulses.
B: the mean Vm (blue trace) consists of fast and slow exponential components that correspond to Raccess and Rinput, respectively. A double exponential model
was fitted to the mean Vm response to quantify the contribution of Raccess so that it could subsequently be compensated for. C: each fit showed a clear minimum
in the error function for a range of resistance, Raccess, and time constant, �access, values. D: estimate of the true Vm in response to Iinj following compensation
for Raccess. E: an estimate of the remaining Raccess following compensation was also obtained for each neuron by quantifying the change in spike threshold under
different levels of Iinj. Spikes before (black) and after (blue) correction for Raccess using these two methods. F: a linear fit (black line) to mean spike threshold
for different levels of Iinj (black circles, standard errors indicated by black lines) can be used to quantify Raccess. Error bars appear as a single line due to the
minimal variation in threshold between spikes. After correction for Raccess, spike threshold is impacted far less by Iinj (blue), demonstrating that Raccess has
successfully been compensated for. Iinj, injected current; Raccess, access resistance; Rinput, input resistance; Vm, membrane potential.
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Predicted values of Vm captured 97% of the variance in the membrane
potential response, indicating that the estimates of G were successful
and that the relationship between injected current and recorded mem-
brane potential is highly linear.

RESULTS

Effects of Optogenetic Manipulations on Evoked Responses

We used two experimental groups of animals in which PVI
activity could be up- or downregulated optogenetically. In the first
group, ChR2 (Boyden et al. 2005) was expressed in the auditory
cortex of PVcre mice by means of a viral vector. The second group
was a transgenic strain expressing archearhodopsin (Arch; Chow
et al. 2010) in PVIs in auditory cortex. We validated the speci-
ficity and efficacy of our optogenetic manipulations in two ways.
The AAV-EF1a-DIO-hChR2(H134R)-EYFP-WPRE-pA viral
construct was used to target expression of ChR2 and the fluores-
cent protein EYFP in PVIs. This allowed us to validate the
specificity of ChR2-eYFP expression by immunohistochemically
staining sections of auditory cortex with a PV antibody and
identifying neurons that coexpressed PV. We found expression of
ChR2-eYFP in 91% of PV positive neurons (602/661 PV neurons,
n � 6 mice) with a false positive rate for ChR2-eYFP expression
in PV-negative neurons of 1% (31/3943 non-PV neurons, n � 6
mice, Fig. 3A). Since the Ai35D mouse line we used coexpresses
Arch and GFP, we used the same approach to validate endoge-
nous Arch expression. We found that 96% of PV-positive neurons
expressed Arch-GFP (569/594, n � 6 mice) with a false positive
rate for Arch-GFP expression in PV-negative neurons of 3%
(92/2914 non-PV neurons, n � 6 mice, Fig. 3B).

We also validated the optogenetic manipulations by exam-
ining their effects on noise responses in auditory cortex. This
allowed us to validate the manipulations for each MU included
in subsequent analyses (Fig. 3, C and D). For the ChR2
experiments, 28 MUs met our selection criterion of having a
predictive STRF. Optogenetic activation of PVIs significantly
inhibited peak responses to noise for these MUs (range of
changes: �6.96% to 0.78%, median change: �1.15%; signed-
rank test: P � 0.001, Fig. 3, C and E). For the Arch experi-
ments, 121 MUs met the same criterion. For these sites,

optogenetic suppression of PVI activity resulted in significant
disinhibition of peak MU responses (range of changes:
�2.48% to 14.34%, median change: 2.44%; signed-rank test,
P � 0.001, Fig. 3, D and E). MUs that met this criterion were
included in all subsequent analyses.

To assess the efficacy of the optogenetic manipulation in
deeper layers (since optical stimulation was delivered through
an LED positioned over the cortical surface), we plotted effect
size as a function of cortical depth. We found no significant
depth dependence of the inhibition of noise-evoked responses
elicited by optogenetic activation of PVIs using ChR2 [median
change: layer 2/3 � �1.2%, layer 4 � �2.15%, layer 5 �
�0.55%, layer 6 � �3.57%, Fig. 3F, blue dots, Kruskal Wal-
lis test: chi-square(3) � 6.65, P � 0.919]. However, the dis-
inhibition of evoked responses produced by optogenetic sup-
pression of PVI activity was depth dependent, being signifi-
cantly stronger in layer 4 than in layer 6 [median change: layer
2/3 � 2.17%, layer 4 � 2.93%, layer 5 � 2.97%, layer 6 �
1.29%, Kruskal Wallis test: chi-square(3) � 11.89, P � 0.008;
Fig. 3F, yellow dots]. This is probably due to reduced light
penetration in deep cortical layers, and to weaker expression of
endogenous Arch, relative to virally mediated ChR2.

We analyzed the effect of the optogenetic manipulations on
spontaneous activity during a silent period. Arch-mediated
suppression of PVI activity resulted in significant disinhibition
of spontaneous activity (range of changes: �0.58% to 24.92%,
median change: 2.74%; signed-rank test: P � 0.001) whereas
ChR2-mediated activation of PVI activity left spontaneous
activity unaffected (range of changes: �1.27% to 1.97%,
median change: �0.15%; signed-rank test: P � 0.601, Fig.
3G). The disinhibition resulting from PVI suppression was
observed at all depths [median change: layer 2/3 � 2.07%,
layer 4 � 2.93%, layer 5 � 2.51%, layer 6 � 2.92%, Kruskal
Wallis test: chi-square(3) � 1.05, P � 0.788, Fig. 3H, yellow
dots]. PVI activation similarly had no layer specific effects on
spontaneous activity [median change: layer 2/3 � �0.15%,
layer 4 � �0.22%, layer 5 � 0.05%, layer 6 � �0.55%,
Kruskal Wallis test: chi-square(3) � 2.51, P � 0.474, Fig. 3H,
blue dots].

Fig. 2. Input conductance estimation. A: mean Vm recorded for four different levels of current injection during dynamic random chord (DRC) and noise
stimulation. Input conductance, G, was estimated at each time point in the stimulus. The broken line indicates a single time point 100 ms into the stimulus for
which we estimated a single value of G. B: open circles indicate the Vm recorded at this time point for 25 stimulus repetitions for the four levels of current
injection. Blue triangles indicate mean Vm values plotted in A. G could be estimated at this time point from these responses by examining the relationship between
injected current and recorded Vm response. This relationship was modeled by fitting a line to these data as Ohm’s law predicts that this relationship should be
linear. C: the inverse of the slope of the linear fit was used as the estimate for G for this time point. D: using Ohm’s law, the Vm could be reconstructed from
this estimate for G and the known levels of current injection, to validate the estimates. This was necessary as neurons are not perfectly linear devices. Iinj, injected
current; Vm, membrane potential.
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We used continuous light stimulation to avoid imposing arbi-
trary temporal structure on the cortical activity (onset and offset
coincident with onset and offset of auditory stimulus). To test
whether activity changed over the recording sessions, we recorded
single units (n � 136) in auditory cortex using Buzsaki style
multielectrodes in six mice expressing ChR2 in PVIs. We com-
pared the ratio of firing rates between light conditions in the first
half of the stimulus (0–20 s) against the same value for the second
half (20–40 s) to investigate whether the effects of stimulation
changed throughout this period. The population of 136 single
units recorded did not show a significant change in mean firing
rate between these two periods (signed-rank, P � 0.6753), indi-
cating that the continuous stimulation did not result in any
changes in response level over time.

Suppression of PVI Activity Has Negligible Systematic Effect
on STRF Tuning

To investigate the role of PVIs in contrast gain control in
mouse auditory cortex, we made extracellular recordings

during auditory stimulation, while optogenetically manipu-
lating PVI activity. We measured the effect of the PVI
manipulations on the strength of sound-evoked responses,
on the tuning of neurons, on their gain, and on contrast gain
control itself.

The main aim of the extracellular recordings was to deter-
mine the effect of optogenetic PVI manipulations on contrast
gain control. However, to compare gain control in the light-on
and light-off conditions, we first need to establish whether
neuronal tuning is systematically affected by the optogenetic
manipulations. If the primary effect of PVI activity is to drive
gain changes, then we should not expect optogenetic manipu-
lations of PVI activity to have systematic effects on spectro-
temporal tuning. We first investigated this for the Arch data
(see MATERIALS AND METHODS), where the optogenetic manipu-
lation suppressed the responses of PVIs. We fitted STRFs to
MU responses under light-off (Fig. 4A) and light-on (Fig. 4B)
conditions. We then quantified tuning in terms of best fre-
quency (BF), bandwidth of the frequency kernel, temporal

Fig. 3. A, left: Confocal micrograph of a ChR2-eYFP-positive neuron in a section of mouse auditory cortex. Middle: PV-positive neuron in a slice labeled with
a PV antibody and counterstained with a red fluorescent dye. Right: merged image of green (ChR2-eYFP) and red (PV) channels showing coexpression of
ChR2-eYFP and PV in the same neuron. Scale bar: 10 �m. B: same as in A but for coexpression of Arch-GFP and PV in two neurons. C: example PSTHs of
responses of a MU to 50-ms noise bursts with (blue traces) and without (black traces) optogenetic activation of PVIs. We removed the first 50 ms of the PSTH
to exclude photoelectric artifacts from the analysis. All PSTHs show suppression of peak responses under conditions of increased PVI activity (blue), but no
suppression of baseline activity (t � 0). D: PSTHs of noise responses for a MU with (amber traces) and without (black traces) optogenetic suppression of PVIs.
As in C, control traces with no optogenetic stimulation are shown in black. E: histograms showing the effect of PVI activation (blue) and suppression (amber)
on peak firing rate in the PSTH for all MUs that showed noise-evoked responses. PVI activation resulted in inhibition of evoked responses, while PVI suppression
resulted in disinhibition of responses to noise stimuli. F: effects of optogenetic manipulations on evoked neural activity across the depth of cortex. Amber circles
correspond to individual MUs under PVI suppression (n � 121), while blue circles correspond to individual MUs under PVI activation (n � 28). Units whose
responses are illustrated in C and D are indicated here by black circles. PVI activation suppressed noise responses across all cortical layers and did not vary
significantly over cortical depth. However, the strength of the disinhibition of noise-evoked responses observed during PVI suppression was found to decrease
with cortical depth. G: histograms showing the effect of PVI activation (blue) and suppression (amber) on baseline activity in the PSTH for the same MUs as
in E and F. PVI activation had no effect on baseline activity, while suppression resulted in disinhibition of baseline responses. H: effects of optogenetic
manipulations on baseline activity across the depth of cortex for the same MUs as in E and F. Units whose responses are illustrated in C and D are again indicated
here by black circles. Effects on baseline activity were consistent across the depth of cortex. Arch, archearhodopsin; ChR2, channelrhodopsin; eYFP, enhanced
yellow fluorescent protein; GFP, green fluorescent protein; MU, multiunit; MUA, multiunit activity; PSTH, peristimulus time histogram; PV, parvalbumin; PVI,
PV-positive interneurons.
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integration window, and the largest coefficient in the STRF (a
simple measure of gain).

We found that STRF shapes were similar under light-off
(Fig. 4A) and light-on conditions (Fig. 4B). We observed a
borderline significant change in mean BF, although median
values remained unchanged between light-off and light-on
conditions (light-off median: 9.51 kHz, light-on median: 9.51
kHz; light-off mean: 7.61 kHz, light-on mean: 7.81 kHz;
signed-rank test, P � 0.047; Fig. 4C). PVI suppression did not
produce a significant change in spectral bandwidth (signed-
rank test, P � 0.59, Fig. 4D) or temporal integration window
(signed-rank test, P � 0.528, Fig. 4E). We did observe,
however, a significant increase in the largest STRF coefficient
in these MUs during PVI suppression (light-off median: 0.39
V·dB�1·s�1, light-on median: 0.4V·dB�1·s�1; signed-rank test,
P � 0.001, Fig. 4F). Overall, these results suggest that PVI
suppression has unsystematic, marginally significant effects on
STRF tuning but has an appreciable systematic effect on
neuronal gain.

To assess the importance of the changes we observed in
STRF shape, we modeled MU responses to stimuli across light
conditions. For each MU, we took the light-off STRF and used
it to describe responses in the light-on condition. The only
modification we made to the STRF was to incorporate a scale
factor (corresponding to a change in gain). We then evaluated
the scaled STRF by measuring the correlation between the real
and predicted neuronal responses on a held-out data set. We

compared these cross-condition predictions with within-condi-
tion predictions (where the light-off STRF was tested on
held-out data from the light-off condition). Correlations be-
tween observed and predicted responses were slightly lower
under light-on conditions compared with light-off conditions
(light-off median: 0.081, light-on median: 0.079; signed-rank
test, P � 0.001, Fig. 5). This decrement in performance was
only 1.85%, however, indicating that the predictive power of
STRFs is largely unchanged when PVI activity is suppressed,
which implies that effect of suppressing PVI activity on spec-
trotemporal tuning of cortical neurons is minimal.

Suppressing PVI Activity Increases Gain but Leaves
Contrast Gain Control Unaffected

For each MU, we quantified changes in baseline activity,
maximum response, subtractive/additive changes in the offset of
responses and divisive/multiplicative changes in gain between the
Arch-mediated PVI suppression condition and a control condition
with no optogenetic manipulation (see MATERIALS AND METHODS).
We also quantified changes in contrast gain control between these
two conditions. If PVIs are involved in contrast gain control,
optogenetically altering their activity should be expected to affect
the magnitude of contrast-dependent gain changes.

Changes in baseline activity of MUA, Rmin, between conditions
were quantified by taking the ratio of the 5th percentile of
responses during Arch-mediated PVI suppression over the 5th

Fig. 4. Effect of PVI suppression on STRF shape. A: example STRFs estimated for the light-off condition. Spectrotemporal features that increase the MUA
amplitude are shown in warmer colors while suppressive features are shown in cooler colors. B: STRFs estimated for the same MUAs as in A, but under light-on
conditions during Arch-mediated PVI suppression. Color scaling is the same as in A. This manipulation results in a small increase in peak STRF coefficient.
STRFs had similar shapes under light-off and light-on conditions (A and B). C–F: comparison of STRF parameters under light-off (abscissa) versus light-on
(ordinate) conditions. A small but significant change was observed in best frequency (C) under light-on conditions. The bandwidth of frequency tuning (D) and
temporal integration window (E) remained unaffected. The largest STRF coefficient increased during PVI suppression (F). Arch, archearhodopsin; BF, best
frequency; BW, bandwidth; MUA, multiunit activity; PVI, parvalbumin-positive interneurons; STRF, spectrotemporal receptive fields.
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percentile of responses during the control condition with no
optogenetic manipulation. The same was done with the 95th
percentile of responses to quantify changes in maximum activity,
Rmax. For low-contrast stimulation, Arch-mediated PVI suppres-
sion produced a reduction in baseline activity during DRC stim-
ulation (Rmin median: 0.997; signed-rank test, P � 0.006, Fig. 6A)

and an increase in maximum activity (Rmax median: 1.014;
signed-rank test, P � 0.001, Fig. 6B), in keeping with the
expected disinhibition caused by suppressing inhibitory neural
activity. This pattern of changes corresponded to a small subtrac-
tive effect on response offset (Roffset median: �0.007; signed-rank
test, P � 0.001, Fig. 6C) and a clear increase in gain (Slow

on / Slow
off

median: 1.062; signed-rank test, P � 0.001, Fig. 6D). Under
high-contrast stimulation, Arch-mediated PVI suppression pro-
duced a reduction in baseline activity during DRC stimulation
(Rmin median: 0.998; signed-rank test, P � 0.046, Fig. 6E) and a
disinhibitory increase in maximum activity, similar to that ob-
served under low-contrast stimulation (Rmax median: 1.012;
signed-rank test, P � 0.001, Fig. 6F). This also produced a small
change in offset (Roffset median: 0.016; signed-rank test, P �
0.001, Fig. 6G) and increase in gain (Shigh

on /Shigh
off median: 1.053;

signed-rank test, P � 0.001, Fig. 6H) as observed under low-
contrast stimulation. These results indicate that in both high- and
low-contrast conditions suppression of PVIs results in a signifi-
cant increase in gain.

Finally, we assessed the effect of PVI suppression on con-
trast-dependent gain—i.e., contrast gain control. To do this we
measured the relative strength of contrast gain control in
light-off and light-on conditions (see MATERIALS AND METHODS).
We found that the effects of PVI suppression are similar in the
low- (Fig. 6, A–D) and high- (Fig. 6, E–H) contrast conditions,
so that the overall effect of PVI suppression was to leave the
strength of contrast gain control unaffected (Grelative median:
1.012; signed-rank test, P � 0.146, Fig. 6I).

PVI Activation Reduces Gain but Leaves Tuning Unaffected

We next investigated the effects of PVI activation on tuning,
gain, and contrast gain control using the ChR2 data (see

Fig. 5. Predictive performance of STRFs across light conditions. Correlation
coefficients (CCs) between actual responses and responses predicted by light-
off STRFs for both light-off (abscissa) and light-on (ordinate) conditions.
STRFs fitted under light-off conditions showed a slight decrement (�2%) in
predicting light-on condition responses. These findings indicate that tuning was
largely unaffected by manipulation of PVI activity. PVI, parvalbumin-positive
interneurons; STRF, spectrotemporal receptive fields.

Fig. 6. Effect of PVI suppression on auditory cortex responses. A: negligible reduction in baseline activity (Rmin) produced by PVI suppression during
low-contrast stimulation. B: a more substantial increase in the maximum response (Rmax) was also observed. C: a small subtractive change in the offset of
responses occurred during PVI suppression. D: the asymmetrical effects on Rmin and Rmax led to an increase in gain during PVI suppression. E: a small reduction
in Rmin was also observed under high-contrast stimulation. F: a similar increase in Rmax was observed under high-contrast stimulation. G: unlike under
low-contrast stimulation, PVI suppression produced a small increase in offset during high-contrast stimulation. H: the robust increase in gain observed under
low-contrast stimulation was also observed during high-contrast stimulation. I: the similarity of the effects on gain under low and high-contrast stimulation
resulted in this manipulation leaving the strength of contrast gain control unaffected. Arch, archearhodopsin; MUA, multiunit activity; PVI, parvalbumin-positive
interneurons; Rmin; 5th percentile of the response of the multiunit activity; Rmax, maximum response as the 95th percentile; S, range of responses in a particular
light condition (“on” vs. “off”) and contrast condition (“low” vs. “high”).
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MATERIALS AND METHODS). As for the Arch data (above), we first
measured the extent to which neuronal tuning was systemati-
cally affected by the optogenetic manipulation. We found that,
for PVI activation, STRF shapes were generally similar under
light-off and light-on conditions (Fig. 7A). Activating PVIs
with ChR2 had no systematic effect on BF (signed-rank test,
P � 0.074), bandwidth of the frequency kernel (signed-rank
test, P � 0.338), or the temporal integration window (signed-
rank test, P � 0.121, Fig. 7B). The magnitude of the largest
coefficient in the STRF was, however, significantly reduced
under light-on conditions in these MUs (light-off median: 0.16
V·dB�1·s�1, light-on median: 0.14 V·dB�1·s�1; signed-rank
test, P � 0.001, Fig. 7B). STRFs that were trained and tested
on light-off data predicted responses under light-on and light-
off conditions equally well (light-off and light-on median CC:
0.071/0.061; signed-rank test, P � 0.665, Fig. 7C), indicating
the PVI activation did not systematically alter tuning.

Using the nonparametric gain analysis (as described above
for Arch data), we found that, for low-contrast stimulation,
ChR2-mediated PVI activation produced a significant reduc-
tion in baseline (Rmin median: 0.97; signed-rank test, P �
0.001) and maximum activity during DRC stimulation (Rmax
median: 0.967; signed-rank test, P � 0.013, Fig. 7D). The
comparable size of the reduction in minimum and maximum
response resulted in a significant subtractive change in the
offset of responses (Roffset median: �0.196; signed-rank test,
P � 0.001), in addition to a small reduction in gain (Slow

on /Slow
off

median: 0.958; signed-rank test, P � 0.036, Fig. 7D). Under
high-contrast stimulation, similar reductions in baseline (Rmin
median: 0.967; signed-rank test, P � 0.004) and maximum
activity (Rmax median: 0.967; signed-rank test, P � 0.001, Fig.
7D) were again observed. This resulted in the same reduction
in offset (Roffset median: �0.19; signed-rank test, P � 0.001)
and gain (Shigh

on /Shigh
off median: 0.946; signed-rank test, P �

0.001) observed for low-contrast stimulation (Fig. 7D).

Fig. 7. Effect of PVI activation on STRF shape. A, left: two example STRFs estimated for the light-off condition. Spectrotemporal features that increase the MUA
amplitude are shown in warmer colors while suppressive features are shown in cooler colors. Right: STRFs estimated for the same MUs as in left panels but under
light-on conditions, during ChR2-mediated PVI activation. Color scaling is the same as for the left panels. This manipulation results in suppression of STRF coefficients,
but STRF shapes are largely the same under both light-off and light-on conditions. B: comparison of STRF parameters under light-off (abscissa) versus light-on (ordinate)
conditions. We observed no significant changes in best frequency, spectral bandwidth, or temporal integration window. The largest STRF coefficients were significantly
reduced during PVI activation. C: predictive performance of STRFs across light conditions. STRFs fitted under light-off conditions predicted responses under light-on
and light-off conditions equally well, indicating that tuning was largely unaffected by PVI activation. D: effect of PVI activation on auditory cortex responses. A reduction
in baseline activity (Rmin) was produced by PVI activation during low and high-contrast stimulation (first column). A comparable reduction in the maximum response
(Rmax) was also observed (second column). PVI activation produced a subtractive change in the offset of responses (third column). A reduction in gain was also observed
during PVI activation (fourth column). E: PVI activation increased the strength of contrast gain control. BF, best frequency; BW, bandwidth; CCs, correlation
coefficients; CGC, contrast gain control; ChR2, channelrhodopsin; Grelative, relative gain change (between conditions); MU, multiunit; MUA, MU activity; PVI,
parvalbumin-positive interneurons; Rmin; 5th percentile of the response of the multiunit activity; Rmax, maximum response as the 95th percentile; S, range of responses
in a particular light condition (“on” vs. “off”) and contrast condition (“low” vs. “high”); STRF, spectrotemporal receptive fields.
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Finally, we measured the effect of PVI activation on con-
trast-dependent gain changes—i.e., contrast gain control. De-
spite the similarity of the changes in gain induced by PV
activation under low and high-contrast stimulation, we found
that PVI activation resulted in a small but significant increase
in the strength of contrast gain control (Grelative median: 1.013;
signed-rank test, P � 0.013, Fig. 7E).

Taking the results of PVI suppression and activation
together, a consistent picture emerges of the effect of PVI
activity on auditory cortical response gain. Suppression
and activation of PVIs tends to have opposing effects on
neuronal gain, such that higher PVI activity reduces gain
while lower PVI activity increases gain. These effects are
consistent across stimulus conditions, so that manipulation
of PVI activity has only a small effect on contrast gain
control.

PVI Activity Is Not Modulated by Stimulus Contrast

We next examined whether PVI activity in the ChR2 ani-
mals increases during high-contrast stimulation. To do this, we
identified putative PVIs in the single-unit data reported above
by examining the extent to which their activity was modulated
by exposure to blue light (Fig. 8A). The latency of the first
spike following light onset is often used for photoidentification
of neurons (Lima et al. 2009). This approach is compatible
with tungsten electrode recordings, but not with silicon probes
recordings, as used here, as large photoelectric artifacts are
produced by light onset. These artifacts prevent spike extrac-

tion for a period of tens of milliseconds following light onset.
This precluded the use of spike-onset latency as a criterion for
PVI identification and so different selection criteria were em-
ployed here.

Putative PVIs in ChR2 animals were required to show a
significant increase in their firing rate under light-on conditions, as
assessed by a paired sample t test, and to have spike widths of less
than 0.25 ms (Cardin et al. 2009; Letzkus et al. 2011; Pi et al.
2013). This second criterion was included to exclude pyramidal
cells that may be recruited via disinhibition during light stimula-
tion. Of the 136 single units recorded, 34 passed these criteria and
were classified as putative PVIs (Fig. 8B). The remaining 102
putative non-PVIs were not included in the following analysis.

We played both high- and low-contrast DRC stimuli under
light-off conditions to investigate whether PVIs respond more
strongly during high-contrast stimulation. We assessed the con-
trast response of putative PVIs by taking the ratio of firing rates
during high-contrast over low-contrast conditions. As a popula-
tion, putative PVIs did not show a significant increase in firing rate
with increased contrast (high/low-contrast median: 1.18; signed-
rank test, P � 0.14; Fig. 8C). The significance of changes in firing
rate with contrast was assessed on a unit-by-unit basis using
paired t tests. Twelve of the 36 units showed a significant increase
in firing rate with contrast, with two of these units only responding
during high-contrast stimulation (Fig. 8C). Eight units showed a
significant decrease in firing rates during high-contrast stimulation
(Fig. 8C). These results indicate that, as a population, PVIs in
auditory cortex are not driven by stimulus contrast.

Fig. 8. Contrast response of putative PVIs. A: spike waveforms and PSTHs of spiking responses of putative PVIs and non-PVIs to high-contrast DRC stimuli
with light-off (black) and light-on (blue). Spike widths (ms) are shown above the waveforms. B: scatter plot of spike widths (abscissa) against the strength of
the optogenetic response (ordinate), measured as the ratio of firing rates during light-on over light-off conditions. To be classified as a putative PVI (red), units
were required to show a significant increase in firing rate during light stimulation and to have spike widths of � 0.25 ms. C: contrast response of putative PVIs.
Histogram of the change in firing rates of putative PVIs in response to a doubling of stimulus contrast. Units that showed a significant increase in firing rate are
shown in purple and units that showed a significant decrease are shown in orange. No systematic effect of contrast on firing rates was observed. DRC, dynamic
random chord; PSTH, peristimulus time histogram; parvalbumin-positive interneurons; PV, parvalbumin; PVI, parvalbumin-positive interneuron.
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Membrane Potential Response Magnitude, but Not
Variability, Is Modulated by Stimulus Contrast

We performed current clamp recordings from 17 pyramidal
cells in the auditory cortex to test whether membrane potential
(Vm) responses undergo contrast gain control, as would be
predicted if an inhibitory mechanism is involved. No net
current was injected into the neuron (0 pA holding current),
allowing Vm responses to DRCs of different contrasts to be
recorded (Fig. 9, A–D).

We first examined whether the mean Vm responses to DRCs
changed with stimulus contrast. We found a small but signif-
icant depolarization during high-contrast compared with low-
contrast stimulation (low-contrast Vm: �52.62 mV, high-con-
trast Vm: �52.39 mV; signed-rank test, P � 0.009, Fig. 9E).
We next examined whether noise-evoked PSP amplitudes were
modulated by DRC contrast. Noise bursts lasting 50 ms were
embedded 500 ms into a 1-s DRC of either low or high
contrast. We found that noise-evoked PSP amplitude was
suppressed under high-contrast stimulation (low-contrast me-
dian: 4.67 mV, high-contrast median: 3.77 mV; signed-rank
test, P � 0.042, Fig. 9F).

Trial-to-trial Vm variability alters gain by changing the
probability that a mean value of Vm will result in a spiking
response but leaves PSP amplitude unaffected (Carandini
2004; Finn et al. 2007; Hansel and van Vreeswijk 2002). This
therefore cannot account for the observed reduction in PSP
amplitude under high-contrast stimulation but may still con-

tribute to contrast gain control at the level of spiking responses.
If this is the case, responses should be more variable under
low-contrast stimulation, resulting in an increase in the gain of
this relationship. We fitted a power law function to the mean

membrane potential, �Vm, and mean spiking response across
trials, �S, to investigate whether the gain of this relationship is
indeed increased under low-contrast stimulation.

�S�k��Vm �
�Vrest��

p

where �Vrest refers to the mean resting membrane potential of the
neuron and the subscript “�” indicates half-wave rectification.
The exponent p was fixed between contrast conditions but the
gain factor k was allowed to vary. Some neurons showed an
increase in gain under high-contrast stimulation (Fig. 10A),
while others showed no change (Fig. 10B). No neurons showed
a reduction in gain under high-contrast stimulation, as would
be predicted if changes in membrane potential variance con-
tributed to contrast gain control (Fig. 10C). As fluctuations in
Vm are thought to underlie changes in this relationship, this
finding suggests that Vm variability is not contrast dependent.
We investigated this further by examining both the variance of
Vm responses to high and low-contrast DRCs and the variabil-
ity in noise-evoked PSP peak amplitude across trials (Fig.
10D). As predicted, no contrast-dependent changes in the
standard deviation of Vm, �Vm, were observed (low-contrast:
4.34 mV, high-contrast: 4.19 mV; signed-rank test, P � 0.426,
Fig. 10E). Contrast-dependent changes were not observed in
the standard deviation of peak response amplitude to the
embedded noise stimuli either (low-contrast: 2.96 mV, high-
contrast: 2.91 mV; signed-rank test, P � 0.426, Fig. 10F).

Stimulus Contrast Does Not Modulate Input Conductance

We next asked whether contrast-dependent changes in input
conductance (G) could account for the reduction in PSP am-
plitude observed in our sample of 17 pyramidal neurons under
high-contrast stimulation (Fig. 9F). To assess the contrast
dependence of input conductance in the recorded neurons, G
was estimated during stimulation with both high- and low-
contrast DRCs (Fig. 11, A–F). Doubling the contrast had no
systematic effect on G (median change in G � 2.37%; signed-
rank test, P � 0.296, Fig. 11G). A change in G of �16.4%
would have been required to account for the observed change
in the slope of PSP amplitude from low to high-contrast
stimulation. To account for the contrast-dependent scaling of
PSPs, changes in G should be correlated with the observed
changes in PSP amplitude. We found that contrast-dependent
changes in G were unrelated to the contrast-dependent changes
in the size of the PSPs (Fig. 11H). This was primarily attrib-
utable to the small magnitude of changes in G between contrast
conditions, indicating that input conductance does not change
with stimulus contrast.

DISCUSSION

We investigated the biophysical basis of contrast gain con-
trol in mouse auditory cortex by examining the potential
involvement of two mechanisms: PVI-mediated shunting inhi-
bition and membrane potential variability. We first investigated
whether PVIs are capable of modulating the gain of sensory-
evoked responses in auditory cortex, as they are in V1 (Atallah

Fig. 9. Contrast-dependent membrane potential responses. A–D: mean Vm

responses to 1-s high-contrast (red) and low-contrast (blue) DRCs for four
different auditory cortex neurons. Broken lines indicate the onset of a 50-ms 80
dB SPL noise burst. E: mean Vm showed a very small increase under
high-contrast compared with low-contrast stimulation. F: the amplitude of the
noise-evoked PSP was increased under low-contrast stimulation, relative to
high-contrast stimulation. Ratios in the corner of plots indicate the number of
neurons above the identity line, y � x, over the total number of neurons. DRC,
dynamic random chord; PSP, postsynaptic potential; Vm, membrane potential.
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et al. 2012; Wilson et al. 2012). We did this by optogenetically
stimulating or suppressing PVI activity during auditory stim-
ulation while recording MUA from the auditory cortex of
anesthetized mice.

Changes in neural responses between conditions can involve
multiplicative/divisive changes in gain or subtractive/additive
changes in the offset of responses. Arch-mediated suppression
of PVI activity resulted in a significant increase in the overall
gain of auditory cortical responses, in addition to a small
subtractive change in offset. However, the magnitude of this
gain change was similar between contrast conditions, resulting
in no effect of PVI suppression on contrast-dependent gain
changes, i.e., contrast gain control was unaffected by suppress-
ing the activity of PVIs. ChR2-mediated activation of PVIs
similarly altered the overall gain and offset of auditory cortical
responses. In this case, however, when compared across con-
trast conditions, the differences were still significant, indicating
an effect of PVI activation on contrast gain control. Both
optogenetic manipulations had appreciable effects on overall
gain (5%) of cortical neurons but smaller effects on contrast
gain control (~1%). This suggests that PVI activity modulates
the gain of auditory cortical responses, but not in the contrast-
specific way that would be required for PVIs to be the primary
mechanism for contrast gain control in auditory cortex.

Activation of PVIs in mouse auditory cortex with ChR2 has
previously been found to produce a mixture of divisive and
subtractive effects on sensory evoked responses (Seybold et al.
2015). In keeping with this observation, we found that while
PVI activation reduces gain it also produces a large reduction
in offset. Previous conflicting results regarding the subtractive
or divisive nature of PVI activity in V1 have been found to be
attributable to unnatural levels of interneuron activation, which
artificially suppresses responses below threshold, changing
divisive changes in gain into subtractive changes (Atallah et al.
2012, 2014; Lee et al. 2012, 2014; Wilson et al. 2012). To
avoid this concern, we aimed to induce modest activation of
PVIs but nonetheless still observed both divisive and subtrac-
tive effects.

The lack of contrast-dependent divisive changes in auditory
cortex response gain during manipulation of PVI activity raises
the possibility that the effects of activating these interneurons
may differ between cortical areas. Another potential explana-
tion is that firing rates in auditory cortex in response to DRCs
are typically much lower than V1 responses to the drifting
grating stimuli typically used in these experiments. Smaller
levels of suppression may therefore be required to produce
subtractive effects due to interactions with spike threshold
during a low firing rate regime. If this is the case, PVI
activation might be expected to have a subtractive effect in V1

Fig. 10. Membrane potential variability in auditory cortex is not contrast dependent. A: a power law function was used to map Vm to firing rate for each unit.
Some units, such as this one, showed an increase in the gain of this relationship under high-contrast stimulation. B: other units showed no change in gain with
stimulus contrast. C: histogram of gain changes resulting from increased contrast. No units showed the reduction in gain that would be expected if membrane
voltage variance was a determining factor. The broken line corresponds to the median increase in gain with increased contrast. D: four representative units
showing PSPs evoked by noise stimuli during high (red) and low (blue) contrast stimulation. Shaded areas indicate the standard deviation of Vm responses across
trials. E: membrane potential standard deviation during DRC stimulation did not change with stimulus contrast. F: similarly, the standard deviation of PSP
responses did not show a systematic change with stimulus contrast. Ratios in the corner of plots indicate the number of neurons above the y � x identity line
over the total number of neurons. DRC, dynamic random chord; EPSP, excitatory postsynaptic potential; PSP, postsynaptic potential; �Vm, standard deviation
of Vm; Vm, membrane potential.
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during stimulation with natural scenes, which typically evoke
lower firing rates than gratings (Gallant et al. 1998).

Seybold et al. (2015) argue that the true effects of inhibition
provided by distinct neuronal subpopulations could be masked
when these neurons are activated artificially, due to recurrent
connectivity of cortical networks and to interactions with spike
threshold. In keeping with this, optogenetic activation inevita-
bly introduces a somewhat artificial, synchronous activation
into the activity patterns of the stimulated population at light
onset, which may significantly disrupt normal network opera-
tion. Controlled optogenetic suppression may interfere less
with typical network operation by leaving the statistical struc-
ture of spiking activity largely unchanged, as it does not
introduce new spikes with unnatural correlations. Arch-medi-
ated PVI suppression therefore represents a more reliable
method for interrogating the role of interneuron inhibition in
gain control than PVI activation. Because PVI suppression had
no effect on contrast gain control in auditory cortex, despite
producing marked changes in response gain at each contrast, it
seems unlikely that these inhibitory interneurons contribute
mechanistically to this form of adaptation.

We obtained additional evidence for this by investigating
whether PVIs are recruited during high-contrast stimulation in
a manner that would allow them to mediate contrast gain
control in auditory cortex. By using virally targeted expression
of ChR2 to optically tag PVIs, we found that the majority
(65%) of the PVIs in auditory cortex which were identified by
this method did not significantly increase their activity with
increasing stimulus contrast. This is in contrast to V1, where
PVI firing rates have been found to be generally tightly linked
to stimulus contrast (Atallah et al. 2012). This further suggests
that the mechanisms underlying contrast gain control, or at

least the contribution made to that process by PVIs, may differ
between sensory areas or modalities.

Nevertheless, cortical interneurons have been implicated in
different aspects of auditory processing, including adaptation
to stimulus statistics (Blackwell and Geffen 2017). This has
previously been examined in the context of stimulus-specific
adaptation. Optogenetic suppression of PVIs has been shown
to induce a nonselective increase in excitatory cortical re-
sponses, whereas somatostatin interneuron suppression affects
responses to frequent rather than rare tones (Natan et al. 2015).
Along with other evidence, this suggests different roles for
these two types of cortical interneuron in context-dependent
sound processing (Phillips et al. 2017) and a specific role for
somatostatin interneurons in adaptation to repeated sounds
(Kato et al. 2015; Natan et al. 2015). Although we have not
examined the contribution of the latter to contrast gain control,
our results are consistent with these studies in suggesting that
PVIs are the not the key cell type in the auditory cortex that is
responsible for context-specific gain modulation.

Contrast gain control in auditory cortex has previously been
observed at the level of spiking responses (Rabinowitz et al.
2011) but has not been documented at the level of the mem-
brane potential. We observed that membrane potential re-
sponses exhibited divisive scaling in amplitude during high-
contrast compared with low-contrast stimulation. This is con-
sistent with the hypothesis that shunting inhibition might be a
key mechanism in auditory cortex contrast gain control. At the
same time, this finding argues against the membrane potential
variance hypothesis (Finn et al. 2007), because it indicates that
contrast-dependent membrane potential fluctuations alone can-
not account for contrast gain control in auditory cortex. We
also compared the standard deviation of evoked PSP ampli-
tudes between contrast conditions and found no systematic

Fig. 11. Input conductance during high- and low-contrast stim-
ulation. A–C: membrane potential responses recorded under
four different levels of current injection for three representative
units, during high- (red) and low- (blue) contrast stimulation.
Broken lines indicate the timing of noise stimulus presentation.
D–F: gain, G, estimated for these same three units under high
(red) and low (blue) contrast stimulation. G: histogram of %
change in G in response to an approximate doubling of stimulus
contrast. Gain, G, showed no systematic variation with stimulus
contrast. H: scatter plot of contrast-dependent changes in PSP
amplitude (abscissa) and G (ordinate). The change in G be-
tween contrast conditions was far smaller than changes that
would be required to account for the contrast-dependent scaling
of the evoked Vm response. The ratio in the corner indicates the
number of neurons above the identity line, y � x, over the total
number of neurons. PSP, postsynaptic potential; Vm, membrane
potential.
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difference, which provides further evidence against the mem-
brane potential variance hypothesis. In keeping with this, the
gain of the relationship between mean membrane potential and
firing rate was not reduced during high-contrast stimulation in
auditory cortex neurons, unlike in V1 where this has been
found to be the case (Finn et al. 2007).

Shunting inhibition is thought to modulate gain by increas-
ing the input conductance of neurons to divisively scale PSP
amplitude (Carandini and Heeger 1994; Carandini et al. 1997).
We found, however, that input conductance was not signifi-
cantly modulated by stimulus contrast. In V1, input conduc-
tance can increase by up to 300% during the presentation of a
high-contrast grating with reference to baseline input conduc-
tance (Anderson et al. 2000). Here we observed no such effect,
suggesting that, in auditory cortex, shunting inhibition does not
contribute to contrast gain control. Our recordings were per-
formed across the depth of cortex, and it is possible that
shunting inhibition is recruited by thalamic inputs and may
therefore be confined to neurons in layer 4. Targeted record-
ings of input conductance in layer 4 neurons during stimulation
with stimuli of different contrasts will be necessary to address
this issue.

In summary, our findings provide evidence that contrast gain
control in auditory cortex is not implemented by shunting
inhibition from PVIs. Short-term synaptic depression at the
thalamocortical synapse is believed to contribute to contrast
gain control in V1 and may also do so in auditory cortex
(Banitt et al. 2007; Carandini et al. 2002). Recent evidence has
demonstrated that contrast gain control is also exhibited by
neurons in the mouse inferior colliculus and medial geniculate
body, indicating that this is not an emergent property of
auditory cortex (Lohse et al. 2020). Nevertheless, the time
constants of contrast adaptation are longer in the auditory
cortex than at subcortical levels (Lohse et al. 2020; Rabinowitz
et al. 2013), so it is likely that local processing contributes to
these computations at each processing level. Further charac-
terization of the circuits and mechanisms underlying canonical
computations such as contrast gain control across sensory
modalities holds the promise of not only providing insight into
the specific system being studied but also into fundamental
questions regarding the relationship between mechanistic and
computational levels of understanding in neuroscience.

ACKNOWLEDGMENTS

We are grateful to Matteo Carandini for advice on electrophysiological
recordings. We also thank Jonathan Webb, Fernando Nodal, Mariangela
Panniello, and Johannes Dahmen for helpful contributions to the surgical
preparations.

GRANTS

This work was supported by the Wellcome Trust through Principal Re-
search Fellowship Grants WT076508AIA and WT108369/Z/2015/Z (to A. J.
King) and a 4-yr studentship (096588/Z/11/Z; to J. E. Cooke).

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by the authors.

AUTHOR CONTRIBUTIONS

J.E.C., E.O.M., A.J.K., J.W.H.S., and B.D.W. conceived and designed
research; J.E.C. and M.K. performed experiments; J.E.C., J.W.H.S., and

B.D.W. analyzed data; J.E.C., M.K., E.O.M., A.J.K., J.W.H.S., and B.D.W.
interpreted results of experiments; J.E.C. prepared figures; J.E.C. drafted
manuscript; J.E.C., M.K., E.O.M., A.J.K., J.W.H.S., and B.D.W. edited and
revised manuscript; J.E.C., M.K., E.O.M., A.J.K., J.W.H.S., and B.D.W.
approved final version of manuscript.

REFERENCES

Ahrens MB, Linden JF, Sahani M. Nonlinearities and contextual influences
in auditory cortical responses modeled with multilinear spectrotemporal
methods. J Neurosci 28: 1929–1942, 2008. doi:10.1523/JNEUROSCI.3377-
07.2008.

Anderson JS, Carandini M, Ferster D. Orientation tuning of input conduc-
tance, excitation, and inhibition in cat primary visual cortex. J Neurophysiol
84: 909–926, 2000. doi:10.1152/jn.2000.84.2.909.

Atallah BV, Bruns W, Carandini M, Scanziani M. Parvalbumin-expressing
interneurons linearly transform cortical responses to visual stimuli. Neuron
73: 159–170, 2012. doi:10.1016/j.neuron.2011.12.013.

Atallah BV, Scanziani M, Carandini M. Atallah et al. reply. Nature 508: E3,
2014. doi:10.1038/nature13129.

Banitt Y, Martin KAC, Segev I. A biologically realistic model of contrast
invariant orientation tuning by thalamocortical synaptic depression. J Neu-
rosci 27: 10230–10239, 2007. doi:10.1523/JNEUROSCI.1640-07.2007.

Bitterman Y, Mukamel R, Malach R, Fried I, Nelken I. Ultra-fine fre-
quency tuning revealed in single neurons of human auditory cortex. Nature
451: 197–201, 2008. doi:10.1038/nature06476.

Blackwell JM, Geffen MN. Progress and challenges for understanding the
function of cortical microcircuits in auditory processing. Nat Commun 8:
2165, 2017. doi:10.1038/s41467-017-01755-2.

Blackwell JM, Lesicko AM, Rao W, De Biasi M, Geffen MN. Auditory
cortex shapes sound responses in the inferior colliculus. eLife 9: e51890,
2020. doi:10.7554/eLife.51890.

Borg-Graham LJ, Monier C, Frégnac Y. Visual input evokes transient and
strong shunting inhibition in visual cortical neurons. Nature 393: 369–373,
1998. doi:10.1038/30735.

Boyden ES, Zhang F, Bamberg E, Nagel G, Deisseroth K. Millisecond-
timescale, genetically targeted optical control of neural activity. Nat Neu-
rosci 8: 1263–1268, 2005. doi:10.1038/nn1525.

Carandini M. Amplification of trial-to-trial response variability by neurons in
visual cortex. PLoS Biol 2: e264, 2004. doi:10.1371/journal.pbio.0020264.

Carandini M, Heeger DJ. Summation and division by neurons in primate
visual cortex. Science 264: 1333–1336, 1994. doi:10.1126/science.8191289.

Carandini M, Heeger DJ. Normalization as a canonical neural computation.
Nat Rev Neurosci 13: 51–62, 2012 [Erratum in Nat Rev Neurosci 14: 152,
2013]. doi:10.1038/nrn3136.

Carandini M, Heeger DJ, Movshon JA. Linearity and normalization in
simple cells of the macaque primary visual cortex. J Neurosci 17: 8621–
8644, 1997. doi:10.1523/JNEUROSCI.17-21-08621.1997.

Carandini M, Heeger DJ, Senn W. A synaptic explanation of suppression in
visual cortex. J Neurosci 22: 10053–10065, 2002. doi:10.1523/JNEURO-
SCI.22-22-10053.2002.

Cardin JA, Carlén M, Meletis K, Knoblich U, Zhang F, Deisseroth K, Tsai
LH, Moore CI. Driving fast-spiking cells induces gamma rhythm and
controls sensory responses. Nature 459: 663–667, 2009. doi:10.1038/
nature08002.

Choi YS, Koenig MA, Jia X, Thakor NV. Quantifying time-varying multi-
unit neural activity using entropy based measures. IEEE Trans Biomed Eng
57: 2771–2777, 2010. doi:10.1109/TBME.2010.2049266.

Chow BY, Han X, Dobry AS, Qian X, Chuong AS, Li M, Henninger MA,
Belfort GM, Lin Y, Monahan PE, Boyden ES. High-performance genet-
ically targetable optical neural silencing by light-driven proton pumps.
Nature 463: 98–102, 2010. doi:10.1038/nature08652.

Christianson GB, Sahani M, Linden JF. The consequences of response
nonlinearities for interpretation of spectrotemporal receptive fields. J Neu-
rosci 28: 446–455, 2008. doi:10.1523/JNEUROSCI.1775-07.2007.

Chung SH, Jones LC, Hammond BJ, King MC, Evans RJ, Knott C,
Keating MJ, Anson M. Signal processing technique to extract neuronal
activity from noise. J Neurosci Methods 19: 125–139, 1987. doi:10.1016/
0165-0270(87)90027-6.

Cooke JE, King AJ, Willmore BDB, Schnupp JWH. Contrast gain control
in mouse auditory cortex. J Neurophysiol 120: 1872–1884, 2018. doi:10.
1152/jn.00847.2017.

1550 CONTRAST GAIN CONTROL AND CORTICAL INHIBITION

J Neurophysiol • doi:10.1152/jn.00587.2019 • www.jn.org

Downloaded from journals.physiology.org/journal/jn at City Univ of Hong Kong (144.214.125.027) on September 21, 2020.

https://doi.org/10.1523/JNEUROSCI.3377-07.2008
https://doi.org/10.1523/JNEUROSCI.3377-07.2008
https://doi.org/10.1152/jn.2000.84.2.909
https://doi.org/10.1016/j.neuron.2011.12.013
https://doi.org/10.1038/nature13129
https://doi.org/10.1523/JNEUROSCI.1640-07.2007
https://doi.org/10.1038/nature06476
https://doi.org/10.1038/s41467-017-01755-2
https://doi.org/10.7554/eLife.51890
https://doi.org/10.1038/30735
https://doi.org/10.1038/nn1525
https://doi.org/10.1371/journal.pbio.0020264
https://doi.org/10.1126/science.8191289
https://doi.org/10.1038/nrn3136
https://doi.org/10.1523/JNEUROSCI.17-21-08621.1997
https://doi.org/10.1523/JNEUROSCI.22-22-10053.2002
https://doi.org/10.1523/JNEUROSCI.22-22-10053.2002
https://doi.org/10.1038/nature08002
https://doi.org/10.1038/nature08002
https://doi.org/10.1109/TBME.2010.2049266
https://doi.org/10.1038/nature08652
https://doi.org/10.1523/JNEUROSCI.1775-07.2007
https://doi.org/10.1016/0165-0270(87)90027-6
https://doi.org/10.1016/0165-0270(87)90027-6
https://doi.org/10.1152/jn.00847.2017
https://doi.org/10.1152/jn.00847.2017


deCharms RC, Blake DT, Merzenich MM. Optimizing sound features for
cortical neurons. Science 280: 1439–1444, 1998. doi:10.1126/science.280.
5368.1439.

Destexhe A, Rudolph M, Paré D. The high-conductance state of neocortical
neurons in vivo. Nat Rev Neurosci 4: 739–751, 2003 [Erratum in Nat Rev
Neurosci 4: 739–751, 2003]. doi:10.1038/nrn1198.

Douglas RJ, Martin KA. A functional microcircuit for cat visual cortex. J
Physiol 440: 735–769, 1991. doi:10.1113/jphysiol.1991.sp018733.

Finn IM, Priebe NJ, Ferster D. The emergence of contrast-invariant orien-
tation tuning in simple cells of cat visual cortex. Neuron 54: 137–152, 2007.
doi:10.1016/j.neuron.2007.02.029.

Frégnac Y, Monier C, Chavane F, Baudot P, Graham L. Shunting inhibi-
tion, a silent step in visual cortical computation. J Physiol Paris 97:
441–451, 2003. doi:10.1016/j.jphysparis.2004.02.004.

Gallant JL, Connor CE, Van Essen DC. Neural activity in areas V1, V2
and V4 during free viewing of natural scenes compared to controlled
viewing. Neuroreport 9: 1673–1678, 1998. doi:10.1097/00001756-
199805110-00075.

Greenlee MW, Heitger F. The functional role of contrast adaptation. Vision
Res 28: 791–797, 1988. doi:10.1016/0042-6989(88)90026-0.

Hansel D, van Vreeswijk C. How noise contributes to contrast invariance of
orientation tuning in cat visual cortex. J Neurosci 22: 5118–5128, 2002.
doi:10.1523/JNEUROSCI.22-12-05118.2002.

Heeger DJ. Normalization of cell responses in cat striate cortex. Vis Neurosci
9: 181–197, 1992. doi:10.1017/S0952523800009640.

Heeger DJ, Simoncelli EP, Movshon JA. Computational models of cortical
visual processing. Proc Natl Acad Sci USA 93: 623–627, 1996. doi:10.1073/
pnas.93.2.623.

Hippenmeyer S, Vrieseling E, Sigrist M, Portmann T, Laengle C, Ladle
DR, Arber S. A developmental switch in the response of DRG neurons to
ETS transcription factor signaling. PLoS Biol 3: e159, 2005. doi:10.1371/
journal.pbio.0030159.

Kato HK, Gillet SN, Isaacson JS. Flexible sensory representations in auditory
cortex driven by behavioral relevance. Neuron 88: 1027–1039, 2015. doi:
10.1016/j.neuron.2015.10.024.

Kayser C, Petkov CI, Logothetis NK. Tuning to sound frequency in auditory
field potentials. J Neurophysiol 98: 1806–1809, 2007. doi:10.1152/jn.
00358.2007.

King AJ, Carlile S. Responses of neurons in the ferret superior colliculus to
the spatial location of tonal stimuli. Hear Res 81: 137–149, 1994. doi:10.
1016/0378-5955(94)90161-9.

Lee SH, Kwan AC, Dan Y. Interneuron subtypes and orientation tuning.
Nature 508: E1–E2, 2014. doi:10.1038/nature13128.

Lee SH, Kwan AC, Zhang S, Phoumthipphavong V, Flannery JG, Mas-
manidis SC, Taniguchi H, Huang ZJ, Zhang F, Boyden ES, Deisseroth
K, Dan Y. Activation of specific interneurons improves V1 feature selec-
tivity and visual perception. Nature 488: 379–383, 2012. doi:10.1038/
nature11312.

Letzkus JJ, Wolff SBE, Meyer EMM, Tovote P, Courtin J, Herry C, Lüthi
A. A disinhibitory microcircuit for associative fear learning in the auditory
cortex. Nature 480: 331–335, 2011. doi:10.1038/nature10674.

Lima SQ, Hromádka T, Znamenskiy P, Zador AM. PINP: a new method of
tagging neuronal populations for identification during in vivo electrophys-
iological recording. PLoS One 4: e6099, 2009. doi:10.1371/journal.pone.
0006099.

Linden JF, Liu RC, Sahani M, Schreiner CE, Merzenich MM. Spectro-
temporal structure of receptive fields in areas AI and AAF of mouse auditory
cortex. J Neurophysiol 90: 2660–2675, 2003. doi:10.1152/jn.00751.2002.

Lohse M, Bajo VM, King AJ, Willmore BDB. Neural circuits underlying
auditory contrast gain control and their perceptual implications. Nat Com-
mun 11: 324, 2020. doi:10.1038/s41467-019-14163-5.

Madisen L, Mao T, Koch H, Zhuo JM, Berenyi A, Fujisawa S, Hsu YW,
Garcia AJ III, Gu X, Zanella S, Kidney J, Gu H, Mao Y, Hooks BM,
Boyden ES, Buzsáki G, Ramirez JM, Jones AR, Svoboda K, Han X,

Turner EE, Zeng H. A toolbox of Cre-dependent optogenetic transgenic
mice for light-induced activation and silencing. Nat Neurosci 15: 793–802,
2012. doi:10.1038/nn.3078.

Miller KD, Troyer TW. Neural noise can explain expansive, power-law
nonlinearities in neural response functions. J Neurophysiol 87: 653–659,
2002. doi:10.1152/jn.00425.2001.

Monier C, Chavane F, Baudot P, Graham LJ, Frégnac Y. Orientation and
direction selectivity of synaptic inputs in visual cortical neurons: a diversity
of combinations produces spike tuning. Neuron 37: 663–680, 2003. doi:10.
1016/S0896-6273(03)00064-3.

Moore AK, Wehr M. Parvalbumin-expressing inhibitory interneurons in
auditory cortex are well-tuned for frequency. J Neurosci 33: 13713–13723,
2013. doi:10.1523/JNEUROSCI.0663-13.2013.

Natan RG, Briguglio JJ, Mwilambwe-Tshilobo L, Jones SI, Aizenberg M,
Goldberg EM, Geffen MN. Complementary control of sensory adaptation
by two types of cortical interneurons. eLife 4: e09868, 2015. doi:10.7554/
eLife.09868.

Natan RG, Rao W, Geffen MN. Cortical interneurons differentially shape
frequency tuning following adaptation. Cell Rep 21: 878–890, 2017. doi:
10.1016/j.celrep.2017.10.012.

Phillips EA, Schreiner CE, Hasenstaub AR. Diverse effects of stimulus
history in waking mouse auditory cortex. J Neurophysiol 118: 1376–1393,
2017. doi:10.1152/jn.00094.2017.

Pi HJ, Hangya B, Kvitsiani D, Sanders JI, Huang ZJ, Kepecs A. Cortical
interneurons that specialize in disinhibitory control. Nature 503: 521–524,
2013. doi:10.1038/nature12676.

Rabinowitz NC, Willmore BDB, King AJ, Schnupp JWH. Constructing
noise-invariant representations of sound in the auditory pathway. PLoS Biol
11: e1001710, 2013. doi:10.1371/journal.pbio.1001710.

Rabinowitz NC, Willmore BDB, Schnupp JWH, King AJ. Contrast gain
control in auditory cortex. Neuron 70: 1178–1191, 2011. doi:10.1016/j.
neuron.2011.04.030.

Rabinowitz NC, Willmore BDB, Schnupp JWH, King AJ. Spectrotemporal
contrast kernels for neurons in primary auditory cortex. J Neurosci 32:
11271–11284, 2012. doi:10.1523/JNEUROSCI.1715-12.2012.

Rossant C, Kadir SN, Goodman DFM, Schulman J, Hunter MLD, Saleem
AB, Grosmark A, Belluscio M, Denfield GH, Ecker AS, Tolias AS,
Solomon S, Buzsáki G, Carandini M, Harris KD. Spike sorting for large,
dense electrode arrays. Nat Neurosci 19: 634–641, 2016. doi:10.1038/nn.
4268.

Rutkowski RG, Shackleton TM, Schnupp JWH, Wallace MN, Palmer AR.
Spectrotemporal receptive field properties of single units in the primary,
dorsocaudal and ventrorostral auditory cortex of the guinea pig. Audiol
Neurotol 7: 214–227, 2002. doi:10.1159/000063738.

Sahani M, Linden JF. Evidence optimization techniques for estimating
stimulus-response functions. In: Proceedings of the 2002 Neural Informa-
tion Processing Systems Conference, edited by Becker S, Thrun S, Ober-
mayer K. Cambridge, MA: MIT Press, 2003, p. 317–324. Advances in
Neural Information Processing Systems, vol. 15.

Schnupp JWH, Garcia-Lazaro JA, Lesica NA. Periodotopy in the gerbil
inferior colliculus: local clustering rather than a gradient map. Front Neural
Circuits 9: 37, 2015. doi:10.3389/fncir.2015.00037.

Schnupp JWH, Mrsic-Flogel TD, King AJ. Linear processing of spatial cues
in primary auditory cortex. Nature 414: 200–204, 2001. doi:10.1038/
35102568.

Schroeder CE, Mehta AD, Givre SJ. A spatiotemporal profile of visual
system activation revealed by current source density analysis in the awake
macaque. Cereb Cortex 8: 575–592, 1998. doi:10.1093/cercor/8.7.575.

Seybold BA, Phillips EAK, Schreiner CE, Hasenstaub AR. Inhibitory
actions unified by network integration. Neuron 87: 1181–1192, 2015.
doi:10.1016/j.neuron.2015.09.013.

Wilson NR, Runyan CA, Wang FL, Sur M. Division and subtraction by
distinct cortical inhibitory networks in vivo. Nature 488: 343–348, 2012.
doi:10.1038/nature11347.

1551CONTRAST GAIN CONTROL AND CORTICAL INHIBITION

J Neurophysiol • doi:10.1152/jn.00587.2019 • www.jn.org

Downloaded from journals.physiology.org/journal/jn at City Univ of Hong Kong (144.214.125.027) on September 21, 2020.

https://doi.org/10.1126/science.280.5368.1439
https://doi.org/10.1126/science.280.5368.1439
https://doi.org/10.1038/nrn1198
https://doi.org/10.1113/jphysiol.1991.sp018733
https://doi.org/10.1016/j.neuron.2007.02.029
https://doi.org/10.1016/j.jphysparis.2004.02.004
https://doi.org/10.1097/00001756-199805110-00075
https://doi.org/10.1097/00001756-199805110-00075
https://doi.org/10.1016/0042-6989(88)90026-0
https://doi.org/10.1523/JNEUROSCI.22-12-05118.2002
https://doi.org/10.1017/S0952523800009640
https://doi.org/10.1073/pnas.93.2.623
https://doi.org/10.1073/pnas.93.2.623
https://doi.org/10.1371/journal.pbio.0030159
https://doi.org/10.1371/journal.pbio.0030159
https://doi.org/10.1016/j.neuron.2015.10.024
https://doi.org/10.1152/jn.00358.2007
https://doi.org/10.1152/jn.00358.2007
https://doi.org/10.1016/0378-5955(94)90161-9
https://doi.org/10.1016/0378-5955(94)90161-9
https://doi.org/10.1038/nature13128
https://doi.org/10.1038/nature11312
https://doi.org/10.1038/nature11312
https://doi.org/10.1038/nature10674
https://doi.org/10.1371/journal.pone.0006099
https://doi.org/10.1371/journal.pone.0006099
https://doi.org/10.1152/jn.00751.2002
https://doi.org/10.1038/s41467-019-14163-5
https://doi.org/10.1038/nn.3078
https://doi.org/10.1152/jn.00425.2001
https://doi.org/10.1016/S0896-6273(03)00064-3
https://doi.org/10.1016/S0896-6273(03)00064-3
https://doi.org/10.1523/JNEUROSCI.0663-13.2013
https://doi.org/10.7554/eLife.09868
https://doi.org/10.7554/eLife.09868
https://doi.org/10.1016/j.celrep.2017.10.012
https://doi.org/10.1152/jn.00094.2017
https://doi.org/10.1038/nature12676
https://doi.org/10.1371/journal.pbio.1001710
https://doi.org/10.1016/j.neuron.2011.04.030
https://doi.org/10.1016/j.neuron.2011.04.030
https://doi.org/10.1523/JNEUROSCI.1715-12.2012
https://doi.org/10.1038/nn.4268
https://doi.org/10.1038/nn.4268
https://doi.org/10.1159/000063738
https://doi.org/10.3389/fncir.2015.00037
https://doi.org/10.1038/35102568
https://doi.org/10.1038/35102568
https://doi.org/10.1093/cercor/8.7.575
https://doi.org/10.1016/j.neuron.2015.09.013
https://doi.org/10.1038/nature11347

