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Key points

• The role that pyramidal neurons and interneurons have in auditory behaviour and cognition
remains unknown.

• In this study, we tested the hypothesis that pyramidal cells and interneurons in the auditory
cortex play a differential role in auditory categorization.

• Putative interneurons in the auditory cortex were more selective for auditory categories than
putative pyramidal neurons.

• The greater category selectivity in putative interneurons may be a characteristic of auditory
categorization in the microcircuit of the auditory cortex.

Abstract A comprehensive understanding of the neural mechanisms of cognitive function
requires an understanding of how neural representations are transformed across different scales of
neural organization: from within local microcircuits to across different brain areas. However, the
neural transformations within the local microcircuits are poorly understood. Particularly, the role
that two main cell classes of neurons in cortical microcircuits (i.e. pyramidal neurons and inter-
neurons) have in auditory behaviour and cognition remains unknown. In this study, we tested the
hypothesis that pyramidal cells and interneurons in the auditory cortex play a differential role in
auditory categorization. To test this hypothesis, we recorded single-unit activity from the auditory
cortex of rhesus monkeys while they categorized speech sounds. Based on the spike-waveform
shape, a neuron was classified as either a narrow-spiking putative interneuron or a broad-spiking
putative pyramidal neuron. We found that putative interneurons and pyramidal neurons in the
auditory cortex differentially coded category information: interneurons were more selective for
auditory categories than pyramidal neurons. These differences between cell classes may be an
essential property of the neural computations underlying auditory categorization within the
microcircuitry of the auditory cortex.
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Introduction

A comprehensive understanding of the neural
mechanisms underlying cognitive function requires
an understanding of how neural representations are
transformed across different scales of neural organization:
from within local microcircuits to across different brain
areas. Although previous studies have demonstrated how
neural representations of perception, categorization and
decision-making are transformed across cortical areas
(Gold & Shadlen, 2007; Russ et al. 2007; Freedman &
Miller, 2008; Hernández et al. 2010), the neural trans-
formations that occur within the local microcircuits that
mediate cognitive function remain poorly understood.
Recent studies have begun to elucidate the role that
two main classes of neurons in cortical microcircuits,
excitatory pyramidal neurons and inhibitory interneurons
(Markham et al. 2004), play in vision, somatosensation
and motor control (Wilson et al. 1994; Swadlow, 2003;
Mitchell et al. 2007; Diester & Nieder, 2008; Isomura et al.
2009; Johnston et al. 2009; Yokoi & Komatsu, 2010; Ison
et al. 2011). However, the role that these two cell classes
have in auditory behaviour and cognition is not known
(Atencio & Schreiner, 2008; Sakata & Harris, 2009; Ogawa
et al. 2011).

Here, we tested the hypothesis that pyramidal
cells and interneurons in the auditory cortex play a
differential role in auditory categorization, a fundamental
auditory-cognitive function across a broad range of animal
species (Russ et al. 2007). To test this hypothesis, we
recorded single-unit activity from a region of the auditory
cortex in the superior temporal gyrus (STG) of rhesus
monkeys while they categorized speech sounds. The STG
was targeted because neurons in this brain region are
known to respond categorically to human phonemes
(human studies: Chang et al. 2010; Steinschneider et al.
2011; non-human primate study: Tsunada et al. 2011).
Based on a neuron’s spike-waveform shape, recorded
neurons were classified into one of two categories (Bartho
et al. 2004; Sakata & Harris, 2009): narrow-spiking
putative interneurons (NS neurons) and broad-spiking
putative pyramidal neurons (BS neurons). We found
that putative interneurons and pyramidal neurons in the
auditory cortex differentially coded category information.
Specifically, interneurons were more selective for auditory
categories than pyramidal neurons. These differences
between cell classes may be an essential property of the
neural computations underlying auditory categorization
within the microcircuitry of the auditory cortex.

Methods

General procedures

We recorded neural activity from the superior temporal
gyrus (STG) of two male rhesus monkeys (Macaca

mulatta, monkey H and monkey T). Under isofluorane
anaesthesia and using aseptic techniques, both monkeys
were implanted with a head-positioning cylinder and a
recording chamber. Monkey H was additionally implanted
with a scleral search coil (Judge et al. 1980). STG
recordings were obtained from the left hemisphere of
monkey H and from the right hemisphere of monkey T.
All recordings were guided by pre- and post-operative
magnetic resonance images of each monkey’s brain.

Behavioural and neurophysiological recording sessions
took place in a darkened sound-attenuated room. While
the monkeys were in the room, they were monitored with
an infrared camera and were seated in a primate chair. The
monkeys were given juice rewards in response to correct
reports during all behavioural and recording sessions; see
Match-to-category task below for more details about the
behavioural task.

Dartmouth College’s and the University of
Pennsylvania’s Institutional Animal Care and Use
Committees approved all of the experimental protocols.
All neural and behavioural data were collected previously
as a part of our recent study (Tsunada et al. 2011). Both
monkeys H and T are currently still participating in
experiments in the laboratory.

Auditory stimuli

The prototype stimuli were the spoken words bad and dad
that were provided by Dr Michael Kilgard. Perceptually,
these stimuli differ in their place of articulation of each
word’s initial consonant (i.e. the place of articulation for
/b/ is the lips, and for /d/, it is the roof of the mouth).
Morphed versions of the prototypes were created using
the STRAIGHT toolbox (Kawahara et al. 1999), which is
run in the Matlab (The Mathworks Inc.) programming
environment. Morphing was accomplished by calculating
the shortest trajectory between the fundamental and
formant frequencies of the two prototypes; the shortest
trajectory was based on a computed distance metric.
Morphed versions of the two prototypes were created at
20%, 40%, 50%, 60% and 80% of the distance along this
trajectory. Operationally, the bad prototype was defined
as the 0% morph, and the dad prototype was defined as
the 100% morph.

Match-to-category task

As schematized in Supplementary Fig. S1A, the task began
with a presentation of a ‘reference’ stimulus that was
followed by the presentation of a ‘test’ stimulus. The
reference stimulus and the test stimulus could be either of
the prototypes or any of the morphs with one exception:
the 50% morph was not allowed to be a reference stimulus.
The reference and test stimuli were 500 ms in duration
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and the inter-stimulus interval was between 1100 and
1300 ms. The stimuli were presented from a speaker (Pyle,
PLX32) that was placed in front of the monkey at their
eye level. The stimuli were presented at 70 dB SPL. The
monkeys reported whether the reference and test stimuli
belonged to the same category or to different categories.
They reported this decision by making a saccade to one
of two LEDs; these LEDs were 20 deg to the left and
to the right of the speaker. The LEDs were illuminated
1100–1300 ms after test-stimulus offset. The eye position
of monkey H was monitored with a scleral search coil. The
eye position of monkey T was monitored non-invasively
with an infrared eye tracker (Eye-Trac6 RS6-HS; Applied
Science Laboratories).

If the reference stimulus and the test stimulus belonged
to the same category, the monkeys were rewarded when
they made a saccadic eye movement to the LED that was
20 deg to the left of the speaker. Stimuli that belonged to
the same category were on the same side of the 50%-morph
boundary. Examples of reference and test stimuli that
belonged to the same category were: (1) when the reference
stimulus was the 40% morph and the test stimulus was
the 0% morph; or (2) when the reference stimulus was the
100% morph and the test stimulus was the 60% morph.

In contrast, if the reference stimulus and the test
stimulus belonged to different categories, the monkeys
were rewarded when they made a saccadic eye movement
to the LED that was 20 deg to the right of the speaker.
Stimuli that belonged to different categories were on
different sides of the 50%-morph boundary. Examples
of reference and test stimuli that belonged to different
categories were: (1) when the reference stimulus was the
40% morph and the test stimulus was the 100% morph;
or (2) when the reference stimulus was the 20% morph
and the test stimulus was the 80% morph.

When the test stimulus was at the categorical boundary
(i.e. the 50% morph), there was not a ‘correct’ answer.
On these trials, the monkeys were rewarded randomly
(Tsunada et al. 2011).

Importantly, the monkeys could not successfully
complete this task by calculating the morphing distance
between the reference and the test stimuli because stimuli
with the same morphing distance (e.g. 20%) could belong
to the same category (e.g. the 60% morph and the 80%
morph) or to different categories (e.g. the 40% morph and
the 60% morph).

Recording procedures

Our recordings targeted the lateral surface of the STG as
well as the superior surface that is just lateral to the rostral
auditory field R (Russ et al. 2008; Tsunada et al. 2011).
This region of the STG coincides with the anterolateral
belt and the rostral parabelt of the auditory cortex; the

anterolateral belt and the rostral parabelt are part of the
ventral auditory stream and processes information about
auditory identity (Rauschecker & Tian, 2000).

While the monkeys participated in the
match-to-category task, the electrode was advanced
through the STG to search for spiking activity. Since we
were interested in neurons that responded to sounds, we
mainly focused on neurons whose spiking activity was
modulated by the presentation of auditory stimuli. Also,
since STG neurons respond broadly to different auditory
stimuli (Russ et al. 2008), we did not filter neurons based
on their auditory tuning nor did we tailor the stimuli to
the response properties of a particular neuron. On each
trial, the reference- and test-stimulus combination was
chosen in a balanced pseudorandom order. We report
those neurons in which we were able to collect data from
at least 132 successful trials of different reference- and
test-stimulus combinations.

Single-unit extracellular recordings were obtained with
a tungsten microelectrode (∼1.0 M� at 1 kHz; Frederick
Haer & Co.) or a 4-core-multifibre microelectrode
(‘tetrode’; ∼0.8 M� at 1 kHz; Thomas Recording GmbH)
that was seated inside a stainless-steel guide tube.
Extracellular neural signals from each electrode were
sampled at 24 kHz, amplified and filtered (0.6–6.0 kHz)
with a multi-channel recording system (Tucker-Davis
Technologies); these recording parameters are comparable
to those used in previous studies (e.g. Ogawa et al. 2011).
This 24 kHz rate was above the sampling rate needed to
adequately extract the spike-waveform parameters (see
below for cell-classification methods). Custom software
written in LabView (National Instruments) synchronized
neural data collection with stimulus presentation and
behavioural control.

Action potentials from individual neurons were
extracted from the neural recordings with an off-line
spike-sorting algorithm (WaveClus) (Quiroga et al. 2004)
that ran on the Matlab programming platform. The
algorithm first detected the troughs of the spike wave-
forms by setting an amplitude threshold that was
4 standard deviations below the mean of the back-
ground activity. Next, to extract the characteristics
of each waveform, the algorithm performed a wave-
let decomposition of each detected spike, obtaining 64
wavelet coefficients. A Kolmogorov–Smirnov test tested
whether the distribution of each wavelet coefficient was
normally distributed. Finally, the 10 wavelet coefficients
that had the largest deviations from normality were used
for the clustering analysis; a super-paramagnetic clustering
algorithm classified these wavelet coefficients.

To test the separation between clusters of spikes, we
calculated an isolation-distance metric (Sakata & Harris,
2009). The isolation-distance metric was the Mahalanobis
distance between a specific cluster of spikes and other
spikes. To validate our metric, we benchmarked our
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isolation-distance metric relative to sample data supplied
with the WaveClus software (Quiroga et al. 2004) and
found that well-isolated spikes had isolation distances
between 1.0 and 11.9. The metric values for our isolated
spikes were well within this range (see Fig. S4A).

Neurophysiological-data analyses

The neurons reported in this study were those classified
as ‘auditory’. An STG neuron was classified as auditory
if the 95% confidence interval of the firing rate (spikes
per second) of a neuron during the 100-ms period that
began with reference- and test-stimulus onset was different
from the mean firing rate of the baseline period (i.e. the
500-ms period that preceded reference-stimulus onset).
This 100-ms period was chosen because many of the
neurons had substantial phasic responses to stimulus
onset; phasic responses could not be detected with
longer time windows. The aforementioned analysis was
conducted independently of the morph value of the
stimuli.

Next, neurons were classified into one of two categories
based on their spike-waveform shapes (Bartho et al.
2004; Sakata & Harris, 2009). A neuron’s waveform was
characterized by a negative-voltage deflection (trough)
followed by a positive-voltage deflection (peak). For the
classification, we used both the trough-to-peak time and
the half-amplitude duration that were derived from each
neuron’s mean waveform. We removed two auditory
neurons from the classification analysis because these
neurons did not have typical waveforms. The distribution
of those two parameters of each neuron was classified by
k-means clustering (k = 2, squared Euclidean distance)
(Bartho et al. 2004; Sakata & Harris, 2009).

We further sub-classified these NS and BS neurons as
either ‘increasingly responsive’ or ‘decreasingly responsive’
based on their mean firing rate during the stimulus pre-
sentation. If the average firing rate during the stimulus
presentation was higher than the firing rate during the
baseline period, we defined the neuron as increasingly
responsive. If the firing rate during the stimulus pre-
sentation was lower than the baseline firing rate, the
neuron was defined as decreasingly responsive (see the
response properties in Fig. S2B and C).

Category index

Following from Freedman and colleagues (Freedman et al.
2001), the selectivity of a neuron to a stimulus’ category
was tested with the ‘category index’. We treated the 0% (i.e.
the bad prototype), 20% and 40% morphs as one category
and the 60%, 80% and 100% (i.e. the dad prototype)
morphs as a second category. The advantage of this index
is that it quantifies whether neurons respond differentially

to stimuli that have the same morphing distance (e.g.
20%) but can either belong (1) to the same category
(e.g. the 20% morph and the 40% morph) or (2) to the
different categories (e.g. the 40% morph and the 60%
morph).

On a neuron-by-neuron basis, we first calculated the
‘within-category difference’ (WCD). The WCD was the
average of the absolute difference in firing rate between
morph pairs that were on the same side of the category
boundary: for example, the 0% and the 20% morphs or
the 60% and the 100% morphs. Second, we calculated
the ‘between-category difference’ (BCD), which was the
average of the absolute difference in firing rate between
morph pairs that were on different sides of the category
boundary: for example, the 40% and 80% morphs. The
category index was the difference between the BCD and
the WCD, divided by their sum.

Two versions of the category index were calculated. In
the first version, we calculated the category index by using
the absolute difference in firing rate between all morph
pairs. Category-index values close to 1 indicate that the
neural responses were categorical. That is, values close to
1.0 indicate ‘binary-like’ neural responses to the morphs
according to their category membership: similar neural
responses to morphs on the same side of the 50% border
but very different responses to morphs on different sides
of the 50% border.

Next, to test the temporal dynamics of the
category index, distributions of category-index values
were calculated from data in consecutive 5 ms bins,
relative to reference-stimulus or test-stimulus onset.
On a neuron-by-neuron basis, we also calculated the
‘category-index latency’. This latency was defined as the
first time bin of five consecutive time bins (i.e. 25 ms) for
which category-index values were higher than the 95%
confidence interval of the mean category index during the
baseline period.

Since the first version of the category index was
calculated from more BCD pairs than WCD pairs (i.e.
9 BCD pairs versus 6 WCD pairs), it is inherently biased
toward positive values. To control for this difference in the
number of pairs, we calculated a second ‘control’ category
index that had the same number of BCD pairs (i.e. (1)
the 20% and 60% pair and (2) the 40% and 80% pair)
and WCD pairs (i.e. (1) the 0% and 40% pair and (2)
the 60% and 100% pair). As with our first index, values
near 1 imply that the neurons responded categorically:
similar responses to morphs on the same side of the 50%
border but different responses to morphs on different
sides of the 50% border. Values near –1 imply that the
neurons also responded categorically but to a category
border that was orthogonal to the 50% border (e.g. the
neuron codes the 20%, 40% and 80% morphs as one
category and the 0%, 60% and 100% morphs as a second
category).
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Receiver-operating-characteristic (ROC) analysis

After explicitly testing whether auditory-cortex neurons
responded categorically with the category index, we next
applied signal-detection theory to calculate an ROC value
(Green & Swets, 1966). For each neuron and on a
trial-by-trial basis, firing rates were first divided into two
distributions: the bad distribution contained the firing
rates elicited when the reference or test stimulus was
the 0% (i.e. the bad prototype), 20% or 40% morph,
whereas the dad distribution contained the firing rates
elicited when the reference or test stimulus was the 60%,
80% or 100% morph. An ROC curve was then generated
from these two distributions of firing rates. The area
under the curve represents the probability that an ideal
observer can differentiate between these two categories.
ROC values range from 0.5 to 1. Larger values indicate
better differentiation between the two categories. To
examine the ROC value as a function of time, we calculated
the ROC value for consecutive 5 ms bins, relative to
reference-stimulus or test-stimulus onset.

Results

To test the hypothesis that pyramidal cells and inter-
neurons in the auditory cortex play a differential role in
auditory categorization, we recorded single-unit activity
from the auditory cortex in the STG of rhesus monkeys
while they categorized speech sounds. As shown in
our previous study (Tsunada et al. 2011), the monkeys
categorized the 0% (the bad prototype)–40% morphs as
one category and the 60%–100% (the dad prototype)
morphs as a second category; the monkeys’ response
to the 50% morphs was intermediate between their
behavioural reports on the lower-percentage morphs and
the higher-percentage morphs (Fig. S1B).

One-hundred and ten auditory neurons (54 neurons
from monkey H, 56 neurons from monkey T) were
recorded from the STG while the monkeys participated
in this categorization task (Tsunada et al. 2011). Offline,
a k-means-clustering algorithm classified each neuron’s
waveform into two distinct populations based on each
waveform’s trough-to-peak time and half-amplitude
duration (Bartho et al. 2004; Sakata & Harris, 2009)
(Fig. 1). The first class, the ‘narrow-spiking’ (NS; n = 51)
neurons had relatively short trough-to-peak times (mean,
271 μs) and short half-amplitude durations (mean,
164 μs). The second class, the ‘broad spiking’ (BS; n = 57)
neurons had relatively longer trough-to-peak times
(mean, 761 μs) and half-amplitude durations (mean,
254 μs). A two-way ANOVA (cell class (NS neurons
versus BS neurons) and spike-waveform parameter
(trough-to-peak time versus half-amplitude duration) as
factors) indicated that both spike-waveform parameters
were reliably different between NS and BS neurons

(cell class: F(1,213) = 254.01, P < 0.05; spike-waveform
parameter: F(1,213) = 306.5, P < 0.05).

Both BS and NS neurons were found in most of the
recording sites in which we found auditory neurons;
unfortunately, it was not possible to reconstruct the exact
locations of these recording sites. Moreover, in those
recording sessions in which we were able to simultaneously
record from a pair of neurons (n = 21), we isolated NS
and BS neurons 29% of the time (n = 6). These NS and
BS neurons pairs were recorded from several different
penetrations including the most lateral penetrations that
might overlap with the parabelt. Overall, these findings
indicated that NS and BS neurons were intermingled
throughout the auditory cortex.

At a functional level, we found that NS neurons were
more category selective than BS neurons. An example of
an increasingly responsive (see Methods) NS neuron that
responded categorically is shown in Fig. 2A. During pre-
sentations of the reference stimuli, the neuron responded
strongly to the 0% (the prototype bad), 20% and 40%
morphs but had a relatively weaker response to the 60%,
80% and 100% (the prototype dad). In addition to
categorical differences in firing rate, the temporal response
profile of this neuron was also categorical. When the 0%
(the prototype bad), 20% or 40% morphs were presented,
the latency of the peak firing rate was longer than when
the 60%, 80% or 100% (the prototype dad) morphs were
presented. Figure 2B shows the response of a BS neuron
whose category selectivity is clearly weaker than the NS
neuron in Fig. 2A (see Fig. S3A for another example of a
BS neuron). We also found that decreasingly responsive
(see Methods) NS neurons were more category selective
than decreasingly responsive BS neurons. Examples of
decreasingly responsive neurons are shown in Fig. S3B–D.

To quantify these observations and to test whether
these observations were valid at the population level,
we calculated a category index (Freedman et al. 2001).
This index quantified the degree of category selectivity
and enabled us to analyse the temporal evolution of a
neuron’s category selectivity. As expected, the category
selectivity of the NS neuron in Fig. 2A was greater than
that of the BS neuron in Fig. 2B (compare the middle
panels of Fig. 2A and B). The category-index population
analysis revealed three findings. First, consistent with
the single-neuron examples, NS neurons were more
category selective than BS neurons (Fig. 3A, B, E and
F ; two-way ANOVA with cell class (NS neurons versus
BS neurons) and response type (increasingly responsive
versus decreasingly responsive) as factors; cell class during
the reference stimulus: F(1,105) = 77.73, P < 0.05; cell
class during the test stimulus: F(1,105) = 17.98, P < 0.05).
Second, the category selectivity of the increasingly-
and decreasingly-responsive neurons was comparable
(two-way ANOVA, response type during the reference
stimulus: F(1,105) = 0.84, P > 0.05; response type during
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the test stimulus: F(1,105) = 1.31, P > 0.05). Finally,
the category selectivity of the NS and BS neurons had
different temporal dynamics: the category-index latency
(see Methods) was reliably earlier for NS neurons than for
BS neurons (Fig. 3C and G; two-way ANOVA; cell class
during the reference stimulus: F(1,104) = 15.55, P < 0.05;
cell class during the test stimulus: F(1,103) = 3.94,
P < 0.05).

Next, we conducted an ROC analysis (Green &
Swets, 1966) that tested how well an ideal observer
could discriminate between the firing-rate distributions
elicited by a neuron in response to the two stimulus
categories. The advantage of this ROC analysis is
that it takes into account the trial-by-trial variability
of a neuron’s firing rate. Like the category index,
this analysis also indicated that the responses of NS

Figure 1. Cell classification based on spike waveforms’ trough-to-peak times and half-amplitude
durations
A, the average spike waveform of narrow-spiking (NS) neurons (n = 51; red) and broad-spiking (BS)
neurons (n = 57; blue). Each neuron’s waveform was first normalized relative to the amplitude between trough
and peak of the spike. Next, these waveforms were averaged across their respective populations. The dotted lines
indicate the bootstrapped 95% confidence interval. B, the distribution of the waveform’s trough-to-peak times
and half-amplitude durations for the populations of NS neurons (red) and BS neurons (blue). The inset shows the
definition of a waveform’s trough-to-peak time and half-amplitude duration.

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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neurons were more category selective than those of BS
neurons for the single-neuron examples (right panel of
Fig. 2) and at the population level for both the reference
and test stimuli (Fig. 3D and H ; two-way ANOVA for
mean ROC values, response type during the reference
stimulus: F(1,105) = 7.82, P < 0.05; cell class during the
reference stimulus: F(1,105) = 39.01, P < 0.05; response
type during the test stimulus: F(1,105) = 7.67, P < 0.05;
cell class during the test stimulus: F(1,105) = 25.77,
P < 0.05).

Finally, we performed three control analyses. First, since
NS neurons had higher baseline and auditory-evoked
firing rates than BS neurons (median baseline firing
rate: 20.1 Hz for NS neurons; 12.0 Hz for BS neurons;
Mann–Whitney U test, P < 0.05; see also Fig. S2), our
findings may simply be due to differences between their
firing rates. To eliminate this possibility, we tested the
category selectivity of NS and BS neurons as a function
of their auditory-evoked firing rates (Mitchell et al. 2007).
We found that, even when we controlled for differences in
firing rate, the category selectivity (i.e. the category-index
and ROC values) of NS neurons was still reliably greater
than BS neurons (two-way ANOVA with cell class (NS
neurons versus BS neurons) and auditory-evoked firing

rate (<5 Hz, 5–10 Hz, 10–15 Hz, 15–20 Hz, >20 Hz) as
factors, category-index value: F(1,102) = 77.42, P < 0.05
for cell class; ROC value: F(1,102) = 41.38, P < 0.05 for
cell classes). Therefore, it is unlikely that the difference in
category selectivity between NS and BS neurons can be
trivially attributed to differences between the firing rates
of these two classes of neurons.

Second, we tested whether the quality of the spike iso-
lation may underlie the difference in category selectivity
between NS and BS neurons. For example, the weaker
category selectivity of BS neurons may be simply attributed
to the fact that BS neurons are multi-unit clusters of
NS neurons that could not be isolated. To test for this
possibility, we calculated the isolation distances between
clusters of spikes (Sakata & Harris, 2009) and tested
the relationships between the isolation distances, the
trough-to-peak time of the spike waveform, and category
selectivity. We could not identify a reliable correlation
between the isolation distance and the trough-to-peak
time (P > 0.05; Fig. S4A). Moreover, we could not identify
a reliable correlation between the isolation distance and
the category index (P > 0.05; Fig. S4B). Finally, even when
we controlled for the isolation distance, the category index
of the NS neurons was still reliably greater than the

Figure 2. Categorical responses of an NS neuron (A) and a BS neuron (B) during presentations of the
reference stimulus
The plots in the left column show the mean firing rates of the two neurons as a function of time and the reference
stimulus presented. The inset in the upper graph of each plot shows the neuron’s waveform. The middle column
shows each neuron’s category-index values as a function of time. The right column shows ROC values as a function
of time. For all of the panels, the two vertical dotted lines indicate stimulus onset and offset, respectively.
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BS neurons (Fig. S4C; two-way ANOVA with cell class
(NS neurons versus BS neurons) and isolation distance
(<2, 2–4, 4–6, >6) as factors; cell class: F(1,101) = 78.88,
P < 0.05). Therefore, the quality of the spike isolation is
unlikely to be an underlying factor for the difference in the
category selectivity between NS and BS neurons.

Third, to confirm the results for the category index
(Fig. 3B and F), we computed a second ‘control’ category
index (see Methods). For this index, the BCD values were
calculated from the 20% and 60% pair and the 40% and
80% pair; whereas the WCD values were calculated from
the 0% and 40% pair and the 60% and 100% pair. The

Figure 3. Population results of category index and ROC analysis
The temporal profile (A and E), mean (B and F), and latency of the category index (C and G) during
reference-stimulus presentation and test-stimulus presentation. The panels in D and H plot the temporal profile of
ROC values. Error bars represent bootstrapped 95% confidence intervals of the mean.
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advantage of this index is that it is unbiased: it had the
same number of morph pairs that went into computing
the BCD and WCD values. Using this control category
index, we found that the average category-index value
for NS neurons was reliably larger than zero (i.e. the
95% confidence interval of the mean was greater than
0) and reliably larger than the average category-index
value for BS neurons (Fig. S5; t test, P < 0.05). Thus, the
‘control’ category index confirmed that NS neurons are
more category selective than BS neurons.

Discussion

We recorded single-unit activity from the auditory cortex
of rhesus monkeys while they categorized speech sounds.
Neurons were classified as either narrow-spiking (NS)
putative interneurons or broad-spiking (BS) putative
pyramidal neurons. We found that putative interneurons
and pyramidal neurons in the auditory cortex differentially
coded category information: interneurons were more
selective for auditory categories than pyramidal neurons.
We hypothesize these differences between cell classes may
be an essential property of the neural computations under-
lying auditory categorization within the microcircuit of
the auditory cortex.

NS and BS neurons are putative interneurons and
pyramidal neurons, respectively

Based on the spike-waveform parameters, 47% and 53% of
our neural population was classified as NS and BS neurons,
respectively. How do our classifications compare with pre-
vious classifications? First, the spike-waveform parameters
(i.e. the trough-to-peak times) that we observed were
comparable to those recorded from the rat primary
auditory cortex under anaesthesia (Ogawa et al. 2011),
though shorter trough-to-peak times have also been
reported in the anaesthetized cat and anaesthetized/awake
rat primary auditory cortex (Atencio & Schreiner, 2008;
Sakata & Harris, 2009). Second, unlike previous studies
that reported small proportions (10–30%) of NS neurons
(Wilson et al. 1994; Markham et al. 2004; Mitchell et al.
2007; Atencio & Schreiner, 2008; Diester & Nieder, 2008;
Isomura et al. 2009; Sakata & Harris, 2009; Yokoi &
Komatsu, 2010; Ison et al. 2011), we found a relatively large
proportion (47%) of NS neurons. Since our NS neurons
had a reliably higher spontaneous firing rate than the BS
neurons (Fig. S2A; see also spontaneous firing rates in the
rat primary auditory cortex in Hromadka et al. 2008) and
since the firing rates of more than half (39/57, 68%) of
the BS neurons decreased in response to auditory stimuli
(see Fig. S2B and C), our recordings may have been biased
toward isolating these NS neurons with relatively higher
firing rates as our electrode advanced through the STG
(see Recording procedures).

Based on the differences of (1) the spike-waveform
parameters and (2) the baseline firing rates between
NS and BS neurons, we hypothesize that NS and BS
neurons are two distinct types of neurons (Wilson et al.
1994; Swadlow, 2003; Markham et al. 2004; Mitchell
et al. 2007; Diester & Nieder, 2008; Isomura et al.
2009; Johnston et al. 2009; Yokoi & Komatsu, 2010;
Ison et al. 2011). In particular, we hypothesize that NS
neurons are putative interneurons – calcium-binding
protein parvalbumin-positive, aspiny stellate, chandelier
cells or basket cells – whereas BS neurons are putative
pyramidal neurons. This methodology of classifying
neurons by spike-waveform shape has been validated
with detailed morphological analyses, protein-expression
analyses and intracellular recordings (McCormick et al.
1985; Kawaguchi & Kubota, 1993, 1997; Markham et al.
2004; González-Burgos et al. 2005)

Comparison with previous studies testing properties
of NS and BS neurons

Consistent with our finding of differential representation
of the auditory categories in NS (putative inter-
neurons) and BS (putative pyramidal neurons) neuronal
populations, previous studies have also demonstrated a
differential functional role for interneurons and pyramidal
neurons in vision, audition, somatosensation and motor
control (Wilson et al. 1994; Swadlow, 2003; Markham et al.
2004; Mitchell et al. 2007; Diester & Nieder, 2008; Isomura
et al. 2009; Johnston et al. 2009; Yokoi & Komatsu, 2010;
Ison et al. 2011). In particular, Atencio & Schreiner (2008)
reported that, under anaesthesia, NS neurons in the cat
primary auditory cortex (1) had broader spectral tuning,
(2) had greater feature selectivity for auditory stimuli, and
(3) were phase-locked more to the features of auditory
stimuli than BS neurons.

In contrast, our findings differed substantially from
a comparable visual-categorization study in the pre-
frontal cortex (PFC) (Diester & Nieder, 2008). That
study reported greater visual-category selectivity for BS
neurons than for NS neurons, whereas we found greater
category selectivity for NS neurons. Three, non-exclusive
possibilities may underlie this difference. One possibility
may relate to differences in the local connectivity patterns
and interactions between interneurons and pyramidal
neurons in the PFC versus the auditory cortex (Kätzel
et al. 2010). Indeed, in the PFC, simultaneously recorded
(and, hence, nearby) BS and NS neurons have different
category preferences and tuning properties (Wilson et al.
1994; Diester & Nieder, 2008). In contrast, in the auditory
cortex, preliminary data indicate that simultaneously
recorded pairs of NS and BS neurons (n = 6) have similar
category preferences (data not shown). Thus, the neural
computations required to encode a stimulus’s category

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society



3138 J. Tsunada and others J Physiol 590.13

within a local microcircuit may substantially depend on
the local circuitry and areal-specific computations.

Second, the nature of the categorization task may also
affect the category selectivity of NS and BS neurons.
Our task required the perceptual categorization of stimuli
whereas the prefrontal task (Diester & Nieder, 2008)
required a more abstract type of categorization. Perceptual
categorization is based on the physical attributes of a
stimulus (Russ et al. 2007; Freedman & Miller, 2008).
In contrast, abstract categorization is based on not
only the shared physical features of stimuli but also
functional characteristics and subjects’ knowledge of a
stimulus (Russ et al. 2007; Freedman & Miller, 2008).
Therefore, the perceptual categorization and the abstract
categorization may require different neural systems and/or
neural mechanisms.

A third possibility relates to differences between
stimulus dynamics. The visual stimuli in the PFC
study were static (Diester & Nieder, 2008), whereas
our speech stimuli had complex spectrotemporal
dynamics. For the categorization of dynamic stimuli,
the moment-by-moment features of stimuli need to be
quickly categorized (Chang et al. 2010). Since strong and
dense inhibition from interneurons can rapidly control
the spiking activity of pyramidal neurons (Hefti & Smith,
2003; Wehr & Zador, 2003; Atencio & Schreiner, 2008;
Isaacson & Scanziani, 2011), greater NS neuron (inter-
neuron) category selectivity may be a consequence of the
inhibition that is needed to categorize dynamic stimuli.

Conclusion

We found that putative interneurons (NS neurons) are
more category selective than putative pyramidal (BS)
neurons in the auditory cortex. This finding is somewhat
counterintuitive. It is counterintuitive because it is natural
to hypothesize that pyramidal neurons, which project to
other cortical areas, should be more category selective than
interneurons, which process information that is local to
the auditory cortex. However, it is not clear how ‘much’
category selectivity is needed for those computations
undertaken by cortical areas that receive afferent input
from the auditory cortex. Indeed, a re-analysis (J. Tsunada
and Y. E. Cohen, unpublished findings) of our earlier
data from the PFC (Russ et al. 2008) indicated that,
whereas these PFC neurons code a monkey’s decision,
they are less category selective than those in the auditory
cortex, which do not code a monkey’s decision (Tsunada
et al. 2011). A second, non-exclusive hypothesis is that
since projection neurons in the PFC provide top-down
influence on interneurons in the auditory cortex (Barbas
et al. 2005; Medalla et al. 2007), the category selectivity of
interneurons in the auditory cortex may be enhanced by
these top-down signals. Finally, another possibility is that

a subset of the most category-selective pyramidal neurons
preferentially transmits category information to other
brain areas. Thus, in the future, it will be important to test
directly how information is transmitted and transformed
between the auditory cortex and other brain regions in
order to more fully elucidate the cortical computations
underlying auditory categorization.
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González-Burgos G, Krimer LS, Povysheva NV, Barrionuevo G
& Lewis DA (2005). Functional properties of fast spiking
interneurons and their synaptic connections with pyramidal
cells in primate dorsolateral prefrontal cortex. J Neurophysiol
93, 942–953.

Green DM & Swets JA (1966). Signal Detection Theory and
Psychophysics. John Wiley and Sons, Inc., New York.

Hefti BJ & Smith PH (2003). Distribution and kinetic
properties of GABAergic inputs to layer V pyramidal cells in
rat auditory cortex. J Assoc Res Otolaryngol 4, 106–121.
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