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Auditory Cortical Processing
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Neurons in the primary auditory cortex (A1) can show rapid changes in receptive fields when animals are engaged in sound detection and
discrimination tasks. The source of a signal to A1 that triggers these changes is suspected to be in frontal cortical areas. How or whether
activity in frontal areas can influence activity and sensory processing in A1 and the detailed changes occurring in A1 on the level of single
neurons and in neuronal populations remain uncertain. Using electrophysiological techniques in mice, we found that pairing orbitofron-
tal cortex (OFC) stimulation with sound stimuli caused rapid changes in the sound-driven activity within A1 that are largely mediated by
noncholinergic mechanisms. By integrating in vivo two-photon Ca 2� imaging of A1 with OFC stimulation, we found that pairing OFC
activity with sounds caused dynamic and selective changes in sensory responses of neural populations in A1. Further, analysis of changes
in signal and noise correlation after OFC pairing revealed improvement in neural population-based discrimination performance within
A1. This improvement was frequency specific and dependent on correlation changes. These OFC-induced influences on auditory re-
sponses resemble behavior-induced influences on auditory responses and demonstrate that OFC activity could underlie the coordination
of rapid, dynamic changes in A1 to dynamic sensory environments.

Introduction
Cognitive flexibility is vital in dynamic sensory environments to
achieve one’s goals. Such flexibility requires dynamic modulation
of sensory processing to adjust for ambient changes (Kastner and
Pinsk, 2004; Reynolds and Chelazzi, 2004; Gilbert and Sigman,
2007; Fritz et al., 2007a; Meyer, 2011). For example, while dis-
criminating between sounds or while detecting tones from noise,
neuronal responses in auditory cortex (A1) change (Fritz et al.,
2003, 2007b). For A1 neurons to alter responses during behavior,
A1 must receive a signal of when to change and then A1 circuits
adjust. How such changes are initiated, and how stimulus-driven
activity in individual A1 neurons and across populations of A1
neurons are adjusted remains uncertain.

Activity in neuromodulatory or limbic regions can alter neu-
ral responses and behavior (Kilgard and Merzenich, 1998; Bao et
al., 2001; Froemke et al., 2007; Weinberger, 2007; Chavez et al.,
2009; Froemke et al., 2013). For example, stimulation of nucleus
basalis (NB) causes a decorrelation of sensory-evoked activity in
visual and auditory cortex (Bakin and Weinberger, 1996; Goard
and Dan, 2009), which can enhance sensory encoding (Averbeck

et al., 2006; Goard and Dan, 2009; Josić et al., 2009). Moreover,
stimulation of ventral tegmental area (VTA) or basolateral
amygdala can also alter A1 responses (Bao et al., 2001; Chavez et
al., 2009). All these regions receive input from frontal cortex (FC;
Cavada et al., 2000; Ghashghaei and Barbas, 2002; Golmayo et al.,
2003; Miyashita et al., 2007; Budinger et al., 2008). Because FC is
active in auditory behavior when changes in A1 occur, and since
signals controlling changes in sensory responses as a consequence
of behavioral demands might originate in FC, the FC might signal
task-specific information to A1 (Reynolds and Chelazzi, 2004;
Wallis, 2007; Fritz et al., 2007a, 2010).

Here, we investigate whether FC activation can cause changes
in A1. While prior studies observed response plasticity of single
A1 neurons using tone overexposures, behavior, NB microstimu-
lation, VTA microstimulation, or classical conditioning (Kilgard
and Merzenich, 1998; Bao et al., 2001; Polley et al., 2006; Wein-
berger, 2007; Chavez et al., 2009), how populations of A1 neurons
change in these experimental conditions is largely unknown. We
use in vivo two-photon Ca 2� imaging of A1 responses in mice to
measure how frequency selectivity and functional organization in
populations of A1 layer 2/3 neurons were influenced by FC activ-
ity. Two-photon Ca 2� imaging offers advantages over traditional
recording approaches used in previous studies of A1 plasticity by
allowing simultaneous monitoring of populations of individual
neurons in a less biased manner. Thus, this approach allows the
study of the population dynamics and encoding within local A1
networks as a result of signals originating within FC.

We show that frequency selectivity and functional organiza-
tion in A1 neurons were influenced by pairing FC activation with
tone presentation. In individual neurons, frequency selectivity
changes were diverse showing increased or decreased responses
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to the presented tone. However, over the population, responses
to the presented tone increased and signal and noise correlations
changed suggesting altered intralaminar and interlaminar con-
nectivity. Using information theoretic analyses we find increased
discriminability of the presented tone. Thus, small diverse
changes in individual neurons led to an increased population
encoding performance.

Materials and Methods
All procedures were approved by the University of Maryland Institu-
tional Animal Care and Use Committee.

Animal preparation
Mice (either sex, P20 –P35, C57BL/6; The Jackson Laboratory) were pre-
pared by inducing surgical levels of anesthesia with 2–3% isoflurane in
100% oxygen. Throughout all procedures, the animal’s skin temperature
was maintained at 33�35°C (which corresponds to a core temperature of
37°C) with a heating plate. A plate for securing the head was attached to
the skull. To access A1 a 2 mm diameter craniotomy was performed
above the auditory cortex (Bandyopadhyay et al., 2010; Winkowski and
Kanold, 2013).

Auditory stimulation
Sound stimuli were presented to the ear contralateral to the imaging/
recording hemisphere. The ear canal was accessed by making an incision
from the ventral side of the ear canal. Sound stimuli (13 sinusoidal am-
plitude modulated (SAM) tones, 4 –32 kHz or 8 – 64 kHz, 0.25 octaves
apart, �60 dB SPL, 1 s long, 5 Hz full depth modulation 4 –5 s interstimu-
lus intervals (ISI), or broadband noise pips 200 ms long, 10 ms linear on
and off ramps) were generated using custom written software in MAT-
LAB (MathWorks) and a D/A board (National Instruments). Stimuli
were anti-alias filtered (PD-AAF-18; United Electronics), attenuated us-
ing a TDT PA5 (Tucker Davis Technologies;TDT), generated using TDT
EC1 calibrated speakers (driven with TDT ED1 drivers), and delivered
through a tube attached to the ear canal. Each stimulus was repeated
8 –15 times for imaging experiments.

Orbitofrontal cortex stimulation
The orbitofrontal cortex (OFC) was selected as the stimulation location
in the FC since OFC projects to primary visual and auditory cortices
(Golmayo et al., 2003). To access the OFC a small craniotomy was per-
formed above the OFC (2.5 mm rostral from bregma and 1 mm lateral
from the midline) on the side ipsilateral to the imaging location in A1. A
low impedance (0.1 M�) bipolar stimulating tungsten electrode (Micro-
probes) was advanced into the OFC and secured in place with superglue
or dental cement. To activate the OFC, the OFC was electrically stimu-
lated through the implanted bipolar stimulating electrodes. For pairing a
monophasic 200 Hz pulse train (cathodal pulses, 0.2 ms pulse duration)
was delivered to the OFC using a constant current stimulus isolation unit
(Cygnus Technologies). Stimulation sites in the OFC were anatomically
confirmed post hoc (see Fig. 1A).

Electrophysiological recordings
To identify changes in sound-evoked activity in A1 we performed elec-
trophysiological recordings. Epoxy-coated tungsten microelectrode ar-
rays (16 channels arranged in a 4 � 4 grid; Microprobe) were used to
record local field potentials (LFPs) in A1. The array was advanced into A1
slowly to a depth corresponding to L2/3 (��300 �m from the pial
surface). The electrodes were allowed to settle for ��20 min before the
experiment commenced. Wide-band neural signals (0.7– 8 kHz) were
passed through a preamplifier (Plexon), digitized at 10 kHz, and stored
for off-line analysis using custom software written in MATLAB. The
structure of the electrophysiology OFC pairing experiments was the same
as for the imaging experiments (detailed below) except for one minor
change. To measure evoked LFP responses of A1 sites, we presented SAM
tones that were 400 ms in duration rather than 1 s in duration, which was
the case for imaging experiments. Pairing episodes for electrophysiology
and imaging followed the same protocol. Specifically, we presented a 1 s
duration SAM tone of a single frequency simultaneously with electrical

stimulation of a single OFC site (monophasic pulses, 200 Hz, 0.2 ms pulse
width). The paired frequency was randomly selected to be within the
ranges of frequencies to which recording sites were responsive. This pair-
ing paradigm was repeated one hundred times. After completion of the
OFC-sound pairing episode, the evoked LFP responses of A1 sites were
measured again using the same stimuli.

To analyze the LFP signals in A1 we first removed 60 Hz line noise and
its second harmonic (120 Hz) from the recording using the rmlinesc
function, available from the Chronux toolbox (http://www.chronux.
org). The denoised data were then low-pass filtered at 200 Hz and down-
sampled at 1 kHz using the resample function in MATLAB. Responsive
channels (sites) were defined by t test ( p � 0.01) across all baseline (100
ms prestimulus) and all poststimulus sound presentation periods (100
ms). This criterion is somewhat conservative given that some sound
stimuli do not elicit an LFP response. Nonetheless, neural signals from all
responsive channels were subjected to spectral analysis.

Spectral analysis was performed using multitaper spectral estimation
implemented in the Chronux toolbox (Bokil et al., 2010). For each chan-
nel, the responses at the pairing frequency (PF) were averaged across
trials and the evoked power was calculated by subjecting this average
waveform to time-frequency analysis. Evoked power contains the
stimulus-locked part of the oscillations. Induced power was computed by
first performing time-frequency analysis for each trial, averaging the re-
sulting spectra, and then subtracting the evoked power. This procedure
removes stimulus-locked contributions to the oscillations from the spec-
tral profile.

Spectrograms were computed using a moving window of length 100
ms (shifted in 2 ms increments) and three tapers (K 	 3), permitting a
time-bandwidth product of 2 (TW 	 2). To reveal the frequencies of
induced power, we used the R-spectrogram (Henrie and Shapley, 2005).
An R-spectrogram was computed by normalizing the induced power in
the spectrogram at each frequency by the mean power in that frequency
during a baseline window before stimulus onset (500 ms) and allows for
comparison across channels and across experiments.

To quantify differences between R-spectra before and after OFC-
sound pairing episodes, the induced power between 30 and 80 Hz
(gamma band) from stimulus onset to stimulus offset (400 ms) was
averaged for each channel at the pairing frequency. The average gamma
power at PF before and after the pairing episode for each condition was
compared. To compare across pharmacological conditions and account
for any changes or differences in baseline activity, the effect of OFC
pairing was compared using a desynchronization index [(post � pre)/
(post � pre)].

OFC inactivation
To test if OFC activity is required the OFC was inactivated pharmacolog-
ically. OFC was accessed via a small craniotomy as detailed above. A glass
pipette (tip diameter: �20 �m, �0.1 �l/min) was lowered into the OFC.
A mixture of GABA agonists (5 �g/�l muscimol and 2 �g/�l baclofen in
artificial CSF (ACSF); Sigma) or vehicle (ACSF) was slowly pressure
injected into the OFC via a microinjector (Nanoject II; Drummond Sci-
entific) coupled to the glass pipette. The glass pipette was left in place for
�5 min before implanting the stimulation electrode. To track the spread
of the injected solution, rhodamine was included in the solutions and
could be visualized post hoc to confirm overlap of injection and place-
ment of stimulation electrode. In all cases, two injections (volume/injec-
tion 	 250 nl; total volume 	 500 nl) spaced 300 �m apart vertically were
made.

A1 pharmacology
To identify the involvement of the cholinergic system we pharmacolog-
ically blocked cholinergic receptors while recording LFPs in A1. The
electrode array was advanced into A1 and acoustic responses were mea-
sured. Atropine (1 mM; to block muscarinic ACh receptors) or 3 mM

mecamylamine (to block nicotinic ACh receptors) was applied to the
cortical surface (��45 min) and left in place during the entire subse-
quent recording period as described in previous reports (Goard and Dan,
2009; Alitto and Dan, 2012).
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Two-photon imaging
To monitor changes in the sound-evoked responses of single neurons in
A1 we used in vivo two-photon imaging as described earlier (Bandyopad-
hyay et al., 2010; Winkowski and Kanold, 2013). A pipette (8 –10 �m
pulled tip) containing Ca 2�-indicator dye Fluo-4 AM (Invitrogen) was
advanced into the A1 (300 –500 �m from the cortical surface). The dye
solution was prepared by dissolving 50 �g of dye in 4 �l of 20% pluronic
acid in dimethylsulfoxide (Invitrogen) and diluting (1:5– 8) it with
ACSF, containing either 100 �M Alexa Fluor 594 (for visualization) or
20 –50 �M SR-101 (for visualization and astrocyte identification). Once
the pipette was in place, a series of pressure pulses (5–12 psi, PV830
Pneumatic PicoPump; WPI) were applied to inject the dye solution into
the brain tissue. After loading of neurons was achieved (30 – 60 min post
injection) the craniotomy was covered with warm agarose and cover-
slipped to create a stable imaging window. For imaging responses isoflu-
rane anesthesia was reduced to 0.5–1%. Sound-evoked Ca 2� responses
were imaged at 256 � 256 resolution (2� optical zoom) in small regions
of interest (15–30 cells, �60 –120 �m side rectangular regions) with a
two-photon microscope (Ultima; Prairie Technologies) coupled with a
Spectra Physics Mai Tai two-photon laser (800 nm or 810 nm) and
Prairie software. Images were collected at �10 Hz (average 105 ms frame

period). A series of sequential images (15–25) was collected with the
stimulus occurring at a certain frame number (7 or 10). Each stimulus
was repeated 8 –15 times (usually 10). At the conclusion of some exper-
iments, DiI crystals were inserted into the imaging site with a 26 gauge
needle. The brain was removed and was stored in 4% paraformaldehyde
at 38°C for �3 weeks and slices were cut to confirm labeling in the ventral
division of the medial geniculate body.

The analysis of two-photon imaging data was performed as described
earlier (Bandyopadhyay et al., 2010; Winkowski and Kanold, 2013). In-
dividual cells were identified manually from average images of all repeats.
The fluorescence of cells was measured in circular regions (3–5 pixel
radius, 3.5– 6 �m) over the cell soma. Following a baseline period (3– 6
frames), the stimulus was presented for 1 s (�9 frames). The mean flu-
orescence was converted to 
F/F by measuring mean fluorescence
changes with respect to mean baseline fluorescence from multiple repeats
of stimuli. The mean was obtained from bootstrap resampling from mul-
tiple repeats. Repeating the calculations by computing 
F/F from each
repeat and computing the mean did not change the mean effects. The

F/F for individual cells over the 1 s stimulus period for different fre-
quencies is used for all analysis. Ninety-five percent confidence intervals
of responses (
F/F ) means were obtained from the bootstrap resampling

Figure 1. Response changes in A1 depend on OFC activation. A, Left, Bright-field image of a brain slice in the frontal cortex of the mouse showing the tracks of the bipolar stimulating electrodes
used for OFC activation. Boundaries of OFC are indicated with a drawing from mouse brain atlas. Right, Mapping of stimulation locations in electrophysiological experiments. B, Time-frequency
analysis of ERPs at the PF before (left) and after (right) OFC-sound pairing episodes. R-spectra were computed for each responsive channel then averaged (see Materials and Methods). C, Same as
in B and C except that OFC was silenced with a mixture of GABA agonists before the OFC-sound pairing episodes. No change in power was observed. D, Bright-field and fluorescence images showing
locations of stimulation electrode and spread of muscimol in OFC. GABA agonist spread was tracked by rhodamine in the inactivating solution. The inactivated region encompasses the location of the
stimulation electrode. E, Same as in B and C except that ACSF was injected into the OFC before the OFC-sound pairing episodes. F, G, Comparison of average induced gamma (30 – 80 Hz) power during
the entire stimulus period (400 ms) before (Pre) and after (Post) OFC-sound pairing episodes for each responsive channel under control conditions (F ) or after application of GABA agonists or saline.
H, Desynchronization index. I, Difference in LFP peak amplitude tuning after pairing and with application of GABA agonists (“silenced”).
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of the multiple repeats. Tuning curves were obtained using the maxi-
mum significant ( p � 0.05) response to each frequency during the stim-
ulation period. Best frequency (BF) was defined as the peak (maximum)
of the tuning curve. The tuning curves estimated from the overall mean
response were similar in shape to those obtained from the peak response
(median correlation between tuning curves computed in the two ways is
0.8, for all tuning curves computed). The time and frequency response
profiles were smoothed with a 2D Gaussian (0.7 pixel SD) and plotted as
contour plots for representation. The differences in significant ( p �
0.05) responses before and after pairing were smoothed with the same
Gaussian filter and then averaged across cells in a field or all cells for
computing population mean effects.

Correlation of single cell changes with mean effect. To identify if response
changes of individual neurons were similar, we computed the correlation
of changes in individual neurons with the mean effect. We computed 2 d
correlations between normalized (with ��.��2 norm) smoothed time-
frequency response profiles (�1.5 octaves around PF) of single neurons
and the mean effect (see Fig. 6). The response differences in single neu-
rons were shuffled in time and frequency using uniform random permu-
tations. We then computed the correlations between the shuffled changes
and the mean effect to obtain the shuffled distribution (Fig. 6A, gray
distribution). We also computed these correlations by removing the one
being correlated to compute the mean effect to remove bias of having the
same template in the computation of the mean. This correction did not
change any results indicating that the bias is negligible.

Signal and noise correlations. Correlations in response variability
(noise correlations) and stimulus-related cross-correlations (signal cor-
relations) in groups of neurons can have profound effects on population
coding of sensory inputs and thus the functional organization of neural
circuits (Averbeck et al., 2006; Josić et al., 2009; Cohen and Kohn, 2011).
We therefore computed the changes in signal and noise correlations after
OFC-sound pairing. Signal and noise correlations were computed as
reported previously (Winkowski and Kanold, 2013). Briefly, normalized
cross-correlations at 0 lag between the mean responses over nine stimu-
lus frames of pairs of neurons to each stimulus were computed using
MATLAB function xcorr with 0 and “coeff” as the parameters. The aver-
age across all stimuli for every pair was considered as the signal correla-
tion between each pair of neurons. By removing time and considering
only the tuning curves as responses and using the correlations between
tuning curves produced the same results. Similarly, noise correlations
were computed with the MATLAB function xcov at 0 lag and normalized
by using coeff as the normalization parameter.

Sound discrimination analysis. To identify if the changes in neuronal
responses can lead to changes in stimulus discrimination we computed
stimulus discrimination performance based on a Kullback–Leibler (DKL)
distance (Cover and Thomas, 2006). We calculated DKL in its symmetri-
cal form (DS, Eqs. 1 and 3), which under our Gaussian assumption, is
given below (Eqs. 2 and 3) where � and � represent the mean and
covariance matrix of the Gaussian distributions.

DKL 
 p � q� � ���
� p
 x� log

p
x�

q
x�
dx, (1)

f � N � � f, �f� ; g � N � �g, �g� , (2)

Ds 
 f � g� � D 
 f � g� � D
 g � f �

�
1

2 �� � f � �g� T �g
�1 � � f � �g�� . (3)

Ds 
rB � r�

B � � 
�B � ��


B �T �B�1

�B � ��


B �.

For a population of neurons (size N ) the mean response to two frequen-
cies (� and � � 
�) represented by r� and r��
� (vectors of size N ) in the
before ( B) or after ( A) condition is used to compute discrimination
between the two stimuli as below (Eq. 4). The mean response is repre-
sented by � and the covariance matrices (�A and �B) are assumed to be
stimulus independent and computed from the average over all stimuli in

the after or before conditions. Relative change is assessed through RAB

(Eq. 4)

RAB �

�A � ��


A �T �A�1

�A � ��


A �


�B � ��

B �T �B�1


�B � ��

B �

. (4)

For the two groups discrimination performance was calculated as fol-
lows: for PF/O group mean discrimination of PF and each of the other
frequencies were computed; for O/O group mean discrimination of the
mean discrimination of each frequency (not PF) and each other non-PF
frequency were computed, for every population size.

For the single cell (N 	 1) case the discrimination performance for
each of the single cells was calculated using Equation 4. The covariance
matrix in this case was simply the variance for that cell. The first line of
Equation 4 shows that, when assuming independence the covariance
matrix becomes a diagonal matrix and hence discrimination for a popu-
lation is the sum of discrimination by individual neurons, showing a
linear dependence of discrimination on population size in the indepen-
dent coding case. Thus median discrimination of two stimuli by a pop-
ulation of N neurons is N times median discrimination by the single
neurons of that population.

For pairs of cells (N 	 2) the discrimination performance by all pos-
sible pairs of cells were computed and median discrimination was com-
puted. Since for larger population sizes (N 	 3 onward) the number of all
possible N-tuples in our population is usually extremely large, we boot-
strapped by randomly choosing N (3–14) cells from each field, as many
times as the number of cell pairs in that field (for a field with K cells, N
cells were chosen K*(K � 1)/2 times) and the median discrimination and
interquartile range were computed. This process was repeated 10 times
and median of the 10 medians along with the median of the 10 interquar-
tile ranges are represented for all corresponding plots. We varied N up to
14, as beyond that there were progressively fewer imaging fields with �14
cells.

Results
OFC pairing changes A1 population responses to
sound stimuli
To determine whether OFC activity could influence sensory-
evoked A1 activity, we performed electrophysiological experi-

Figure 2. OFC stimulation-induced response changes in A1 are not mediated by cholinergic
mechanisms. A, B, Comparison of average induced gamma (30 – 80 Hz) power during the entire
stimulus period (400 ms) before (Pre) and after (Post) OFC-sound pairing episodes for each
responsive channel after A1 application of atropine (A) or mecamylamine (B). C, D, Comparison
of desynchronization indices (C) and LFP peak tuning change (D) across different pharmacolog-
ical conditions (atropine application in A1, mecamylamine application in A1).
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ments in which we recorded A1 activity
before and after pairing stimulation of the
OFC (a part of the FC) with sounds (Fig.
1A,B). To sample A1 broadly, we used a
16 electrode 2D array and recorded
sound-evoked, event-related potentials
(ERPs) in superficial layers (��300 �m
from surface), which allowed us to assess
the population response with high tempo-
ral resolution. To investigate A1 changes
with ERPs in both the temporal and spec-
tral domains, we computed the induced
power spectrum of the ERPs at PF before
and after OFC-sound pairing episodes.
Before OFC-sound pairing, ERPs evoked
by the PF showed induced power across
the gamma band (20 –100 Hz) with a
prominent peak near 30 Hz (Fig. 1B). Af-
ter OFC pairing episodes, we found a
striking decrease (median � iqr: –22 �
30%) in gamma-band power at PF in
nearly all cases (n 	 68 sites in five ani-
mals; p � 10�3; Wilcoxon sign rank; Fig.
1B,F). Decreases in gamma-band power
were also observed to sound stimuli away
from the PF (Fig. 1F). The decrease in
gamma-band power suggests a desyn-
chronization of the population response.
To compare our results across conditions,
we computed a desynchronization index
([(postpairing � prepairing)/(postpairing � pre-

pairing)]) for each recording channel. This
analysis showed that OFC activation in-
duced decrease in the desynchronization
index (Pair: �0.22 � 0.3 median � iqr;
p � 0.001; Wilcoxon sign rank; Fig. 1H).

OFC stimulation-induced changes in
A1 require OFC activity
While electrical microstimulation activates
OFC neurons, it can also potentially activate
fibers of passage or cause antidromic activa-
tion of other structures, which, in principle,
could underlie the observed changes in A1.
However, if activation of OFC neurons
causes the decorrelation of A1 activity, then silencing OFC neurons
during electrical stimulation should abolish the decorrelation of A1
neurons. To determine the degree to which this effect depended on
the activation of OFC neurons, we pharmacologically silenced OFC
neurons by injecting a mixture of GABA agonists (5 �g/�l muscimol
and 2 �g/�l baclofen) into the OFC before implanting the OFC
stimulation electrode (Fig. 1C,D) and performed the experiment in
the same way. Remarkably, with OFC neurons inactivated, induced
gamma-band power was similar before and after OFC pairing epi-
sodes (median � iqr: 0.05 � 0.3; n 	 39 sites in four animals; p �
0.07; Wilcoxon sign rank; Fig. 1G,H). In contrast, in animals that
received sham injections, induced gamma-band power was reduced
after OFC pairing episodes similar to the control condition (n 	 16
sites in two animals; p � 10�3, paired t test; Fig. 1G). Thus, the
changes in the A1 population response depend on OFC activation
rather than being the result of stimulation of fibers of passage or
antidromic activation of A1 (or other) neurons projecting to OFC as

these elements would be unaffected by pharmacological silencing of
OFC neurons.

To confirm the effect of OFC on A1 responses we plotted the
change in peak ERP amplitude as a function of sound frequency.
We found that OFC pairing yielded frequency changes in LFP
power. In particular we observed a decrease in responsiveness at
frequencies flanking the PF (Fig. 1I). Silencing the OFC abolished
these changes (Fig. 1I). Together our results show that OFC
causes changes in the sound-evoked population response in A1.

Cholinergic antagonists do not block OFC-induced
desynchronization
Our results demonstrate that OFC activity is necessary for alter-
ing A1 population activity. It is possible that the effects of
stimulation-induced OFC signals on A1 population activity are
mediated by a number of well known routes involving neuro-
modulatory centers and limbic areas that are engaged by OFC
stimulation. To address this question, we assessed the contribu-

Figure 3. Plasticity of A1 neuron BF with OFC microstimulation and sound pairing. A, Left, Anatomical identification of imaging
location in A1. Right, Neurons are loaded with Fluo4-AM and Ca 2� responses are measured with two-photon imaging. B, Fluo-
rescence responses of selected neurons and tuning curves. C, Left, BFs of neurons in a single field of view before pairing (Baseline).
Neurons denoted by circles; color: BF of neuron (see Materials and Methods). Color bar: frequency range. Right, BFs of the same cells
after pairing with 23 kHz (Post-pairing). Scale bars: A, C, 25 �m.
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tion of ACh to the effects by measuring the effects of OFC-sound
pairing episodes in the presence of antagonists for either musca-
rinic or nicotinic acetylcholine receptors (mAChRs or nAChRs,
respectively). Similar to other studies of the effects of cholinergic

signaling (Goard and Dan, 2009; Alitto
and Dan, 2012) we first measured audi-
tory responses to stimuli of various fre-
quencies, topically applied antagonists (1
mM atropine, a selective mAChR antago-
nist, n 	 3 animals or 3 mM mecamyl-
amine, a selective nAChR antagonist, n 	
3 animals) to the cortical surface for �45
min and assessed the effects of OFC-
sound pairing. In the presence of both
drugs, we found gamma band-induced
power at the PF was decreased after OFC-
pairing episodes (atropine median power:
2.57 � 1.35 iqr; PostPair: 2.16 � 1.15 iqr,
p � 0.05, meca: 1.96 � 0.93 iqr; PostPair:
1.22 � 0.53 iqr, p � 10�3; Wilcoxon sign
rank; Fig. 2A,B). Thus, similar to control
(Fig. 1H), OFC-pairing episodes caused
significant desynchronization of the pop-
ulation responses in A1 (Atropine:
�0.11 � 0.27; mecamylamine: �0.19 �
0.27; p � 0.03; Wilcoxon sign rank; Fig.
2C). We next analyzed the frequency
specificity of OFC activation after block-
ing cholinergic signaling. ERP amplitudes
revealed frequency-specific changes
similar to what was observed in the ab-
sence of atropine. The magnitude of the
maximal change was larger in the absence
of cholinergic signaling than under con-
trol conditions (Fig. 2D). Collectively,
these results suggest that a large fraction of
the changes in A1 induced by OFC pairing
episodes is mediated by noncholinergic
mechanisms.

OFC-sound pairing changes the
frequency selectivity of A1 neurons
Our electrophysiological results show a
specific effect of OFC activation on the
population activity of A1 neurons. We
next investigated how single neurons in
A1 changed as a result of OFC activation.
To simultaneously sample sound-evoked
responses in many neurons we used in
vivo two-photon Ca 2� imaging in A1
(Bandyopadhyay et al., 2010; Winkowski
and Kanold, 2013). We confirmed loca-
tion of the imaging site in A1 by retro-
grade DiI labeling of the MGB (Fig. 3A).
We measured sound-evoked responses
and frequency selectivity of A1 neurons in
layer 2/3 before and after pairing of tones
with OFC stimulation using a range of iso-
intensity SAM tones (Bandyopadhyay et
al., 2010; Winkowski and Kanold, 2013).
Before pairing, individual A1 neurons ex-
hibited tone-evoked Ca 2� responses to a
limited sound frequency range (Fig. 3B).

Consistent with previous studies (Bandyopadhyay et al., 2010;
Rothschild et al., 2010; Winkowski and Kanold, 2013), the ob-
served distribution of BFs of A1 neurons within this field of view
(�100 �m) was broad (Fig. 3C, left). For the pairing episode, we

Figure 4. Plasticity of A1 neuron receptive fields with OFC microstimulation and sound pairing. A, Effects of OFC pairing paradigm on
three representative neurons from the field in Figure 3C). Each column represents data from a single neuron. Numbers are indicated in the
field in Figure 3D). Abscissa: Frequency. Rows 1 and 2 represent smoothed Ca 2� responses before OFC pairing (row 1) and after OFC pairing
(row 2). Color bar:
F/F (�1%). Ordinate: Time from stimulus onset up to nine imaging frames later (�1 s). Asterisks: BF before and after
OFC pairing. Row 3: Frequency tuning curves derived from maximum
F/F during the stimulus period. Black, before OFC pairing (Baseline);
Red, after OFC pairing; shading, 95% confidence intervals (see Materials and Methods). Ordinate: Max 
F/F. Row 4: Overall change in
response (Post-Baseline) of the significant ( p�0.05)
F/F responses for each neuron. For all rows: Dashed vertical line indicates PF. Row
5: Mean change over time showing the profile of spectral changes with 95% confidence interval. B, Example time-frequency response
differences for seven individual neurons indicated in Fig. 3C). Axes as in (A) row 4 (1,4,and 7 same, now as contour plots). C, Mean change
in response for all neurons in the field of view in 3D; color axis�0.5%). D, Average DSTRMs after OFC pairing for 8 of 17 fields of view. Each
plot shows the average difference (post-pre) in the responses of the neurons for each field of view. All DSTRMs are aligned to PF (dashed
line). Scale is the same for all subplots as in C.
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selected a sound of a single frequency
(tone) and paired that with electrical
stimulation of the OFC. In each case, the
PF was chosen to be within the range of
BFs of the neurons within the imaged
field. In the case shown (Fig. 3C), 23 kHz
was chosen as the PF (100 pairings, ISI 	
5 s, 200 �A in OFC); in other cases, differ-
ent sound frequencies were used as the
choice of PF depended on the range of
frequencies observed in the imaged area.
After pairing, we measured sound-evoked
responses again using the same range of
tones as before pairing. We found that
after pairing the BFs of many respond-
ing neurons changed (Fig. 3C, right).
These results suggest a role of OFC acti-
vation in regulating plasticity within A1.

The BF of a neuron gives only limited
information about the detailed changes
that occurred to the neuron’s frequency
selectivity. To obtain a more complete
picture of the effects of OFC pairing on
the responses of A1 neurons, we plotted
frequency tuning curves (Fig. 4A) as well
as the sound-evoked responses across
both frequency and time, or spectrotem-
poral response maps (STRMs), of neu-
rons in the field before and after OFC
pairing (Fig. 4A, rows 1 and 2, respectively). Before OFC pair-
ing, sound-evoked Ca 2� responses of each neuron exhibited
tuning for a range of frequencies (Fig. 4A, rows 1 and 3). After
OFC pairing, the responses of neuron 1 to sound frequencies near
the PF were enhanced (Fig. 4A, column 1, nonoverlapping 95%
confidence intervals); whereas, the responses of neuron 4 to
sound frequencies slightly higher than the PF were enhanced
(Fig. 4A, column 2). In neuron 7, responses to the PF were pow-
erfully suppressed (Fig. 4A, column 3). These changes were visi-
ble in the differences in the STRMs of the neurons, which were
computed by subtracting the STRM before pairing from the
STRM after pairing (post-pre or DSTRM; Fig. 4A, row 4). In
particular, the differential STRMs (DRSTM) indicate that
changes were present throughout the duration of the tone pre-
sentation. The spectral profiles of the changes (mean change over
time) indicate the frequency-specific enhancement or suppres-
sion (Fig. 4A, row 5). Based on the OFC-induced response
changes of these three neurons as well as others within this im-
aged field, the observed changes in tuning in individual A1 neu-
rons in the field were diverse (Fig. 4B). Despite this diversity in
the OFC stimulation-induced changes in responsiveness, the
most commonly observed change as indicated in the mean effect
across all neurons in this field was suppression of responsiveness
to sound frequencies below the PF and a modest enhancement of
responsiveness just above the PF (Fig. 4C). Similar patterns of
frequency-specific enhancement and suppression were seen at
each imaging location even though different PFs were used at
each location (Fig. 4D).

The average response change for the population of all imaged
neurons (n 	 307 neurons, 17 imaging locations, 6 animals, 3
stimulation levels: 100, 200, and 400 �A) revealed a consistent
effect (Fig. 5A). Pairing OFC stimulation with a fixed-frequency
sound caused facilitation of sound-evoked Ca 2� signals near the
PF and suppression of sound-evoked Ca 2� signals for other

sound frequencies within 1–1.5 octaves around the PF (Fig. 5A)
and thus increased the numbers of neurons responding to the PF
(Fig. 5B,C).

Frequency-specific enhancement of A1 responses depends on
OFC-sound pairing
The changes in STRMs after pairing could be due to the OFC
pairing episode or alternatively be a consequence of the animals

Figure 5. Overall effect of OFC microstimulation and sound pairing in A1. A, Mean change in response for the population of
imaged neurons that underwent OFC pairing. Color axis �0.1%. B, Distribution of BFs of all neurons before (black) and after (gray)
OFC pairing. Before pairing distribution shows that PFs were chosen such that different spectral distances (PF-BF) over �3 octaves
were represented in the population. The two peaks flanking PF (red line) indicate a tendency of PF to be on the flanks of the tuning
curves rather than at BF of the neurons. C, Difference in numbers of neurons with particular BF before and after OFC Pairing. Fraction
of neurons representing PF increases whereas the fraction of neurons representing other sound frequencies decreases. D, Mean
change in response for the sound alone control. E, Population average of changes in STRMs for all neurons with a random PF
selected for each imaged field (see main text and Materials and Methods for details on calculation). Axes as in A. F, Mean change
over time showing spectral profile of changes in each case. The effective change in spectral profile due to the OFC pairing is shown
in black after removing the effect of habituation caused by the presentation of a sound alone. Scale bar, 0.2%.

Figure 6. Effect OFC microstimulation and sound pairing in A1 depends on stimulation
strength. A, Mean changes in STRMs with OFC pairing in the population of neurons at different
stimulation strengths. Strongest enhancements were observed at PF at the highest stimulation
strength and weak changes at the lowest stimulations strength. Axes as in Figure 3A and B (color
bar �0.2%). B, Measures of response change plotted as a function of OFC stimulation strength,
straight lines show the significant (**p � 0.05) best linear fits. All measures of magnitude of
response change were positively correlated with OFC stimulation strength (Fig. 4).
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experiencing a single sound repeatedly. To distinguish between
these two possibilities we measured response changes produced
by repeated presentation of a single frequency sound without
pairing it with OFC activation (different sound frequencies were
used in each imaging field, 100 repeats, ISI 	 5 s). In contrast to
the enhancement seen after OFC pairing, responses near the re-
peated frequency were suppressed reflecting habituation (Con-
don and Weinberger, 1991; n 	 209 neurons; Fig. 5D). Thus,
frequency-specific enhancement of A1 responses (Fig. 5A) re-
quires OFC stimulation.

Neurons can show variable responses over time (Elhilali et al.,
2007) and this variability can influence the observed OFC
pairing-induced changes. The variability of sound-evoked Ca 2�

responses over time measured with two-photon imaging has not
been reported. To account for response variability induced by
bleaching and by differences in optical sectioning over time, in
addition to the sound-alone control experiment, we performed
additional imaging experiments in which neural responses were
measured twice to the same set of stimuli separated by a time gap
of 5–10 min (equivalent to the pairing period, n 	 3 animals, 12
fields of view, 227 cells). To test if “spontaneous” changes in the
time-lapse dataset could explain the observed enhancement at
the PF in our pairing experiments, we analyzed the data in the
same way as the pairing data (post-pre; see Materials and Meth-
ods) and aligned time-lapse changes in responses to a randomly
assigned PF for each imaged field. We found the average effect
(post-pre) to be a general depression at all frequencies without an
enhancement at any specific frequency (Fig. 5E). This general
depression resembles the effect of repeating a sound alone (Fig.
5D), but is smaller in magnitude (average 47% at PF, p � 0.001, t
test) and might be due to a decrease in responsiveness over the
imaging period as a result of bleaching or extrusion of the Ca 2�

dye. Regardless, since there is no frequency bias to the average

change in the time-lapse data (Fig. 5E), this depression cannot
account for the changes that we observe with OFC pairing. More-
over, when accounting for habituation and time-dependent de-
pression, the net effect of OFC pairing with a particular sound
frequency shows a clear peaked enhancement of responses at and
around PF in the spectral profile (STRMPairing � STRMSoundAlone;
Fig. 5F, black, assuming additive effects in the two conditions).
Collectively, these results demonstrate that the frequency-
specific changes in A1 depend on OFC stimulation and the OFC
pairing episode.

Response change after OFC-sound pairing depends on
stimulation strength
Since OFC activity is thought to encode reward value and since
activity of OFC neurons scales with the magnitude of reward
(O’Doherty et al., 2003; Roesch and Olson, 2004; Wallis,
2007), we hypothesized that a larger signal originating in the
OFC could lead to larger changes in sensory cortex to enhance
the detection of a rewarding stimulus. We thus investigated
whether the magnitude of A1 response modulation by OFC
depended on the strength of OFC activation. We used three
progressively larger OFC stimulation levels, which presum-
ably activate a progressively larger fraction of the OFC and/or
strengthens the activation of the same fraction. We found that
the magnitude and nature of neuronal changes depended
strongly on the level of activation of OFC during pairing (Fig.
6A), with the strongest enhancements at PF seen for the high-
est stimulation strength. Nearly all measures quantifying the
magnitude and nature of response changes were significantly
positively correlated with OFC stimulation strength (Fig. 6B).
Thus, the facilitation of responses in A1 to sounds near the PF
is directly dependent on the strength of OFC activation sug-

Figure 7. Two populations of response changes after OFC-sound pairing. A, Distributions of correlation values of actual response differences (after-before pairing) for each neuron with the mean
effect shown in Figure 3A (black line) and of shuffled version of the response differences of same neurons (gray). Solid and dashed vertical black lines: mean of the distributions of actual and shuffled
datasets; red and blue lines: �2*STD of shuffled data. Performing the same calculation but computing the correlation value of each neuron’s response change with the average of all other neurons’
response change produced similar results. Inset shows the increased number of neurons with correlations �2 STD. B, Top, Average differences of the anticorrelated and positively correlated
neurons (color axis �0.4%). Bottom, Time-averaged mean spectral profiles of changes. C, Relationship of fraction of anticorrelated and positively correlated cells in each field as a function of
stimulations strength. D, Mean response change in 0.5 octave bins around PF plotted as a function of spectral separation of before-BF from PF as changes are approximately symmetrical changes
above and below PF. E, Mean 
F/F change at PF and adjacent frequency bins as function of before-BF-PF for OFC pairing and sound alone. Dashed lines indicate regression lines. The slopes are
significantly different ( p � 0.05). Note that with sound alone no strengthening is observed.
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gesting a mechanism by which higher reward value might lead
to larger changes in sensory cortices.

Neurons show enhancement or suppression at PF following
OFC-sound pairing
To test if the spectrotemporal structure of the average response
change produced by OFC pairing was significant, we generated
“shuffled” versions of the changes for each neuron (methods)
and compared each of them to the mean effect. This generated a
distribution of correlation values centered on zero (Fig. 7A, gray
distribution, mean: black dashed line), whereas the same com-
parison of the “actual” changes for each neuron with the mean
effect resulted in a distribution that was significantly shifted in
the positive direction (mean: black line; asterisks: p � 10�5 t
test), indicating that, on average, the change in neural response
for individual neurons resembled the mean change. There were
three times as many cells that exhibited significant response en-
hancement than suppression near PF. Specifically, 16% of the
imaged neurons (48/307) exhibited significant positive correla-
tions with the mean effect for the population (Fig. 7A, right of red
bar), while 5% were significantly anticorrelated (16/307; Fig. 7A,
left of blue bar). Thus, the mean change in STRM of the two
populations indicated that positively correlated neurons show
response enhancement at the PF, whereas anticorrelated neurons
show response suppression at PF (Fig. 7B).

The differential effects of OFC pairing in the two groups may
depend on OFC stimulation strength. Indeed, plotting the frac-
tion of neurons that were positively correlated with the mean
effect showed that with increasing OFC stimulation strength a
larger fraction of neurons were positively correlated (Fig. 7C). In
contrast, while the anticorrelated neurons exhibited a negative
trend, the effect did not reach significance (p � 0.05). This indi-
cates that different cells in A1 might be engaged differentially
depending on the strength of OFC activation.

The differential effects in these two groups of neurons may
depend on the relative spatial position of the neurons within the
cortex. However, we found that neurons with positive and anti-
correlated effects were spatially intermingled (data not shown)
consistent with the heterogeneous spatial organization of the su-
perficial layers of mouse A1 (Bandyopadhyay et al., 2010; Roth-
schild et al., 2010; Winkowski and Kanold, 2013). Alternatively,
the two populations of change could depend on the relative sep-
aration of the PF and the BF of the neuron before OFC pairing.
Indeed, neurons with BFs near (�0.5 octave) the PF tended to be
anticorrelated with the mean effect, while neurons with BFs fur-
ther away (�0.5 octave) from the PF tended to be positively
correlated with the mean effect (Fig. 7D,E). Thus, the direction
and magnitude of the OFC pairing-induced response change de-
pended on the spectral separation of the neuron’s BF before OFC
pairing and the PF (p � 0.003; Fig. 7D,E). To test if the emer-
gence of two cell populations was dependent on OFC pairing we
analyzed the time-lapse data in the similar manner. There was no
difference between the actual and shuffled groups for the time-
lapse data (Fig. 8; Kolmogorov–Smirnov test, p � 0.44) indicat-
ing a specific effect of OFC pairing on the STRMs. Together, these
results indicate that the form of A1 plasticity described here de-
pends on the OFC pairing episode and the relation of the PF to
the BF of each neuron.

Differential effects of OFC-sound pairing episodes on
correlated neuronal activity
Our electrophysiological results show an effect of OFC activation
on population activity in A1. In particular our electrophysiolog-

ical results suggest a decorrelation of neuronal responses and our
imaging shows that OFC-sound pairing causes changes on the
level of single neurons. How then do correlations between pairs
of neurons change as a result of OFC stimulation? Despite the
local heterogeneity of A1 responses in layers 2/3 (Bandyopadhyay
et al., 2010; Rothschild et al., 2010; Winkowski and Kanold,
2013), there are nevertheless many similarly responding neurons.
Such redundancy may lead to decreased stimulus information in
the neuronal population.

To investigate the correlated activity between pairs of neurons
and how the changes described above influence neural encoding
at the population level, we computed cross-correlations between
mean responses of pairs of neurons (signal correlations) and
trial-by-trial correlations in response variability (noise correla-
tions) in each imaged field before and after each experimental
condition (i.e., OFC pairing and sound alone). In all baseline
conditions (i.e., before OFC pairing, before sound alone), we
found low but significant signal correlations between pairs of
neurons (Rothschild et al., 2010; Winkowski and Kanold, 2013;
Fig. 9A; before OFC pairing: 0.10 � 0.15). These low values were
expected based on the weak similarity of neural responses in our

Figure 8. Time-lapse data show no specific changes. A, Cumulative distribution of correla-
tion values of time-lapse response changes with the mean effect shown in Figure 3A. Distribu-
tions were generated by selecting a random PF for each imaged field (repeating 100 times for
each imaged field) and aligning response changes according to the PF, then averaging. Re-
sponse changes were also shuffled in frequency and time to create a shuffled distribution.
Cumulative distribution functions are shown for correlation values with mean effect of actual
differences (black) and shuffled differences (gray). This shows a lack of structure related to PF in
the time-lapse data, with changes resembling random noise ( p � 0.44, Kolmogorov–Smirnov
test). B, Time-lapse changes in BF of A1 neurons. Distribution of changes in best frequency
(BFBefore-BFAfter) in two sequential imaging sessions separated by �10 min. Fifty percent of
neurons exhibit stable BF (within 0.75 octaves; dashed lines). The remaining 50% of imaged
neurons had altered BF. With single-unit recordings in awake ferrets such changes measured for
only linear cells with good spectrotemporal receptive fields (STRFs) find�25% of cells are labile
(Elhilali et al., 2007).
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data. To study how signals originating in the OFC influenced this
correlated activity, we calculated the change in the signal cross-
correlations within each condition (after-before;(Fig. 9B, Pair-
ing: red distribution; Sound alone: blue distribution). After OFC
pairing, pairwise signal cross-correlations decreased significantly
(Fig. 9B,C; p � 10�6, paired t test). In contrast, after repeating a
sound without OFC activation (sound alone), pairwise correla-
tions increased significantly (Fig. 9B,C; p � 0.01, paired t test). In
addition, the same analyses on the control time-lapse data

showed an overall small decrease in signal
correlations (�5%), which was expected
due to decreases in responses over time
(Fig. 9C). Thus, OFC pairing episodes re-
sulted in a significant decrease in corre-
lated stimulus-driven activity whereas
sound alone episodes resulted in a signif-
icant increase in correlated stimulus-
driven activity. Together, these processes
are likely to have a powerful influence on
neural coding within A1.

Since response similarity alone does
not determine coding capacity as it also
depends on correlations in response vari-
ability, we investigated whether the OFC
pairing episodes had any influence over
noise correlations (Fig. 9D). After OFC
pairing episodes, noise correlations in-
creased significantly (Fig. 9E,F, p � 0.05,
paired t test). In contrast, after repeating a
sound without OFC activation (sound
alone), noise correlations decreased sig-
nificantly (Fig. 9E,F, p � 10�4, paired t
test). In addition, the same analyses on the
control time-lapse data showed a small
decrease in noise correlations. The differ-
ential effects on signal and noise correla-
tions after OFC pairing, and the opposite
trend in the control datasets, lead, in prin-
ciple, to an increase in coding capacity
within A1 networks.

OFC-sound pairing increases PF
stimulus discriminability
The differential changes of signal and
noise correlations can lead to improved
discrimination performance by neural
populations. To test this idea directly, we
calculated discrimination performance
for population of neurons using a sym-
metrical Kullback–Leibler divergence (es-
sentially d�2, with a Gaussian distribution
assumption; see Materials and Methods).
We calculated average discrimination
performance of neural populations of
varying sizes (N 	 1–14 neurons) in two
groups (PF/O: PF and any other frequen-
cy; O/O: two other stimulus frequencies
neither of which was the PF) before and
after each experimental condition (OFC
pairing, sound alone, time-lapse). Signifi-
cance and reliability of the discrimination
calculations was assessed through com-
puting discrimination based on baseline


F/F (no stimulus) and actual stimulus-driven 
F/F responses
(Fig. 10A,B). For the single cell case, the overall median discrim-
ination performance was similar across experimental conditions
(OFC pairing, sound alone, time-lapse) and discrimination
groups (PF/O and O/O; Fig. 10C,D). Next, we investigated the
effect of increasing population size on discrimination perfor-
mance in both groups. Since Kullback–Leibler distances are
biased (Johnson et al., 2001), we estimated bias in our distance
metrics in two ways (see Materials and Methods) and find that

Figure 9. Changes in pairwise correlations between neurons produced by OFC pairing and sound alone. A, Distribution of
pairwise signal correlation values between all simultaneously imaged pairs before OFC pairing (black). Distribution of correlation
values of pairwise signal correlation values of frequency and time shuffled STRMs (gray). B, Top, Distributions of changes in
pairwise signal cross-correlations between all simultaneously imaged pairs of neurons in A1. Red, OFC pairing condition; blue,
sound alone condition. Overlap between the distributions is shown in purple. Cumulative distribution functions are overlaid (red,
OFC pairing; blue: sound alone). Bottom, Difference between the two distributions on the top part (Pairing � sound alone). Black
line indicates raw difference; red line indicates smoothed version of the difference. C, Fractional change in mean correlations before
and after OFC pairing show a significant decorrelation relative to zero ( p � 10 �6) and the time-lapse case ( p � 0.01) while that
for sound alone showed a significant increase in mean correlations relative to zero ( p � 0.01) and the time-lapse case ( p �
0.001). D, Distribution of pairwise noise correlation values between all simultaneously imaged pairs before OFC pairing (black).
Distribution of correlation values of pairwise noise correlation values of frequency and time-shuffled STRMs (gray). E, F, Conven-
tions as in B and C, showing equivalent plots for noise correlations between pairs of neurons. Fractional change in mean noise
correlations before and after OFC pairing shows a significant increase relative to zero ( p � 0.05) and time-lapse case ( p � 10 �10)
while that for sound alone showed a significant decrease from 0 ( p � 10 �4) and from the time-lapse case ( p � 0.05).
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bias is minimal (�2% of actual values;
Fig. 11A). As population size increased,
PF/O discrimination performance im-
proved significantly in both the OFC
pairing and sound alone conditions
(Fig. 11A). When we compared the ac-
tual improvement across conditions
(OFC pairing, sound alone, time-lapse),
we found PF/O discrimination perfor-
mance in the sound alone condition was
higher than in the other conditions
(OFC pairing condition and time-lapse;
Fig. 11B, left). In contrast, O/O discrim-
ination performance worsened signifi-
cantly in the OFC pairing condition but
remained relatively unchanged in the
sound alone condition (Fig. 11B, right,
green and red dashed lines, respec-
tively). When we calculated the “rela-
tive” changes in discrimination
performance ([Post-Pre]/Pre; Fig. 11C)
we found that as the population size in-
creases, PF/O discrimination perfor-
mance improves in the OFC pairing
condition but remains relatively flat
(i.e., no improvement) in the sound
alone condition. Thus, the differential
effects on the PF/O and O/O discrimi-
nation performance in the OFC pairing
condition and the similar effects across
those same groups (PF/O vs O/O) in the
sound alone condition result in a
frequency-specific improvement in dis-
crimination performance after OFC
pairing that was not present in the
sound alone condition.

Discrimination performance increases
linearly with increases in population size,
if one ignores interactions (i.e., correlations) between neurons.
Clearly, these interactions cannot be ignored, and so, to examine
only the contributions of correlations between neurons to dis-
crimination performance as a function of population size, we
considered normalized discrimination performance (see Materi-
als and Methods). All discrimination performances were normal-
ized by the discrimination performance of the corresponding
single cell case. Thus for N cells a normalized discrimination
greater than N would mean improvement over the independent
case (Fig. 11D, black line), indicating a contribution of correla-
tions between neurons to discrimination performance (indicated
as 
). Indeed, this expected improvement occurs in both the OFC
pairing and sound alone conditions (Fig. 11 D, E). The result-
ing normalized discriminations (Pre and Post; Fig. 11D,E) show
that following OFC pairing there is a strong improvement in
discrimination performance that is due to the change in correla-
tions; such an improvement was absent for the sound alone case.
In addition, correlations did not contribute strongly for the other
groups (O/O). Thus, the changes in A1 responses produced by
the OFC pairing episodes cause improvements in discriminabil-
ity of a specific stimulus, the PF, and correlations between neu-
rons play a large role in this stimulus-specific improvement.
Further, while single neurons, on average, do not show improve-
ment in discrimination of PF for both OFC pairing and sound
alone conditions by including the correlations between neu-

rons, we see a marked improvement in discrimination follow-
ing OFC pairing. These results suggest that OFC pairing increases
the discrimination ability of A1 in a frequency-specific manner.

A limited number of patterns underlie OFC-induced
response changes
The spectrotemporal changes in sound evoked responses after
OFC pairing were diverse (Figs. 3, 4). This diversity in response
change could be due to any number of factors such as differences
in cell type and/or the variability of the cells’ responses to sound.
Thus, to reveal the significant underlying patterns of changes that
OFC pairing paradigm could produce and further explore the
diversity of response changes in individual A1 neurons, we used
principal components analysis (PCA) on the response changes
for individual neurons to show distinct components of response
changes within the population (Fig. 12). PCA can reveal the in-
ternal structure of the data in a way that best explains its variance.
For the OFC pairing data, the first three principal components
(PCs) that emerge from this analytical approach account for a
large portion (�70%) of the variance and thus account for the
response changes that are frequently observed in our population
of imaged neurons (Fig. 12A), whereas each of the remaining
components explain �5% of the variance. Inspection of the cen-
troids of the three dominant components revealed distinct pat-
terns of change (Fig. 12B), with the first component (PC1)

Figure 10. Discrimination of PF by single neurons. A, Distribution of mean discrimination performance of PF from each other
frequency (PF/O) by all neurons before OFC pairing (black). The same distribution based on the calculation done on baseline activity
(before stimulus onset; gray) shows minimal bias in the estimation ( p � 10 �91). B, Same distributions as in A plotted with sound
alone and time-lapse data showing our choice of PF in the two cases and a random PF for the time-lapse data show no bias. C,
Scatterplot showing discrimination performance by single neurons (n 	 307) after OFC pairing as a function of discrimination
performance before pairing. D, Bar graph showing median single neuron discrimination performance. Error bars indicate inter-
quartile range. All groups are statistically the same ( p � 0.1).
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showing enhancement at PF (Fig. 12B, arrow, bottom row) com-
pared with suppression in side frequencies for the other PCA
components. As is the case with PCA, the position of a variable
along the component axis can be in the positive or negative di-
rection and so the grayscale deviations (black or white) from the
background of no change (gray) displayed in Figure 12B can be
interpreted to be changes that reflect either enhancement or sup-
pression. The first and dominant pattern (Fig. 12B, left) of change
is characterized by a relatively small amount of enhancement (or
suppression) centered at the PF flanked by suppression (or en-
hancement) of responses to other sound frequencies, similar to
the mean effect (Fig. 5). The second and third patterns, which
account for lesser variability in the 
STRMs, modulate the first
pattern by imposing their shapes. The second pattern (Fig. 12B,

middle) added to the first pattern tends to
make the changes asymmetric around PF
leading to a slope change at PF. The third
pattern (Fig. 12B, right) modulates the
first pattern by making the range of en-
hancement or suppression around the PF
narrower or wider. Indeed, changes simi-
lar to each of the scenarios described
above are observed in the examples shown
in Figure 4 (neurons 1, 4, and 7). Further-
more, all patterns exhibit features that
are related to the PF highlighting the
frequency-specific nature of the observed
OFC-induced effects. Increasing OFC
stimulation current strength caused in-
creases in the absolute distance of the re-
sponse change for neurons from the
origin (Fig. 12C). Such dependence on the
stimulation strength shows that the diver-
sity of response changes (at least 70% of
the variance) cannot be explained by in-
nate variability in the data. Thus, the OFC
pairing paradigm causes different types of
change in response patterns in A1 neu-
rons that are all specific for the PF. The
existence of distinct patterns of response
change likely reflects the differential en-
gagement of distinct circuits or plasticity
mechanisms within A1 by OFC activa-
tion, which, in turn, could account for the
different types of changes observed at the
single cell level.

Discussion
Here we have demonstrated that signals
originating in one area of the mouse FC,
the OFC, can cause changes on the level of
single neurons and across populations of
A1 neurons. We find that OFC signals
cause dynamic reshaping of response
properties of populations of sensory neu-
rons in A1 over rapid timescales. Electro-
physiological recordings showed that
pairing OFC activation with sound caused
rapid decorrelation of A1 neurons and
that OFC activity is required for these
changes to occur. Moreover, our pharma-
cological experiments suggest that the
OFC pairing-induced decorrelation of A1
activity is largely mediated by noncholin-

ergic mechanism. In addition, by using in vivo two-photon Ca 2�

imaging to measure the OFC-induced response changes, we have
provided a more complete picture of the population dynamics
that occur within sensory neural networks as a result of our OFC-
sound pairing paradigm. Pairing OFC activation with a sound
caused changes in the frequency selectivity of A1 neurons within
minutes. Thus our results show that signals originating in the
OFC can generate specific response changes in A1.

While OFC stimulation caused a robust effect on A1 responses
detectable on the LFP level, the observed response changes at the
level of single neurons were diverse and may be explained by at
least three nonexclusive factors. First, the observed diversity in
response change may be a consequence of the local heterogeneity

Figure 11. Discrimination performance as a function of population size. A, Median performance by populations of cells as a
function of population size (N 	 1–14) in discriminating PF from other frequencies before (blue lines) and after (red lines) OFC
pairing (left) and sound presentation alone (right). Error bars indicate interquartile ranges. Data show no bias. B, C, Actual change
(Post-Pre, left) (B) and relative change (C) ([Post-Pre]/Pre, right) in discrimination. Changes at the largest population size were
always significantly different ( p � 0.05). D, Normalized discrimination (normalized to N 	 1) as a function of population size is
shown for pairing and sound alone as in A, black line indicates discrimination by equivalent populations assuming independence
between cells. E, Relative changes in discrimination due to correlations as a function of population size (changes are significant for
N 	 14, p � 0.05) over the independent case.
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of response properties in layer 2/3 of A1 (Bandyopadhyay et al.,
2010; Rothschild et al., 2010; Winkowski and Kanold, 2013). Sec-
ond, the diversity of OFC-induced changes in single A1 neurons
may be the result of engagement of different pathways from OFC
to A1. Thirdly, the observed diversity in response change could be
due to the varied influences on different classes of A1 neurons.
The presence of a small number (three) of distinct change pat-
terns and the dependence of the change on the separation be-
tween PF and BF suggest that a combination of these factors
might be responsible. The overall average outcome of the OFC
pairing episode was to enhance the responsiveness of A1 neurons
to the pairing frequency, which points to the OFC as a higher
order cortical area capable of regulating responsiveness and or-
ganization within the auditory cortex. In addition, the correla-
tion of the magnitudes of mean response change and the patterns
of response change (Figs. 7, 12) with OFC stimulation strength
suggest that the diversity of response changes could not be ac-
counted for by activation of different pathways at different OFC
stimulation intensities but likely reflect a stronger activation of
similar pathways. Unfortunately, the precise identity of those
pathways at this time remains unclear. However, we speculate
that the OFC effects are likely to involve a highly complex inter-
action across multiple pathways including both direct and indi-
rect connections between OFC and A1 and it is possible that
differing behavioral demands activate different pathways possi-
bly by activating distinct subsets of OFC neurons or modulating

overall OFC activity levels. While our stimulation experiments
here do not allow us to investigate these possibilities, future stud-
ies investigating OFC activity in various auditory behaviors
should be able to distinguish between these possibilities.

Our data here indicate that a large fraction of the OFC
activity-induced changes in A1 involves noncholinergic pathways
such as direct corticocortical projections (Golmayo et al., 2003).
The existence of different pathways might enable both rapid and
long-lasting synaptic changes. For example, direct intracortical
pathways could cause synaptic changes via short-term synaptic
plasticity mechanisms that could be reinforced via indirect neu-
romodulatory pathways on longer timescales. The advantage of
such a multipathway system is that it allows adaptations to rap-
idly changing environments by first “tagging” synapses and by
later converting this transient change into longer lasting synaptic
changes.

The role of the OFC in guiding behavior based on reward
signals or expected outcomes is well documented (Schoenbaum
et al., 2009). Damage to the OFC in humans leads to impulsivity,
perseveration, compulsive behavior (Fellows, 2007), and im-
paired decision-making ability (Bechara et al., 1994, 1999)
among other deficits. OFC lesions in animals have been reported
to impair reversal learning (Burke et al., 2009; Takahashi et al.,
2009), associative-learning (McDannald et al., 2005), and deci-
sion making, and to induce compulsive behavior (Schilman et al.,
2010). OFC activity might also encode expected outcomes in
reward prediction as well as reward value (Wallis, 2007). Collec-
tively, these findings demonstrate that the OFC has a prominent
role in facilitating flexible and adaptive behavior. When these
findings are placed in the context of our current A1 plasticity
results, it is plausible that some of the behavioral effects of OFC
activity are due to response changes in primary sensory areas. The
changes we observe after OFC-sound pairing are strikingly simi-
lar to the influence of sound discrimination behavior on auditory
responses in ferret A1 (Fritz et al., 2003, 2007a) and the ferret FC
is active during such sound discrimination behaviors (Fritz et al.,
2010). Together this suggests that the changes we observe here
could underlie the behavioral changes in A1. However, since the
activation of the mouse OFC in auditory behaviors is unknown at
this time, we can only speculate about the direct behavioral sig-
nificance of A1 plasticity mediated by signals originating in OFC.

The animals used in our study are still relatively young (P20 –
P35). While this is beyond the critical period for changes in A1
(Barkat et al., 2011), and after the maturation of intrinsic circuits
within frontal cortex (Uylings, 1990; Zhang, 2004; Yang et al.,
2012) projections might not be fully mature. Given the profound
effect we observe, we speculate that these might become stronger
due to more mature and possibly stronger synaptic connections
between OFC and A1. Moreover, degeneration or malformation
of the OFC-A1 influence might play a role in cognitive decline
with aging or underlie cognitive disorders such as autism (Fun-
abiki et al., 2012; Orekhova et al., 2012).

Dynamic regulation of sensory cortical circuits by inputs orig-
inating in higher order cortical areas has been proposed as a
mechanism by which animals successfully adapt to rapidly
changing environments (Fritz et al., 2007a). The impact of OFC
activation on auditory responses in A1 are strikingly similar to the
influence of behavior in detection tasks on both auditory re-
sponses in A1 (Fritz et al., 2003, 2007a) as well as visual responses
in visual cortical areas (Reynolds and Chelazzi, 2004; Cohen and
Maunsell, 2009; Goard and Dan, 2009). Although the complete
circuitry underlying top-down control of the auditory cortex is
likely to be complex involving multiple projections and different

Figure 12. OFC sound pairing produces distinct types of response changes in A1 neurons. A,
Fraction of variability of the observed STRM changes with OFC pairing explained by each PC and
cumulatively starting from the strongest component shows that the first three PCs explain 70%
of the variance, while each of the remaining explain �5% of the variance. B, Patterns of
underlying response changes as defined by the first three PCs. The mean spectral profile of each
PC is shown below. C, Absolute PC scores or distance of response change along each PC axis
depends on OFC stimulation strength ( p � 0.0001, 0.001, and 0.05, respectively, left to right).
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neuromodulators and an array of different brain structures, our
findings identify the OFC as a higher order prefrontal cortical
region that can coordinate rapid, dynamic changes in response
properties and functional organization within sensory cortical
areas.
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