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Mammalian neocortex is characterized by a layered architecture
and a common or “canonical” microcircuit governing information
flow among layers. This microcircuit is thought to underlie the
computations required for complex behavior. Despite the absence
of a six-layered cortex, birds are capable of complex cognition and
behavior. In addition, the avian auditory pallium is composed of
adjacent information-processing regions with genetically identi-
fied neuron types and projections among regions comparable with
those found in the neocortex. Here, we show that the avian audi-
tory pallium exhibits the same information-processing principles
that define the canonical cortical microcircuit, long thought to
have evolved only in mammals. These results suggest that the
canonical cortical microcircuit evolved in a common ancestor of
mammals and birds and provide a physiological explanation for
the evolution of neural processes that give rise to complex behav-
ior in the absence of cortical lamination.

functional connectivity | cortex evolution | songbird | sensory coding

The cognitive abilities of birds suggest that the avian brain con-
tains sophisticated information-processing circuitry. Recent

studies have demonstrated that corvids, such as crows, rooks, and
jays, exhibit innovative tool manufacture (1), referential gesturing
(2), causal reasoning (3, 4), mirror self-recognition (5), and plan-
ning for future needs using recent experience (6). Other birds can
perform complex pattern recognition (7), long-term recollection
(8), and numerical discrimination (9), paralleling the performance
of primates. Songbirds, such as zebra finches (Taeniopygia guttata,
the species studied here), learn to produce and recognize complex
vocalizations for social communication, with numerous parallels to
speech learning and perception (10).
Although cognitive skills in birds and nonhuman mammals are

often comparable, avian and mammalian palliums exhibit very
different anatomical organization. Although the organization of
ascending sensory pathways and subpallial structures are similar
in avian and mammalian brains (11), the avian pallium (referred
to hereafter as the cortex) lacks the distinctive six-layered structure
of the mammalian neocortex (12). Instead of a laminar structure,
the avian cortex is composed of interconnected nuclei and bands of
neurons that form distinct processing regions. The avian primary
auditory cortex (avian A1) is organized into adjacent processing
regions, collectively called the field L/CM (caudal mesopallium)
complex, that are stacked in a dorsorostral to ventrocaudal orien-
tation (13, 14) (Fig. 1 and Fig. S1). Regions of avian A1 are de-
lineated by differences in cytoarchitecture and connectivity (13, 15)
(SI Materials and Methods) and are organized into superficial (field
L1 and lateral caudal mesopallium, CML), intermediate (field L2a
and -b), and deep (field L3) regions, similar to neocortical layers.
A posterior region, the caudal nidopallium (NC) is referred to as
“secondary” cortex here. Fig. 2A shows a schematic diagram of the
main connections among regions (modified from ref. 16).
Despite large-scale differences in the organization of the avian

cortex and mammalian neocortex, similarities in these brain areas
have recently been found at circuit (14), cellular (11), and molec-
ular levels (17–19). Anatomical studies provide evidence for similar
connectivity among superficial, intermediate, and deep processing

regions in avian A1 and the corresponding neocortical layers (11,
14, 15, 20, 21). For example, avian A1 is organized into columns of
radially arranged intrinsic connections spanning all regions, similar
to columns connecting neocortical layers (14). Further, the same
genetically identified neuron types are found in intermediate, su-
perficial, and deep neocortical layers and in distinct regions of avian
A1 (17, 18).
Mammalian neocortical layers and the characteristic con-

nections among layers define a “canonical” cortical microcircuit
that is thought to underlie the computations required for complex
cognition and behavior (22). Based on recent demonstrations of
significant cognitive skills in birds and parallels in anatomical
circuitry between the avian and mammalian cortex, we hypothe-
sized that avian A1 exhibits the single neuron and population
coding principles that characterize the canonical cortical micro-
circuit in the mammalian neocortex. By simultaneously recording
the activity of 2–38 single neurons in each processing region of
avian A1 and analyzing firing properties, we found that the avian
cortex shows the hallmark information-processing features of the
canonical cortical microcircuit, providing functional evidence for
a common cortical microcircuit in mammals and birds. The in-
formation processing similarities described here suggest that birds
and mammals have homologous cortical microcircuits and provide
a physiological explanation for the evolution of neuronal processes
that give rise to complex behavior in the absence of lamination.

Results
Hierarchical Processing in the Avian Auditory Cortex. A defining
feature of the mammalian neocortical microcircuit is mainly feed-
forward connections that form a hierarchy of information-processing
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stages. Sensory information from the thalamus largely targets
the intermediate layer 4 and sparsely targets the layer 5/6
border (23, 24). From layer 4, axonal projections go to the su-
perficial layers 2/3 and then to the deep layers 5/6, where in-
formation is distributed to other cortical and subcortical targets
(23, 25). In primary auditory (A1), visual (V1), and somatosensory
(S1) cortices, receptive fields are simple and separable in layer 4
and more complex and nonlinear in superficial and deep layers
(26–29). Sensory evoked responses are generally sparser and more
selective in layers downstream of layer 4 (30–32) although firing
rates in layers 4 and 5 are similar in some systems (30, 33, 34).
As in mammalian sensory cortex, thalamic projections to avian

A1 terminate mainly in the intermediate region and sparsely in the
deep region (15, 20) (Fig. 2A). Information from the intermediate
region field L2 is distributed to the superficial regions (field L1 and
CML) and the deep region field L3 (14, 15, 20). To test whether
hierarchical information processing is a main feature of the avian
auditory microcircuit, we used multielectrode arrays to simulta-
neously record auditory responses from single neurons in the in-
termediate (n = 94), superficial (n = 219), and deep (n = 237)
regions of avian A1, in unanesthetized adult male zebra finches
(n= 6) (Fig. 2, Figs. S1 and S2, and Table S1).We also recorded from
the secondary auditory cortex region NC (n = 273), which receives
input from the deep and superficial regions of avian A1 (15, 20).
We found that the avian auditory cortex shows the hierarchical

information-processing features that characterize the mamma-
lian neocortex (Fig. 2). Response latencies to presentation of
modulation-limited (ml) noise (correlated Gaussian noise match-
ing zebra finch song in frequency range and maximum spectral and
temporal modulation frequencies) (35) (Materials and Methods)
were shortest in the intermediate region and significantly longer in
the superficial and secondary regions (Fig. 2A) (P < 0.05, Kruskal–
Wallis test with multiple comparisons correction). Fig. 2C shows
spike trains recorded from single neurons in each region before,
during, and after the presentation of ml noise, and the receptive
fields (SI Materials and Methods) for those neurons. Single-cell
sparseness, measured as sound-evoked firing rates, and population
sparseness, computed as the fraction of cells that failed to produce
a significant response to each presented stimulus (SI Materials and
Methods), differed across regions; activity was densest in the in-
termediate region and significantly sparser in the superficial, deep,
and secondary regions (P < 0.05) (Fig. 2 D and E). Stimulus se-
lectivity (the fraction of stimuli that did not evoke a significant
response from a neuron) was lowest in the intermediate region and
significantly higher at successive processing stages (P < 0.05, Fig. 2F).

Receptive field (RF) separability and linearity, two measures of
RF simplicity (SI Materials and Methods), were highest in the
intermediate region, lower in the superficial region, still lower in
the deep region, and lowest in secondary cortex (Fig. 2 G and H)
(P < 0.05). These results agree with analyses of sensory processing
in the mammalian neocortex (26–28, 31, 32) and provide evi-
dence that hierarchical information processing is also a defining
feature of the avian auditory microcircuit. We found one dif-
ference in comparisons of processing between the avian and
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Fig. 1. Regions of the songbird auditory cortex. (Left) Nissl-stained para-
sagittal section showing cell bodies and laminae. (Right) Drawing of the
same section with regions colored and labeled. Dashed lines indicate
boundaries that are defined by transitions in cytoarchitecture. Field L
regions L1, L2, L3, and lateral caudal mesopallium (CM) form the primary
auditory cortex in birds (13, 14). Field L2a and L2b are the intermediate
(thalamorecipient) regions. Field L1 and CML are the superficial regions, and
field L3 is the deep region. Caudal nidopallium (NC) is a secondary auditory
area. Area L (13) has cytoarchitecture similar to L2b but is not known to
receive thalamic input. CStr, caudal striatum; Hp, hippocampus; HVC, (proper
name) a song system premotor nucleus; LAD, lamina arcopallialis dorsalis;
LaM, lamina mesopallialis.
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Fig. 2. Hierarchical information processing in the songbird auditory cortex.
(A, Left) Schematic of the major projections in the songbird auditory cortex
(modified from ref. 16). Shaded area indicates the circuitry corresponding to
the mammalian primary auditory cortex. Thalamic input terminates largely
in field L2 (intermediate region) and sparsely in field L3 (deep region). Dorsal
projections from L2 terminate in L1, and L1 projects to CML (superficial
regions). Ventral projections from L2 terminate in L3. Field L3 projects to NC
(secondary), thalamus, and brainstem. (Right) Mean response latencies in
different regions of the auditory microcircuit and secondary region NC. La-
tencies are shortest in the intermediate region and significantly longer in
superficial and secondary regions. (B, Left) Histological image used to de-
termine the polytrode location of one recording penetration. Four orange
tracks show the locations of the four DiI–labeled polytrode shanks. The
green arrow indicates the inferred location of the electrode shank tip.
(Right) Polytrode schematic. (C) Example spike trains and receptive fields
(RFs) of single neurons in superficial, intermediate, deep, and secondary
regions. A spectrogram of the stimulus (2 s of ml noise) is shown above the
spike trains. (D) Evoked firing rates (single-cell sparseness). (E) Population
sparseness. (F) Selectivity. (G) RF separability index. (H) RF linearity. In bar
graphs, error bars indicate SEM. Asterisks are color-coded according to re-
gion and indicate significant comparisons (P < 0.05, Kruskal–Wallis test with
multiple groups comparison correction).
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mammalian cortical microcircuits. Studies in A1 and S1 show that
activity is sparser and more selective in superficial layers than in
deep layers (28, 30). We found that sparseness and selectivity
were higher in deep avian A1 than in superficial A1 (Fig. 2 C–E).
This observation is consistent with recent findings (36) in the
European starling and may be a microcircuit difference between
birds and mammals.

Two Major Classes of Neurons in the Avian Auditory Cortex. A de-
fining characteristic of the mammalian neocortex is the presence
of two major classes of neurons. Excitatory principal cells (PCs)
fire broad (also called wide or regular) action potentials at
relatively low rates, and inhibitory interneurons (INs) fire narrow
(i.e., thin or fast) action potentials at higher rates (23, 25, 37).
PCs produce heterogeneous, comparatively sparse, and selec-
tive sensory responses whereas INs respond to the same stimuli
with lower sparseness and selectivity, resulting in dense sensory
representations (30, 38–40). In mammalian A1, PCs and INs
also differ in RF structure; PCs have more complex RFs than do
INs (41). To test whether avian A1 neurons group into two main
classes, we subjected all recorded cells (n = 823) to a cluster
analysis based on action potential (AP) shape (30, 36, 37) (Fig.
3A, Fig. S3, and SI Materials and Methods). Neurons clustered
into two classes, and both classes were found in superficial,
intermediate, and deep regions, as well as in the secondary
auditory cortex (Fig. 3B and Figs. S3 and S4). Action potentials
of putative INs (pINs, n = 235/823) were significantly narrower
(0.33 ± 0.05 ms) than those of putative PCs (pPCs, n = 588/823)
(0.77 ± 0.13 ms) (P < 1e−10, two-sample Kolmogorov–Smirnov
test). As in the neocortex (38), firing rate and AP width were
negatively correlated; neurons with higher firing rates generally
had narrower APs (Pearson’s correlation coefficient (R) =
−0.58) (Fig. 3A and Fig. S3). Fig. 3B shows example spike trains
and RFs of pINs and pPCs in each region. As in the mammalian
neocortex (30, 38, 39), pPCs had more heterogeneous responses
and RF structures than did pINs, within and across regions (Fig.
3). Fig. S5 shows pPC spike trains and RFs, organized by AP
width. Like neocortical INs and PCs within a layer, avian pPCs
exhibited lower evoked firing rates and higher stimulus selectivity
than did pINs in the same region (Fig. 3 C–E, compare blue and
red in each panel, P < 0.01 two-sample Kolmogorov–Smirnov
test). Also as in neocortex, the RFs of pPCs were less linear and
more complex than were the RFs of pINs (Fig. 3 F and G).
Response properties and RF structures of pINs and pPCs also
differed across regions. Broadly following the hierarchical orga-
nization shown in Fig. 2, response sparseness (Fig. 3 C and D)
selectivity (Fig. 3E), and RF complexity (Fig. 3 F andG) increased
in successive processing stages beyond the thalamorecipient re-
gion, in both pPCs and pINs (compare bars of the same color in
each panel). Results indicate that differences in single neuron
coding properties across processing regions and between neuron
classes are similar in the avian and mammalian primary cortex.

Population Coding Differences Across Regions, Neuron Types, and
Anatomical Distance. Neuronal populations in the neocortex show
distinct patterns of connectivity in different layers and between
neuron classes (e.g., PC or IN) in the population. Correlations in
the timing of spikes produced by different neurons reflect the
strength and specificity of connections among neurons in a pop-
ulation and are measured as spike-count correlations between si-
multaneously recorded neurons. Stimulus-evoked and spontaneous
noise correlations (those due to shared input or direct synaptic
connections) differ across layers and in populations of PCs and INs
depending on the connectivity patterns in each layer and neuron
class (23, 31, 42, 43). First, the connectivity in thalamorecipient
layer 4 is local and homogenous (44), and single neurons have
diverse firing properties (43, 45, 46). These characteristics are
consistent with the observation of weak pairwise correlations in

layer 4 compared with those in superficial and deep layers (31, 43).
In contrast to layer 4, neurons in deep output layers have long-
range, recurrent connections and strong noise correlations (43, 46).
Second, pairwise correlations differ in populations of PCs and
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Fig. 3. Response properties of pPCs and pINs in the songbird auditory
cortex. (A) Identification of putative principal cells (pPCs, n = 588) and
putative fast-spiking interneurons (pINs, n = 235) by spike waveform shape.
Spike-sorted units were classified based on mean spike waveform width
and grouped into two classes using a Gaussian mixture model (Fig. S3).
Putative INs (blue) have narrow spike waveforms whereas pPCs (red) have
wider spikes. Action potential width is negatively correlated with evoked
firing rate; firing rates are higher in neurons with narrower spikes (n = 823
neurons), Pearson’s correlation coefficient, R = −0.58. (B) Spike train
responses to 30 repetitions of ml noise for eight example neurons. Neurons
1, 3, 5, and 7 are pINs (blue). Neurons 2, 4, 6, and 8 are pPCs (red). The
shaded area denotes the period of stimulus presentation. Receptive fields
(RFs) for each example neuron are to the right of the raster plots. (C) Box
plots of evoked firing rates for pINs (blue) and pPCs (red) shown by region.
(D) Population sparseness. (E ) Selectivity. (F) RF separability. (G) RF linearity.
Black asterisks indicate significant differences between pPCs and pINs
within a region (**P < 0.01; *P < 0.05; two-sample Kolmogorov–Smirnov
test). Colored asterisks indicate significant differences among regions for pINs
and pPCs separately (P < 0.05, Kruskal–Wallis test with multiple groups
comparison correction).
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INs; correlations between fast-spiking INs are stronger than
those between PCs in both superficial and deep layers, consis-
tent with the denser and more widespread connectivity among
INs than among PCs (30, 42, 47). Additionally, the sparse
responses and localized connectivity in superficial-layer PCs
compared with deep PCs underlie the weaker correlations be-
tween PCs in superficial layers compared with those in deep
layers (30, 42, 48). Third, the density of connections among
neurons in a population impacts how much sensory stimulation
controls population activity; pairwise correlations in evoked
and spontaneous activity are significantly more similar in heavily
interconnected populations of INs than in populations of PCs
with sparser connectivity (23, 42). Fourth, correlations in evoked
and spontaneous activity vary with anatomical distance based on
the spatial extent of connectivity. Connections among neurons
are more localized in superficial layers than in deep layers,
providing an anatomical basis for the dependence of pairwise
correlation strength on spatial distance between neurons in
superficial, but not in deep, populations (30). Excitatory con-
nections in superficial layers significantly decay as distances between
neurons approach 150 μm (49, 50) whereas excitatory connections
in deep layers are typically widespread (47, 49–52). These structural
differences support local clustering of spiking activity in superficial
layers and larger spreads of correlated firing in deep layers.

To test whether avian A1 shows population-coding differences
across regions, neuron classes, and anatomical distances that map
onto those in the neocortex, we compared evoked and spontaneous
pairwise correlations in (i) intermediate, superficial, and deep
regions (Fig. 4 and Fig. S6), (ii) pPCs and pINs (Figs. 4 and 5 and
Fig. S6), (iii) superficial and deep pPCs (Fig. 4B), and (iv) pairs
with short and long interneuron spatial distances (Fig. 5). We
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Fig. 5. Relationship between pairwise correlations and anatomical distance
by region and neuron type. (A) Example of simultaneous recordings of
multiunit (non–spike-sorted) activity from multiple electrode contacts, in the
superficial (Top Right) and deep (Bottom Right) regions. Rasters are orga-
nized by increasing distance from the black recording contact. Colored dots
to the left of rasters correspond to colors labeling recording contacts on the
polytrode (Left). Black “x” indicates a nonfunctional contact. (B) Spatial
dependence of normalized noise correlations in superficial and deep regions
for spontaneous (Left) and evoked (Right) activity. Local pairs were those in
which recorded neurons were ≤150 μm apart. Distal pairs were those in
which recorded neurons were ≥300 μm apart. Pairwise correlations in each
region were normalized by dividing by the median of the local correlations
in that region to place correlations in all regions on the same scale, allowing
comparison of correlations between regions. Bars show population medians,
and error bars show 95% confidence intervals. Asterisks indicate significant
comparisons (Kruskal–Wallis test with multiple groups comparison correc-
tion, *P < 0.05, **P < 0.01). Correlations in the superficial region decayed
with anatomical distance more than did correlations in the deep region.
(C) As in B, but with correlations for pairs of pINs and pairs of pPCs shown
separately.
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computed pairwise spike-count correlations between all simulta-
neously recorded neurons in each region (Figs. S1 and S2 and SI
Materials and Methods) and found that population-coding differ-
ences in regions, in neuron classes, and across spatial distance
were strikingly similar to those in neocortex. First, as in mam-
mals, overall noise correlations (all pairs combined) in evoked
activity were weak in the intermediate region and stronger in
superficial and deep regions (Fig. 4A) (P < 0.05, Kruskal–Wallis
test with multiple comparisons correction). Second, evoked
and spontaneous correlations between pairs of pPCs were sig-
nificantly weaker than between pairs of pINs, supporting the
prevailing inference that INs are more densely connected than
are PCs (Fig. 4B) (P < 0.05, Kruskal–Wallis test with multiple
comparisons correction; Fig. S6 shows pPC/pIN pairs). Corre-
lations in pPC/pPC pairs were also stronger in the deep region
than in the superficial region (Fig. 4B, P < 0.05, compare red
bars in each panel). These results are physiological evidence
that, like in neocortex, deep pPCs are more heavily inter-
connected than are superficial pPCs. Third, correlations in
spontaneous activity were stronger than correlations in evoked
activity in all regions (compare scales in Fig. 4B), indicating that
stimulus drive decorrelates population firing in both birds and
mammals (30, 53). We also found a stronger relationship be-
tween spontaneous and evoked correlations in pIN pairs than in
pPC pairs, in both superficial and deep regions, providing fur-
ther evidence that connectivity is denser among INs than among
PCs in birds as in mammals (Fig. 4C, compare red and blue
points in each panel; for superficial pairs, RIN, P = 3.55e−10
and RPC, P = 8.1e−06; for deep pairs, RIN, P = 1.86e−38 and
RPC, P = 1.35e−20). Fig. S6 shows intermediate region corre-
lations, and Table S2 shows median correlation strengths for
each region and neuron class, measured from evoked and
spontaneous activity separately. Fourth, we found that correla-
tion strength depended on the spatial distance between recor-
ded neurons significantly more in superficial than in deep
populations (Fig. 5 and SI Materials and Methods). Raster plots
of multiunit (non–spike-sorted) activity in Fig. 5A show similar
spiking activity across recording contacts in the deep region but
not in the superficial region, suggesting longer range connec-
tivity among deep-region neurons. In spontaneous activity,
correlations between superficial neurons were significantly
weaker in pairs of “distal” (≥300 μm apart) neurons than in
pairs of “local” (≤150 μm apart) neurons (Fig. 5 B and C) (P <
0.01). Correlations in the deep region did not decrease with
anatomical distance, matching findings in mammalian A1 (30).
Correlation strength in evoked activity also decreased with
distance in the superior but not deep region (Fig. 5B, Right) (P <
0.05). Correlations computed for pPC pairs and pIN pairs sep-
arately showed that correlations did not decrease with ana-
tomical distance in pIN pairs (Fig. 5C, Left) and that correlations
in pPC pairs decreased with anatomical distance more in the su-
perficial than in the deep region (Fig. 5C, Right) (P < 0.05,
Kruskal–Wallis test with multiple comparisons correction).
These analyses demonstrate that the properties of correlated
activity in the processing regions and neuron classes of the avian
auditory cortex closely match those reported for corresponding
layers and neuron classes in the mammalian neocortex.

Discussion
Analyses of single neuron and population activity in and across all
regions of the avian auditory cortex indicate that the information-

coding properties of avian A1 are highly similar to those that de-
fine the “canonical cortical microcircuit” in mammals. First, ad-
jacent and connected regions of the avian auditory cortex form
a hierarchy of information processing. Second, the same two
classes of neurons are found in the mammalian and avian cortex.
Third, neurons in the neocortex and avian cortex exhibit com-
parable single-cell and population-coding strategies across
cortical regions/layers, between neuron types, and over anatom-
ical distance. The similarity between these findings and what is
known about sensory processing in the mammalian neocortex
supports the homology hypothesis of brain evolution (54) and
suggests that the canonical cortical microcircuit evolved in a com-
mon ancestor of mammals and birds (11, 14, 17). If so, then the
microcircuit evolved in stem amniotes and predates cortical lami-
nation by at least 100 million y (12). An alternative possibility is
that pallium evolution in birds and mammals converged on the
same circuit organization for information processing (11). Re-
gardless of these alternatives, this study provides a physiological
explanation for the evolution of neural processes that give rise to
complex behavior in the absence of lamination.

Materials and Methods
Full methods are provided in SI Materials and Methods.

Groups of auditory neurons were recorded in the superficial (n = 219), in-
termediate (n = 94), and deep (n = 237) regions of the primary auditory cortex
of six head-restrained, unanesthetized, male zebra finches (Table S1).
All procedures involving animals were reviewed and approved by the
Columbia University Institutional Animal Care and Use Committee.
Recordings were made from the same birds in the caudal nidopallium (NC),
a secondary auditory cortical region (n = 273). Neural responses were evoked
by presentation of 10 distinct samples (each = 2 s duration) of modulation-
limited (ml) noise. Ml noise is correlated Gaussian noise filtered to match the
frequency range (250–8,000 Hz) and maximum spectral and temporal modu-
lation frequencies of zebra finch song (35, 55). Each of the 10 stimuli was
presented 30–40 times in pseudorandom order. Data analysis was carried out
in MATLAB (Mathworks). Spikes were sorted offline (56–59). All recorded
single units (n = 823) were classified as putative interneurons (pINs) or putative
principal cells (pPCs) based on action potential width (Fig. 3 and Fig. S3). For
each processing region and each neuron class, single-cell sparseness was
computed as the sound-evoked firing rate. Population sparseness was com-
puted as the fraction of cells that did not produce a significant response to
a given stimulus. Selectivity was computed as the fraction of different stimuli
that did not elicit a significant response from a given neuron. Spectrotemporal
receptive fields (STRFs) were computed by fitting a generalized linear model to
the sound-evoked responses of each neuron (60). The response latency for
each neuron was computed from the STRF, at the best excitatory frequency
(61) (SI Materials and Methods). Receptive field separability was computed by
performing a singular value decomposition on the STRF. Receptive field line-
arity was measured by using the STRF to predict responses to novel stimuli.
Spontaneous and evoked spike-count correlations were obtained by comput-
ing Pearson’s correlation coefficient between spike counts (50-ms sliding
window) from the spike trains of all simultaneously recorded neurons (ex-
cluding pairs recorded from the same electrode contact). Noise correlations
were measured using a shift predictor to correct for stimulus-induced corre-
lations (53, 62). In Fig. 5 B and C, pairwise correlations in a region were nor-
malized by dividing by the median of the local correlations in that region so
that correlations in all regions were on the same scale, allowing the com-
parison of correlations in superficial and deep regions.
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