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Laminar profile of task-related 
plasticity in ferret primary auditory 
cortex
Nikolas A. Francis1,2, Diego Elgueda1, Bernhard Englitz  1,3, Jonathan B. Fritz1 & 
Shihab A. Shamma1,4

Rapid task-related plasticity is a neural correlate of selective attention in primary auditory cortex (A1). 
Top-down feedback from higher-order cortex may drive task-related plasticity in A1, characterized by 
enhanced neural representation of behaviorally meaningful sounds during auditory task performance. 
Since intracortical connectivity is greater within A1 layers 2/3 (L2/3) than in layers 4–6 (L4–6), we 
hypothesized that enhanced representation of behaviorally meaningful sounds might be greater in 
A1 L2/3 than L4–6. To test this hypothesis and study the laminar profile of task-related plasticity, we 
trained 2 ferrets to detect pure tones while we recorded laminar activity across a 1.8 mm depth in A1. 
In each experiment we analyzed high-gamma local field potentials (LFPs) and multi-unit spiking in 
response to identical acoustic stimuli during both passive listening and active task performance. We 
found that neural responses to auditory targets were enhanced during task performance, and target 
enhancement was greater in L2/3 than in L4–6. Spectrotemporal receptive fields (STRFs) computed 
from both high-gamma LFPs and multi-unit spiking showed similar increases in auditory target 
selectivity, also greatest in L2/3. Our results suggest that activity within intracortical networks plays a 
key role in the underlying neural mechanisms of selective attention.

Selective attention is believed to facilitate auditory task performance by enhancing neural representation 
of behaviorally meaningful sounds1–8. Task-related plasticity is a neural correlate of selective attention that is 
characterized by transient changes in both the gain of neuronal responses to auditory targets, and the shape of 
spectrotemporal receptive fields (STRFs)4,6,7. During pure-tone detection and discrimination tasks, individual 
neurons become more responsive to auditory targets, while STRFs become more selective for the auditory target 
frequency4,6,7.

Converging lines of evidence from both anatomical and neurophysiological studies suggest that task-related 
plasticity in A1 may be greater in cortical layer 2/3 (L2/3) than layers 4–6 (L4–6), due to intracortical network 
activity within L2/3 that is believed to mediate top-down control of sensory processing9–13. The L2/3 intracortical 
network may provide a pathway for prefrontal cortex to bias A1 responsiveness in favor of behaviorally meaning-
ful sounds14–16. However, the laminar profile of task-related plasticity in A1 remains unclear since few studies have 
recorded simultaneously across layers during auditory task performance17,18. In humans, behavioral detection of a 
frequency modulation sweep sharpened frequency tuning in superficial cortical layers more than in middle-deep 
layers17. In monkeys, intermodal attention-related suppressive effects predominated neural responses in super-
ficial cortical layers, yet response enhancement was dominant in middle-deep layers18. Long-lasting effects of 
auditory training on A1 responses to sounds in anesthetized rats include an enhancement of neural responses in 
L2/3, but not in layer 419. It is believed that high-frequency LFPs (i.e. “high-gamma” LFPs >80 Hz) measure syn-
chronous spiking from many neurons20. Here, we hypothesized that task-related plasticity might be (1) greater in 
superficial L2/3 than in middle-deep L4–6, and (2) similar for multi-unit spiking and high-gamma LFPs.
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Results
Target response enhancement was greatest in L2/3. We studied the laminar profile of rapid task-re-
lated plasticity by recording from a 24 channel linear electrode array (Plexon U-probe) inserted through the dura, 
orthogonal to the surface of A1, in two ferrets that were performing an auditory detection task (Fig. 1a). During 
task performance trials, the animal heard a sequence of reference noises followed by a pure-tone target (Fig. 1b). 
Upon detecting the target, the animal was trained to stop licking a waterspout to avoid a mild shock4. Neural 
responses to the same sounds used during the task were also measured while the animal was in a passive, quies-
cent state, to provide a within-animal passive control condition for neural activity. Wide-band recordings from 
the 24 channel linear array allowed us to analyze multi-unit spiking and high-gamma LFP magnitudes across a 
1.8 mm depth that included layers 2/3–621 (see Methods and Fig. 1c). All statistical comparisons were done using 
a bootstrap hypothesis test (see Methods).

Figure 1. Awake-behaving experimental paradigm and electrode depth registration. (a) Head-fixed 
preparation. Ferrets were implanted with a metal post that was attached to the skull and held fixed during 
awake-behaving neurophysiological experiments. The ferret performed the task while we recorded from 
primary auditory cortex (A1) using a 24 channel linear electrode array (Plexon U-probe). (b) Pure-tone 
detection task. Two ferrets were trained to do a conditioned avoidance Go/No-Go pure-tone detection task. In 
each trial of the task, the animal heard a sequence of reference noises followed by a pure-tone target. Reference 
noises were “Go” signals, during which the animal was free to lick a waterspout. Upon detecting the target (the 
“No-Go” signal), the animal stopped licking the water spout to avoid a mild shock. The target frequency was 
different for each experiment. (c) Electrode depth-registration. The left panel shows an example of how the layer 
2/3 (L2/3) vs. layers 4–6 (L4–6) border (dashed line) was computed for a single penetration of the 24 channel 
linear electrode array in A1. Local field potential (LFP) responses to 100 ms tones were used to find a common 
marker of depth across penetrations (i.e., for depth registration). Registration began by first identifying the 
electrode with the shortest LFP response latency (Eτ, white square), then finding the LFP waveform correlation 
coefficients (ρ) between Eτ and all other electrodes in the same penetration. The border between the first 
neighboring electrode pair with positive and negative correlation coefficients defined the L2/3 vs. L4–6 
border21,45–48. Laminar profiles were averaged across penetrations after first aligning to the border. The right 
panel shows the average depth-registered LFP laminar profile in response to 100 ms tones.
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During task performance (average target detection d’ = 1.3, std = 0.74), we found that neural responses to 
targets were enhanced relative to reference responses, and target enhancement was greater in superficial L2/3 
than middle-deep L4–6. Figures 2a and 3a show laminar profiles for multi-unit spiking and high-gamma LFPs, 
respectively. Each figure shows the average response to target and reference sounds, during passive and behavior 
conditions. Both target and reference sounds evoked responses across layers 2/3–6, during both passive and 
behavior conditions. To quantify task-related plasticity (P) from neural responses (PResp), we first found the frac-
tional change (i.e., ratio) of stimulus response amplitudes during behavior vs. passive trials, separately for target 
(TarBhv/Pass) and reference (RefBhv/Pass) sounds. This defined the task-related stimulus responses for targets and 
references. Then we took the difference between target and reference ratios (PResp = TarBhv/Pass − RefBhv/Pass; Figs 2–
3b,c). Positive values of PResp (red in Figs 2b and 3b) indicate relative target response enhancement during audi-
tory task performance. We found that target enhancement was the predominant effect for both multi-unit spiking 
(Fig. 2b,c) and high-gamma LFPs (Fig. 3b,c). Furthermore, target enhancement was greater in L2/3 electrodes 
for most recordings (see cumulative distribution functions in Figs 2c and 3c). The average target enhancement 

Figure 2. Laminar profiles of task-related plasticity in multi-unit (MU) spiking from A1. Panel a shows the 
average laminar profile of MU responses to reference noises (Ref.; top row) and target tones (Tar.; bottom 
row), and in passive (left column) and behavior (right column) conditions. Depth is marked relative to the 
L2/3 border (see Methods and Fig. 1c). The vertical black line shows when the tone was presented. The color 
bar indicates that the MU response data are shown as the change in the spike rate (ΔSPK) relative to the silent 
baseline before the tone in each trial. The profiles in each panel were normalized to the peak value across 
profiles. Panel (b) shows the laminar profile of task-related plasticity for MU spiking, on the same depth axis 
as panel (a). To quantify task-related plasticity for MUs and high-gamma LFPs, we first found the fractional 
change (i.e., ratio) of stimulus response amplitudes between behavior vs. passive experiments. This defined 
the task-related stimulus responses for targets and references. We then took the difference in task-related 
stimulus responses for targets minus references to define task-related plasticity. The color bar indicates that 
task-related plasticity is shown as either target enhancement (Enh.; red) or suppression (Sup.; blue). (c) Shows 
the cumulative distribution functions (CDFs) and grand-averages of task-related plasticity for all recordings in 
L2/3 (red) and L4–6 (blue). Error bars and shading show 1 standard error of the mean (sem). Stars and the solid 
comparison bar indicate averages that were significantly different than 0 (p < 0.001, bootstrap test). Population 
sizes (n) indicate the number of electrodes per average after applying noise rejection (see Methods).
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values for L2/3 vs. L4–6 were 0.48 vs. 0.09 for multi-unit spiking (p < 0.001) and 0.52 vs. 0.19 for high-gamma 
LFPs (p < 0.001). The 9% average target enhancement we measured in multi-unit spiking from L4–6 agrees with 
previous measurements of multi-unit responses in A15.

Enhanced target selectivity in STRFs was greatest in L2/3. Task-related plasticity has previously 
been described in A1 using STRFs computed from single- and multi-unit spiking4,6,7. Here, we extend that analy-
sis by computing STRFs from high-gamma LFPs (bottom row, Fig. 4), in addition to multi-unit spiking (top row, 
Fig. 4). STRFs computed from reference noises estimate the magnitude of neural responses to target tones, rela-
tive to other pure-tone frequencies. We analyzed the 2-dimensional STRFs in the same manner as 1-dimensional 
response traces to compute laminar profiles of task-related plasticity (i.e., PSTRF; Fig. 4b,e), with the additional step 
of first aligning each STRF to the target frequency bin before averaging. We found that enhanced target selectiv-
ity (i.e., peaks in PSTRF; red in Fig. 4b,e) was the predominant effect in STRFs. Enhancement was greater in L2/3 
than in L4–6 (Fig. 4c,f). The average STRF target enhancement for electrodes in L2/3 vs. L4–6 was 0.6 vs. 0.27 
for multi-unit spiking (p < 0.001) and 0.46 vs. 0.28 for high-gamma LFPs (p < 0.01). For both multi-unit spiking 
and high-gamma LFPs, the STRFs indicated that target enhancement resulted from a reduction of inhibitory 
fields (blue in Fig. 4a,d) and increased excitatory fields (red in Fig. 4a,d). This can be seen by comparing the left 

Figure 3. Laminar profiles of task-related plasticity in high-gamma LFPs from A1. Panel (a) shows the average 
laminar profile of high-gamma responses to reference noises (Ref.; top row) and target tones (Tar.; bottom 
row), and in passive (left column) and behavior (right column) conditions. Depth is marked relative to the 
L2/3 border (see Methods and Fig. 1c). The vertical black line shows when the tone was presented. The color 
bar indicates that the high-gamma response data are shown as the change in the response magnitude (ΔMAG) 
relative to the silent baseline before the tone in each trial. The profiles in each panel were normalized to the 
peak value across profiles. Panel (b) shows the laminar profile of task-related plasticity for high-gamma LFPs, 
on the same depth axis as panel (a). The color bar indicates that task-related plasticity is shown as either target 
enhancement (Enh.; red) or suppression (Sup.; blue). Panel (c) shows the CDFs and grand-averages of task-
related plasticity for all recordings in L2/3 (red) and L4–6 (blue). Error bars and shading show 1 sem. Stars and 
the solid comparison bar indicate averages that were significantly different than 0 (p < 0.001, bootstrap test). 
Population sizes (n) indicate the number of electrodes per average after applying noise rejection (see Methods).
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and right columns in panels a and d in Fig. 4. The STRF prediction of 27% target enhancement in multi-units 
from middle-deep L4–6 (Fig. 4c) agrees with previous measurements of task-related plasticity in A1 multi-unit 
STRFs4,7. Thus, we found that multi-unit spiking and high-gamma LFPs are similarly predictive of the effects of 
selective attention on A1 responses to behaviorally meaningful sounds.

The persistence of target enhancement was common across cortical layers. Task-related plas-
ticity can persist for minutes to hours after task performance ends4,7. We measured the persistence of task-related 
plasticity in the minutes following task performance, when the animal returned to a passive, quiescent state (i.e. 
during a “post-passive” condition). In Figs 2–4, task-related plasticity was found, for both neural responses and 
STRFs, by computing TarBhv/Pass − RefBhv/Pass. We quantified the persistence of task-related plasticity similarly by 
comparing the post-passive state vs. the “pre-passive” state that occurred before task performance, i.e., we com-
puted Ppersistence = TarPre/Post − RefPre/Post. We found a similar pattern of persistence in both the neural responses 

Figure 4. Laminar profiles of spectrotemporal receptive fields (STRFs) in A1. The top and bottom rows show 
the data for multi-units and high-gamma LFPs, respectively. Panels (a,d) show the average depth-registered 
and target-aligned (ΔTarget) STRF laminar profiles for L2/3 (top row in each panel) and L4–6 (bottom row in 
each panel), and in passive (left column in each panel) and behavior (right column in each panel) conditions. 
Red and blue indicate excitatory and inhibitory fields, respectively. Panels (b,e) show the laminar profile of 
task-related plasticity. Red and blue indicate target enhancement and suppression, respectively, during task 
performance. Panels (c,f) show the CDFs (top of each panel) and grand-average (bottom) of task-related 
plasticity for all electrodes in L2/3 (red) and L4–6 (blue). Error bars and shading show 1 sem. Stars indicate 
averages that were significantly different than 0 (p < 0.001, bootstrap test). Solid and dashed comparison bars 
indicate significant differences between layers (p < 0.001 and p < 0.01, respectively, bootstrap test). Population 
sizes (n) indicate the number of electrodes per average after applying noise rejection (see Methods).
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(Fig. 5a) and STRFs (Fig. 5b) computed from both multi-unit spiking and high-gamma LFPs: target enhancement 
was greatest during task performance and tended to decrease toward the pre-passive state after task performance.

Discussion
We recorded laminar profiles of neural activity in A1 during the performance of a pure-tone detection task and 
found that task-related plasticity was greater in L2/3 than in L4–6. The predominant effect of task-related plas-
ticity was to enhance both neural responses to auditory targets and STRF selectivity for auditory target frequen-
cies. Since target enhancement quickly decayed in the minutes following task performance, and the enhancement 
was similar for both multi-unit spiking and high-gamma LFPs, our results support rapid task-related plasticity as 
a neural correlate of attention22,23.

The dominance of target enhancement in L2/3 suggests that intracortical modulation of stimulus selectivity 
in A1 is an important neural correlate of selective attention. Top-down projections from prefrontal cortex are 
known to target neurons in supragranular layers in auditory cortex24–26. Neurons in prefrontal cortex show greater 
selectivity than A1 for behaviorally meaningful sounds15, and stimulation of orbitofrontal cortex causes changes 

Figure 5. The persistence of task-related plasticity. Panels (a,b) show the persistence of task-related plasticity 
(i.e. target enhancement) for both neural responses and STRFs, respectively. The left and right columns of 
each panel show the results for multi-unit spiking and high-gamma LFPs, respectively. We found that target 
enhancement often persisted in the minutes after task performance but was usually less than during the task. 
Stars indicate averages that were significantly different than 0 (p < 0.001, bootstrap test). Error bars show 1 sem. 
Solid, dashed, and dotted lines indicate significant decay of task-related plasticity (p < 0.001, p < 0.01, p < 0.05, 
respectively).
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in A1 pure-tone frequency tuning16,27 that resembles the task-related plasticity observed here and in previous 
studies4–7. Simultaneous recordings from frontal cortex and auditory cortex reveal behavior-dependent changes 
in functional connectivity13,15.

Figures 2b and 3b show that the greatest target enhancement measured from L2/3 tended to peak more than 
~75 ms after the tone onset. This long latency for maximal target enhancement in L2/3 also indicates the impor-
tance of intracortical connections in task-related plasticity. Future studies measuring task-related plasticity simul-
taneously in laminar profiles of A1 and higher-order cortex will help to clarify the intracortical network dynamics 
of target enhancement during auditory tasks. Furthermore, the use of larger animal population sizes will clarify 
how task-related plasticity varies across individuals.

Recent evidence suggests that the attentional circuit is not strictly cortical, but may also involve contributions 
from the reticular nucleus of the thalamus (TRN) and the sensory thalamus28,29. It has recently been shown that 
prefrontal projections to the visual thalamus, but not primary visual cortex, exert a causal effect on behavior 
during an auditory-visual divided attention task29. Thus, cortico-thalamo-cortical loops may play an important 
role in modulating responses in all sensory cortices, including A130. In a recent paper, Guo, et al.28 describe an A1 
layer 6 corticothalamic (CT) circuit in the mouse that biases sound processing in auditory cortex towards either 
improved auditory detection or discrimination. Activation of layer 6 neurons has been shown to increase inhibi-
tion across all cortical layers31, yet we found that the gain of target responses increased in L2/3 during behavior. 
Thus, if the layer 6 CT circuit establishes the task-dependent state of operation in A1 (i.e., detection vs. discrimi-
nation states), then it is likely that additional intracortical and cortico-thalamo-cortical attentional mechanisms 
subsequently disinhibit auditory responses in L2/3 during task performance32, enabling target enhancement. 
There are several mechanisms that may contribute to the enhancement of responses in supragranular layers, 
including functional connectivity with higher-order cortical areas14–16,33, intrinsic intracortical plasticity mecha-
nisms34, and the activation of layer 5B cortico-thalamo-cortical loops35.

Our study supports the growing body of evidence indicating the importance of circuitry in L2/3 for plasticity 
in sensory cortex8,18,19,32,34,36,37. For example, neurons in L2/3 of both auditory and barrel cortex show enhanced 
modulation of dendritic spine growth, both during and after auditory- and whisker-based learning, respec-
tivly36,38. To understand how changes in the amplitude of local synaptic input relate to task-related plasticity 
in spiking and high-gamma LFPs, in future studies we will characterize laminar profiles of low frequency LFPs 
using current source density (CSD) analysis18–20,39. Our results suggest that intracortical modulation of auditory 
processing is important not only for establishing long-lasting experience-related plasticity19,36,38,40 but also for 
enabling rapid task-related plasticity as a neural correlate for selective attention.

Methods
Neural activity was recorded in primary auditory cortex (A1) of 2 adult, female ferrets during performance of an 
auditory task in 24 total experiments (12 experiments per animal). All experimental procedures were approved by 
the University of Maryland (UMD) Animal Care and Use Committee, and performed in accordance with UMD 
and National Institutes of Health guidelines and regulations.

Animals were trained to detect a pure-tone target after a series of references noises composed of temporally 
orthogonal ripple combinations (TORCs)41. Animals were initially trained in sound-attenuated testing booths 
where they could move freely. Once they reached behavioral criterion on the task (discrimination ratio >0.6), 
they were implanted with a head-post and trained to perform the task while their heads were held fixed to facil-
itate stability in neurophysiological recording. Behavior and stimulus presentation were controlled by custom 
software written in Matlab (MathWorks).

Acoustic stimuli. Target tones were pure sine waves (5-ms onset and offset ramps), with frequency held fixed 
during a block of trials, but varied randomly between experiments. Reference noises consisted of a set of TORCs 
with a spectral resolution of 0-1.2 cycles/octave and temporal envelope resolution of 4–48 Hz41. Targets and ref-
erences always had the same duration (2 s, 0.8 s inter-stimulus interval) and sound level (65 to 80 dB SPL) during 
neurophysiological recordings. All sounds were synthesized using a 44 kHz sampling rate, and presented through 
a free-field speaker that was equalized to achieve a flat gain.

Pure-tone detection task. Two animals were trained to perform a conditioned avoidance Go/No-go 
pure-tone detection task42 (Fig. 1a,b). Training was initiated by delivering water from a spout while presenting 
reference noises. The animals quickly learned to freely lick the spout during references. Target tones were then 
introduced and the animals learned to stop licking the spout in a 0.4 s time-window after the target to avoid a 
mild shock to the tongue (free-moving behavior) or to the tail (head-fixed behavior). On each trial, the number 
of references presented before the target varied randomly from one to six. Catch trials were also used, in which 
targets were absent. Performance was assessed by the sensitivity index, d’, calculated from the probability of hits 
(reduced licking after target offset) vs. false alarms (reduced licking after reference offset)43.

Neurophysiology. Each animal was implanted with a steel head-post to allow for stable recording, and a 
small craniotomy (1–2 mm diameter) was opened over A1. Recordings were verified as being in A1 according to 
their tonotopic organization, auditory response latency, and simple frequency tuning. Data acquisition was con-
trolled using the MATLAB software MANTA44. Neural activity was recorded using a 24 channel Plexon U-Probe 
(electrode impedance: ~1 MOhm, 75 μm inter-electrode spacing). The probe was inserted through the dura, 
orthogonal to the brain’s surface, until most channels displayed spontaneous spiking.

Extracting neural responses. Multi-unit spikes were extracted on each electrode by band-pass filtering the 
raw signal between 300 and 6,000 Hz, then isolating spikes by peak detection (4σ threshold). Peri-stimulus time 
histograms (PSTHs) of spiking were computed using 10 ms bins. We analyzed multi-units instead of single-units 
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because previous reports have indicated that task-related plasticity is more robust for multi-units4, which empha-
sizes that the behavioral relevance of task-related plasticity is predominant in neural populations, rather than 
single-units.

On the same electrodes used to extract multi-units, we also extracted high-gamma local field potentials (LFPs) 
by filtering the raw signal between 80–300 Hz, then taking the magnitude of the filtered signal’s Hilbert transform, 
and finally low-pass filtering below 70 Hz. LFPs on a given electrode were only kept if the signal-to-noise ratio 
(SNR) was greater than 1. This criterion eliminated 2 of 24 experiments from the dataset. Only the data from trials 
with correct behavioral responses were kept for analysis.

Computing spectrotemporal receptive fields (STRFs). STRFs were estimated by reverse correlation 
between each time-varying neural response (i.e., multi-unit spiking and high-gamma LFPs) and the TORCs 
presented during experiments20. Positive STRF values indicate time-frequency components of the TORC that 
correlated with increased neural responses (i.e., an excitatory field), and negative values indicate components that 
correlated with decreased responses (i.e. an inhibitory field). An STRF was only included in further analyses if its 
SNR was above the 25th percentile of the SNR distribution. Before averaging STRFs across electrodes, we aligned 
each STRF so that the frequency bin containing the target was in the center of the frequency axis.

Depth-Registration. Each penetration of the linear electrode array produced a laminar profile of auditory 
responses in A1 across a 1.8 mm depth, however, the absolute depth varied across penetrations. In order to align 
all penetrations to the same depth, LFP responses to 100 ms tones were measured during the passive condition 
to find a common marker of depth (Fig. 1c). The marker was found for each penetration by first identifying the 
electrode with the shortest LFP response latency (Eτ), indicating an electrode depth at thalamorecpient layer 4. 
We then found the correlation coefficient between the average LFP waveform from Eτ and the LFP waveforms 
on all other electrodes in the same penetration. The border between the first neighboring electrode pair with 
positive and negative correlation coefficients defined the superficial vs. middle-deep layer border, corresponding 
to layer 2/3 (L2/3) and L4–6, respectively21,45–48. Laminar profiles were averaged across penetrations by aligning 
to the calculated border. Because of the neural response SNR criterion, data from the top two electrodes were 
also eliminated from all experiments, which removed data that may have included layer 121. Thus, we were able 
to measure 1.6 mm laminar profiles that included layers 2/3–621,45–48. We did not include 4 of the remaining 22 
penetrations because the LFP correlations became negative in deep electrodes, suggesting that the penetration 
was not orthogonal to the surface or to the cortical layers.

Quantifying the laminar profile of task-related plasticity. To quantify task-related plasticity (P) from 
neural responses (PResp), we first computed the ratio of response amplitudes during behavior vs. passive trials, 
separately for target (TarBhv/Pass) and reference (RefBhv/Pass) sounds. Then we took the difference between target and 
reference ratio (PResp = TarBhv/Pass − RefBhv/Pass). PResp was normalized between +/−1 for each experiment before 
averaging across experiments. Positive values of PResp indicate target response enhancement during auditory task 
performance. We analyzed the 2-dimensional STRFs in the same manner as 1-dimensional response traces to 
compute STRF laminar profiles of task-related plasticity (i.e., PSTRF), with the additional step of first aligning each 
STRF to the target frequency bin before averaging. Data from electrodes in each penetration were separated into 
either L2/3 or L4–6 STRFs, since these were the regions quantitatively defined by depth-registration.

Significant differences between PSTRF and PResp from L2/3 vs. L4–6 were determined by a non-parametric boot-
strap hypothesis test. Given two data sets, P1 and P2, having sample sizes of n and m, respectively, we tested P1 
and P2 against the null hypothesis that they were drawn from a common distribution. Accepting the null hypoth-
esis indicated that there was no statistically significant difference between the means of P1 and P2. For each boot-
strap iteration, we resampled from P1 and P2, with replacement, to form distributions used for statistical testing. 
The minimum of sample sizes n and m determined the number of resampled values from P1 and P2, for each of 
100,000 resampling iterations. We estimated cumulative distribution functions (CDFs) for task-related plasticity 
by bootstrapping parametric fits of a Gaussian CDF to the data from each experiment.

Data Availability
The dataset is available from the corresponding author on request.

References
 1. Ohl, F. W. & Scheich, H. Differential frequency conditioning enhances spectral contrast sensitivity of units in auditory cortex (field 

Al) of the alert Mongolian gerbil. Eur J Neurosci 8, 1001–1017 (1996).
 2. Polley, D. B., Steinberg, E. E. & Merzenich, M. M. Perceptual learning directs auditory cortical map reorganization through top-

down influences. J Neurosci 26, 4970–4982, https://doi.org/10.1523/JNEUROSCI.3771-05.2006 (2006).
 3. Bakin, J. S. & Weinberger, N. M. Classical conditioning induces CS-specific receptive field plasticity in the auditory cortex of the 

guinea pig. Brain Res 536, 271–286 (1990).
 4. Fritz, J., Shamma, S., Elhilali, M. & Klein, D. Rapid task-related plasticity of spectrotemporal receptive fields in primary auditory 

cortex. Nat Neurosci 6, 1216–1223, https://doi.org/10.1038/nn1141 (2003).
 5. Atiani, S. et al. Emergent selectivity for task-relevant stimuli in higher-order auditory cortex. Neuron 82, 486–499, https://doi.

org/10.1016/j.neuron.2014.02.029 (2014).
 6. David, S. V., Fritz, J. B. & Shamma, S. A. Task reward structure shapes rapid receptive field plasticity in auditory cortex. Proc Natl 

Acad Sci USA 109, 2144–2149, https://doi.org/10.1073/pnas.1117717109 (2012).
 7. Atiani, S., Elhilali, M., David, S. V., Fritz, J. B. & Shamma, S. A. Task difficulty and performance induce diverse adaptive patterns in 

gain and shape of primary auditory cortical receptive fields. Neuron 61, 467–480, https://doi.org/10.1016/j.neuron.2008.12.027 
(2009).

 8. Francis, N. A. et al. Small Networks Encode Decision-Making in Primary Auditory Cortex. Neuron 97, 885–897 e886, https://doi.
org/10.1016/j.neuron.2018.01.019 (2018).

http://dx.doi.org/10.1523/JNEUROSCI.3771-05.2006
http://dx.doi.org/10.1038/nn1141
http://dx.doi.org/10.1016/j.neuron.2014.02.029
http://dx.doi.org/10.1016/j.neuron.2014.02.029
http://dx.doi.org/10.1073/pnas.1117717109
http://dx.doi.org/10.1016/j.neuron.2008.12.027
http://dx.doi.org/10.1016/j.neuron.2018.01.019
http://dx.doi.org/10.1016/j.neuron.2018.01.019


www.nature.com/scientificreports/

9SCIEntIfIC RepoRts |         (2018) 8:16375  | DOI:10.1038/s41598-018-34739-3

 9. Barbas, H. et al. Relationship of prefrontal connections to inhibitory systems in superior temporal areas in the rhesus monkey. Cereb 
Cortex 15, 1356–1370, https://doi.org/10.1093/cercor/bhi018 (2005).

 10. Wallace, M. N., Kitzes, L. M. & Jones, E. G. Intrinsic inter- and intralaminar connections and their relationship to the tonotopic map 
in cat primary auditory cortex. Exp Brain Res 86, 527–544 (1991).

 11. Kaas, J. H. & Hackett, T. A. Subdivisions of auditory cortex and processing streams in primates. Proc Natl Acad Sci USA 97, 
11793–11799, https://doi.org/10.1073/pnas.97.22.11793 (2000).

 12. Rouiller, E. M., Simm, G. M., Villa, A. E., de Ribaupierre, Y. & de Ribaupierre, F. Auditory corticocortical interconnections in the cat: 
evidence for parallel and hierarchical arrangement of the auditory cortical areas. Exp Brain Res 86, 483–505 (1991).

 13. Sheikhattar, A. et al. Extracting neuronal functional network dynamics via adaptive Granger causality analysis. Proc Natl Acad Sci 
USA 115, E3869–E3878, https://doi.org/10.1073/pnas.1718154115 (2018).

 14. Bizley, J. K. & Cohen, Y. E. The what, where and how of auditory-object perception. Nat Rev Neurosci 14, 693–707, https://doi.
org/10.1038/nrn3565 (2013).

 15. Fritz, J. B., David, S. V., Radtke-Schuller, S., Yin, P. & Shamma, S. A. Adaptive, behaviorally gated, persistent encoding of task-
relevant auditory information in ferret frontal cortex. Nat Neurosci 13, 1011–1019, https://doi.org/10.1038/nn.2598 (2010).

 16. Winkowski, D. E., Bandyopadhyay, S., Shamma, S. A. & Kanold, P. O. Frontal cortex activation causes rapid plasticity of auditory 
cortical processing. J Neurosci 33, 18134–18148, https://doi.org/10.1523/JNEUROSCI.0180-13.2013 (2013).

 17. De Martino, F. et al. Frequency preference and attention effects across cortical depths in the human primary auditory cortex. Proc 
Natl Acad Sci USA 112, 16036–16041, https://doi.org/10.1073/pnas.1507552112 (2015).

 18. O’Connell, M. N., Barczak, A., Schroeder, C. E. & Lakatos, P. Layer specific sharpening of frequency tuning by selective attention in 
primary auditory cortex. J Neurosci 34, 16496–16508, https://doi.org/10.1523/JNEUROSCI.2055-14.2014 (2014).

 19. Guo, F., Intskirveli, I., Blake, D. T. & Metherate, R. Tone-detection training enhances spectral integration mediated by intracortical 
pathways in primary auditory cortex. Neurobiol Learn Mem 101, 75–84, https://doi.org/10.1016/j.nlm.2013.01.006 (2013).

 20. Buzsaki, G., Anastassiou, C. A. & Koch, C. The origin of extracellular fields and currents–EEG, ECoG, LFP and spikes. Nat Rev 
Neurosci 13, 407–420, https://doi.org/10.1038/nrn3241 (2012).

 21. Horiuchi-Hirose, M. & Sawada, K. Differential cortical laminar structure revealed by NeuN immunostaining and myeloarchitecture 
between sulcal and gyral regions independent of sexual dimorphisms in the ferret cerebrum. Anat Rec (Hoboken) 299, 1003–1011, 
https://doi.org/10.1002/ar.23369 (2016).

 22. Clayton, M. S., Yeung, N. & Cohen Kadosh, R. The roles of cortical oscillations in sustained attention. Trends Cogn Sci 19, 188–195, 
https://doi.org/10.1016/j.tics.2015.02.004 (2015).

 23. Sellers, K. K. et al. Oscillatory Dynamics in the Frontoparietal Attention Network during Sustained Attention in the Ferret. Cell Rep 
16, 2864–2874, https://doi.org/10.1016/j.celrep.2016.08.055 (2016).

 24. Hackett, T. A. Information flow in the auditory cortical network. Hear Res 271, 133–146, https://doi.org/10.1016/j.heares.2010.01.011 
(2011).

 25. Medalla, M. & Barbas, H. Specialized prefrontal “auditory fields”: organization of primate prefrontal-temporal pathways. Front 
Neurosci 8, 77, https://doi.org/10.3389/fnins.2014.00077 (2014).

 26. Plakke, B. & Romanski, L. M. Auditory connections and functions of prefrontal cortex. Front Neurosci 8, 199, https://doi.
org/10.3389/fnins.2014.00199 (2014).

 27. Winkowski, D. E. et al. Orbitofrontal Cortex Neurons Respond to Sound and Activate Primary Auditory Cortex Neurons. Cereb 
Cortex 28, 868–879, https://doi.org/10.1093/cercor/bhw409 (2018).

 28. Guo, W., Clause, A. R., Barth-Maron, A. & Polley, D. B. A Corticothalamic Circuit for Dynamic Switching between Feature 
Detection and Discrimination. Neuron 95, 180–194 e185, https://doi.org/10.1016/j.neuron.2017.05.019 (2017).

 29. Wimmer, R. D. et al. Thalamic control of sensory selection in divided attention. Nature 526, 705–709, https://doi.org/10.1038/
nature15398 (2015).

 30. Sherman, S. M. Functioning of Circuits Connecting Thalamus andCortex. Compr Physiol 7, 713–739, https://doi.org/10.1002/cphy.
c160032 (2017).

 31. Bortone, D. S., Olsen, S. R. & Scanziani, M. Translaminar inhibitory cells recruited by layer 6 corticothalamic neurons suppress 
visual cortex. Neuron 82, 474–485, https://doi.org/10.1016/j.neuron.2014.02.021 (2014).

 32. Petersen, C. C. H. & Crochet, S. Synaptic Computation and Sensory Processing in Neocortical Layer 2/3. Neuron 78, 28–48, https://
doi.org/10.1016/j.neuron.2013.03.020 (2013).

 33. Yamashita, T. et al. Diverse Long-Range Axonal Projections of Excitatory Layer 2/3 Neurons in Mouse Barrel Cortex. Front 
Neuroanat 12, ARTN 3310.3389/fnana.2018.00033 (2018).

 34. Lefort, S. & Petersen, C. C. H. Layer-Dependent Short-Term Synaptic Plasticity Between Excitatory Neurons in the C2 Barrel 
Column of Mouse Primary Somatosensory Cortex. Cerebral Cortex 27, 3869–3878, https://doi.org/10.1093/cercor/bhx094 (2017).

 35. Theyel, B. B., Llano, D. A. & Sherman, S. M. The corticothalamocortical circuit drives higher-order cortex in the mouse. Nat Neurosci 
13, 84–88, https://doi.org/10.1038/nn.2449 (2010).

 36. Kuhlman, S. J., O’Connor, D. H., Fox, K. & Svoboda, K. Structural Plasticity within the Barrel Cortex during Initial Phases of 
Whisker-Dependent Learning. Journal of Neuroscience 34, 6078–6083, https://doi.org/10.1523/Jneurosci.4919-12.2014 (2014).

 37. Yamashita, T. & Petersen, C. Target-specific membrane potential dynamics of neocortical projection neurons during goal-directed 
behavior. Elife 5, https://doi.org/10.7554/eLife.15798 (2016).

 38. Moczulska, K. E. et al. Dynamics of dendritic spines in the mouse auditory cortex during memory formation and memory recall. 
Proc Natl Acad Sci USA 110, 18315–18320, https://doi.org/10.1073/pnas.1312508110 (2013).

 39. Mitzdorf, U. Current source-density method and application in cat cerebral cortex: investigation of evoked potentials and EEG 
phenomena. Physiol Rev 65, 37–100, https://doi.org/10.1152/physrev.1985.65.1.37 (1985).

 40. Cohen, L. & Mizrahi, A. Plasticity during motherhood: changes in excitatory and inhibitory layer 2/3 neurons in auditory cortex. J 
Neurosci 35, 1806–1815, https://doi.org/10.1523/JNEUROSCI.1786-14.2015 (2015).

 41. Klein, D. J., Depireux, D. A., Simon, J. Z. & Shamma, S. A. Robust spectrotemporal reverse correlation for the auditory system: 
optimizing stimulus design. J Comput Neurosci 9, 85–111 (2000).

 42. Klump, G. M. Methods in comparative psychoacoustics. (Birkhäuser Verlag, 1995).
 43. Green, D. M. & Swets, J. A. Signal Detection Theory and Psychophysics. (Peninsula Publishing, 1988).
 44. Englitz, B., David, S. V., Sorenson, M. D. & Shamma, S. A. MANTA–an open-source, high density electrophysiology recording suite 

for MATLAB. Front Neural Circuits 7, 69, https://doi.org/10.3389/fncir.2013.00069 (2013).
 45. Huang, C. L. & Winer, J. A. Auditory thalamocortical projections in the cat: laminar and areal patterns of input. J Comp Neurol 427, 

302–331 (2000).
 46. Atencio, C. A. & Schreiner, C. E. Columnar connectivity and laminar processing in cat primary auditory cortex. PLoS One 5, e9521, 

https://doi.org/10.1371/journal.pone.0009521 (2010).
 47. Kajikawa, Y. & Schroeder, C. E. How local is the local field potential? Neuron 72, 847–858, https://doi.org/10.1016/j.

neuron.2011.09.029 (2011).
 48. Linden, J. F. & Schreiner, C. E. Columnar transformations in auditory cortex? A comparison to visual and somatosensory cortices. 

Cereb Cortex 13, 83–89 (2003).

http://dx.doi.org/10.1093/cercor/bhi018
http://dx.doi.org/10.1073/pnas.97.22.11793
http://dx.doi.org/10.1073/pnas.1718154115
http://dx.doi.org/10.1038/nrn3565
http://dx.doi.org/10.1038/nrn3565
http://dx.doi.org/10.1038/nn.2598
http://dx.doi.org/10.1523/JNEUROSCI.0180-13.2013
http://dx.doi.org/10.1073/pnas.1507552112
http://dx.doi.org/10.1523/JNEUROSCI.2055-14.2014
http://dx.doi.org/10.1016/j.nlm.2013.01.006
http://dx.doi.org/10.1038/nrn3241
http://dx.doi.org/10.1002/ar.23369
http://dx.doi.org/10.1016/j.tics.2015.02.004
http://dx.doi.org/10.1016/j.celrep.2016.08.055
http://dx.doi.org/10.1016/j.heares.2010.01.011
http://dx.doi.org/10.3389/fnins.2014.00077
http://dx.doi.org/10.3389/fnins.2014.00199
http://dx.doi.org/10.3389/fnins.2014.00199
http://dx.doi.org/10.1093/cercor/bhw409
http://dx.doi.org/10.1016/j.neuron.2017.05.019
http://dx.doi.org/10.1038/nature15398
http://dx.doi.org/10.1038/nature15398
http://dx.doi.org/10.1002/cphy.c160032
http://dx.doi.org/10.1002/cphy.c160032
http://dx.doi.org/10.1016/j.neuron.2014.02.021
http://dx.doi.org/10.1016/j.neuron.2013.03.020
http://dx.doi.org/10.1016/j.neuron.2013.03.020
http://dx.doi.org/10.1093/cercor/bhx094
http://dx.doi.org/10.1038/nn.2449
http://dx.doi.org/10.1523/Jneurosci.4919-12.2014
http://dx.doi.org/10.7554/eLife.15798
http://dx.doi.org/10.1073/pnas.1312508110
http://dx.doi.org/10.1152/physrev.1985.65.1.37
http://dx.doi.org/10.1523/JNEUROSCI.1786-14.2015
http://dx.doi.org/10.3389/fncir.2013.00069
http://dx.doi.org/10.1371/journal.pone.0009521
http://dx.doi.org/10.1016/j.neuron.2011.09.029
http://dx.doi.org/10.1016/j.neuron.2011.09.029


www.nature.com/scientificreports/

1 0SCIEntIfIC RepoRts |         (2018) 8:16375  | DOI:10.1038/s41598-018-34739-3

Acknowledgements
NAF, BE, JBF and SAS supported by NIH R01DC009607 and R01DC005779. NAF supported by NIH/NIDCD 
F32DC013722, T32DC00046, and R01DC009607 (Patrick O. Kanold). DE supported by CONICYT Becas Chile 
Doctorado (72100839), Postdoctorado (74170109), and Fulbright/IIE.

Author Contributions
N.A.F., D.E., B.E., J.B.F. and S.A.S. designed research. D.E. and B.E. performed experiments. N.A.F. analyzed data 
and wrote the manuscript. N.A.F., D.E., J.B.F. and S.A.S. edited the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://creativecommons.org/licenses/by/4.0/

	Laminar profile of task-related plasticity in ferret primary auditory cortex
	Results
	Target response enhancement was greatest in L2/3. 
	Enhanced target selectivity in STRFs was greatest in L2/3. 
	The persistence of target enhancement was common across cortical layers. 

	Discussion
	Methods
	Acoustic stimuli. 
	Pure-tone detection task. 
	Neurophysiology. 
	Extracting neural responses. 
	Computing spectrotemporal receptive fields (STRFs). 
	Depth-Registration. 
	Quantifying the laminar profile of task-related plasticity. 

	Acknowledgements
	Figure 1 Awake-behaving experimental paradigm and electrode depth registration.
	Figure 2 Laminar profiles of task-related plasticity in multi-unit (MU) spiking from A1.
	Figure 3 Laminar profiles of task-related plasticity in high-gamma LFPs from A1.
	Figure 4 Laminar profiles of spectrotemporal receptive fields (STRFs) in A1.
	Figure 5 The persistence of task-related plasticity.




