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Behaviorally Gated Reduction of Spontaneous Discharge Can
Improve Detection Thresholds in Auditory Cortex
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Animals often listen selectively for particular sounds, a strategy that could alter neural encoding mechanisms to maximize the ability to
detect the target. Here, we recorded auditory cortex neuron responses in well trained, freely moving gerbils as they performed a tone
detection task. Each trial was initiated by the animal, providing a predictable time window during which to listen. No sound was presented
on nogo trials, permitting us to assess spontaneous activity on trials in which a signal could have been expected, but was not delivered.
Immediately after animals initiated a trial, auditory cortex neurons displayed a 26% reduction in spontaneous activity. Moreover, when
stimulus-driven discharge rate was referenced to this reduced baseline, a larger fraction of auditory cortex neurons displayed a detection
threshold within 10 dB of the behavioral threshold. These findings suggest that auditory cortex spontaneous discharge rate can be
modulated transiently during task performance, thereby increasing the signal-to-noise ratio and enhancing signal detection.
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Introduction
The ability to detect a sound can be strongly influenced by expec-
tations about stimulus features and presentation time (Green-
berg and Larkin, 1968; Dai and Wright, 1995: Wright et al., 1997;
Wright et al., 2010; Fitzgerald and Wright, 2011). One neural
explanation for improved listening is that sound-driven re-
sponses are modulated by selective attention during task engage-
ment (Fritz et al., 2003; Fritz et al., 2007; Otazu et al., 2009;
Jaramillo and Zador, 2011; David et al., 2012). Because neural de-
tection thresholds depend on the relationship between stimulus-
driven responses (signal) and the spontaneous discharge (noise),
an increase in the driven response will improve a neuron’s detec-
tion threshold. However, a decrease in spontaneous rate (SR)
could also lead to an improvement. Although there is evidence
that SR can influence perception (Supèr et al., 2003; Yoshida and
Katz, 2011), it is not clear whether it improves the signal-to-noise
ratio for task-relevant stimuli during an auditory perception task.

Here, we investigated whether task performance can modu-
late auditory cortex SR during a near-threshold detection task,
thereby providing another mechanism for improving the signal-
to-noise ratio that supports signal detection. We recorded from
auditory cortex neurons in freely moving adult gerbils while they
performed a tone detection task. Several design strategies were

used to determine whether task engagement modulated SR. First,
animals initiated each trial, providing a predicable target presenta-
tion time. Second, silence was used as the nogo stimulus, permitting
an unambiguous measure of SR. Third, we focused on neural re-
sponses to near-threshold target stimuli that presumably require
maximal effort to detect. Fourth, animals were not immobilized, yet
maintained a fixed position in the nose-poke during stimulus deliv-
ery, resulting in acoustic stability. Finally, we used gerbils because
this rodent displays excellent sensitivity at the lower frequencies used
in this study (Fay, 1988). We present evidence that signal detection
by auditory cortex neurons can be improved through behaviorally
gated reduction of spontaneous activity, suggesting that both sound-
driven and SR contribute to perception.

Materials and Methods
All procedures were in accordance with the guidelines and rules of the
Institutional Animal Care and Use Committee of New York University
and were approved by the Office of Laboratory Animal Welfare, Office of
Extramural Research, National Institutes of Health. Animals were placed
on controlled water access and trained on a tone detection task using a go
or nogo paradigm in which a tone (2.5 ms cos 2 ramp) signaled the
presence of a small reward (20 �l of H2O). To initiate a trial, the animal
maintained its position in a nose-poke for 400 ms before a trial (either a
tone or silence) was presented. Perceptual ability was assessed by present-
ing at least five different sound levels that bracketed the animal’s behav-
ioral threshold. The trial was scored as a hit (on go trials) or false alarm
(on nogo trials) if the animal made contact with the lick spout. As illus-
trated in Figure 3A, psychometric functions were fitted using pypsignifit
(Fründ et al., 2011).

The animals performed an average of 367 (SD � 195) trials per session
and three to four sessions per week. Animals that achieved a false alarm
rate of �20% were implanted with a multichannel electrode array
mounted on a microdrive that allowed positioning of the array after
implantation. Electrodes were positioned in the left auditory cortex using
a stereotaxic apparatus 4.8 mm lateral and 3.4 mm anterior to lambda.
The ground wire was inserted contralaterally.
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A real-time processor (RZ6; Tucker-Davis Technologies) was used
for controlling the experiment. Water was delivered via a pump (NE-
1000; New Era). Acoustic stimuli were generated via the computer,
amplified (Crown D75A; Crown Audio) and presented via one of two
speakers (DX25TG05-04; Vifa) positioned 1 m from the nose-poke.
Nose-poke and spout-contact were monitored using an infrared
beam. A 15-channel wireless headstage and receiver (W16; Triangle
Biosystems) was used in conjunction with a preamplifier and analog-
to-digital converter (TB32; Tucker-Davis Technologies).

To remove low-frequency artifacts, the average of all electrodes was
subtracted from each channel and high-pass filtered at 300 Hz. A
representative 16 s segment was used to estimate the noise floor of
each channel using the algorithm described by Quiroga et al. (2004).
Spike candidate thresholds were set at 4 –5 SDs relative to the noise
floor and artifact reject was typically set to 20 – 40 SDs. All epochs
occurring within 200 ms of an artifact on any channel were discarded.
Sound-evoked and spontaneous rates were assessed using 128 ms
windows (Fig. 1). To estimate neural thresholds, rate-level functions
were standardized by conversion to a Z-score and threshold was de-
fined as the level at which the Z-score exceeded the cutoff value.

Results
Multiunit responses were acquired from the left auditory cor-
tex of five adult Mongolian gerbils (Meriones unguiculatus) of
either sex while they performed a go/nogo tone detection task.
Go trials contained a tone that varied randomly from trial to
trial over a 40–50 dB range and nogo trials were silent. Of 287

multiunit responses obtained, 194 displayed
a significant sound-evoked response on at
least one sound level, as defined by a driven
rate that was at least 1 SD greater than the SR
on nogo trials. Spike waveforms from five
exemplar multiunits are shown in Figure
2B.

Environmental context does not alter
spontaneous rate
To examine the effect of environmental
context on neural activity, a subset of the
sessions included a nontask block during
which the nose-poke and water-spout
were removed from the experiment
chamber (Fig. 1A). During this block,
tone stimuli identical to those delivered
during task performance were presented
(�25 trials per SPL). The intertrial SRs
during the task blocks were closely corre-
lated with SRs during the nontask blocks
(paired t(132) � 0.63, p � 0.53, Fig. 1B),
indicating no influence of context and
recording stability over the 1–2 h re-
quired to obtain both nontask and task
recordings. In contrast to SR, there was
a 20% increase in the sound-evoked dis-
charge rates when animals performed
the detection task compared with non-
task blocks (paired t(999) � 6.47, p �
0.0001, Fig. 1C). Although this is consis-
tent with reports that attending to an
auditory target enhances the neural rep-
resentation (Jaramillo and Zador, 2011;
David et al., 2012), we did not control
head position during the nontask block
and cannot rule out a possible contribu-
tion to the effect.

Behavioral context alters spontaneous rate
We next investigated whether behavioral performance modu-
lated SR during the period when animals were most likely to be
attending to the stimulus (i.e., immediately after initiating a trial
by nose-poking for 400 ms). To assess the time course of the
behaviorally gated change in SR, peristimulus time histograms
were generated for each multiunit recording. These histo-
grams, plotted as a function of time relative to the expected
time of the target, revealed that firing rate was stable up until
�1000 ms before poke onset, whereupon there was a transient
increase in discharge rate followed by a significant reduction,
reaching a minimum just around the expected stimulus onset
(Fig. 2C). This characteristic was displayed by 89% of multi-
unit recordings (Fig. 2E). SR during (silent) nogo trials was
measured using a 128 ms window positioned 10 ms after the
expected time of the target (Fig. 2C, arrows). SR was depressed
by 26% (paired t(287) � 10.6, p � 0.0001) compared with
the 128 ms intervals sampled from the intertrial period (Fig.
2E). Because the exact time of nose-poke withdrawal varied, we
replotted these histograms relative to the time of nose-poke with-
drawal (Fig. 2D). For many neurons, a transient increase in dis-
charge rate upon withdrawal may have obscured the exact time at
which SR returned to pretrial baseline (e.g., the reduction in SR

Figure 1. Effect of environmental context on neural activity. A, Schematic of an experiment session. During a nontask
block (left), we acquired neural responses to tone stimuli (nontask evoked; sound wave symbols) identical to those
presented during task performance. SR was assessed in between stimulus presentations (nontask SR). After a brief period
(large, open arrow), the nose-poke and water spout were placed in the chamber and the task block was started. During the
task block (right), animals initiated trials via a nose-poke. A water reward was delivered for a correct response on go trials.
The analyses in subsequent figures are based on the discharge rate between trials (intertrial SR), during nogo trials at the
expected target latency (nogo SR), and in response to the target (go trial evoked). B, SRs recorded during the nontask block
are equal to those recorded during the intertrial period of the task block, as shown by the linear regression (blue line). For
reference, a dashed line with a slope of 1 is plotted. C, The relationship between sound-evoked rates during the nontask
block and the task block were more variable than for SR; however, on average, sound-evoked rates during the task block
were significantly higher than in the nontask condition, as shown by the linear regression (blue line). Only data for which
at least 10 trials were obtained from the task blocks were included. A small number of points with values beyond the axis
range are indicated by arrows.
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persisted until �900 ms after poke with-
drawal in the blue histogram).

Relationship of behaviorally gated
neural thresholds to
perceptual performance
Animals were tested with short (8 ms) and
long (128 ms) duration tones. Duration
was held constant within each session. Be-
cause acoustic information is summed
over time for tone detection, resulting in
better detection thresholds (Gerken et al.,
1990), we expected better behavioral and
neural detection thresholds with 128 ms
tones. Figure 3A illustrates two psychomet-
ric functions for detection of 8 and 128 ms
tones, fit to responses obtained during a sin-
gle session from one animal. Depending on
the testing session, animals displayed a
range of tone detection thresholds, but the
lowest behavioral thresholds were consis-
tent with those reported previously (Ryan, 1976). The average detec-
tion threshold for 128 ms tones �1 kHz was 21 dB SPL, whereas the
average threshold for 8 ms tones was 11 dB higher (two-sample t(95)

� 3.83, p � 0.0002; Fig. 3B). When considering only sessions using a
tone frequency of 2 kHz, the average detection threshold was 20 dB
SPL for 128 ms tones, whereas the average threshold for 8 ms tones
was 8 dB higher (two-sample t(62) � 3.34, p � 0.0012). Therefore,
behavioral detection thresholds depended on stimulus duration.

The traditional method for characterizing a neuron’s response
threshold is to determine whether the sound-driven discharge
rate is significantly greater than the SR observed before the stim-
ulus occurs. To assess whether neural thresholds had a better
relationship with the corresponding behavioral threshold when
referenced to the transient drop in SR during a trial, a rate-level
function was calculated for each neuron using a 128 ms window
positioned 10 ms after stimulus onset. Each rate-level function
was then standardized by calculating a Z-score using either the

intertrial SR or the reduced SR that occurred immediately after
trial initiation (Fig. 4A,B). Figure 4C plots the effect of referenc-
ing the driven response to the behaviorally gated reduction in SR
for go trials in which the stimulus was within 5 dB of the animal’s
behavioral threshold for that session. On average, there was a
3.5-fold improvement in Z-score when the driven signal was ref-
erenced to the behaviorally gated SR (paired t(273) � 11.5, p �
0.0001).

We set a criterion of 1 SD (Z-score � 1) above baseline SR for
estimating neural thresholds (Fig. 4B, dashed line). To examine
whether the behaviorally gated reduction of SR could influence
neural thresholds, we compared the neural thresholds with be-
havioral thresholds when the evoked rate was referenced to the
behaviorally gated SR as opposed to the intertrial SR. For this
comparison, behavioral thresholds were subtracted from neural
thresholds. Therefore, 5 dB means that the neural threshold was 5
dB poorer than the behavioral threshold. As shown in Figure 4E,
the behaviorally gated reduction of SR had the greatest effect

Figure 2. SR of auditory cortex neurons is reduced following trial initiation. A, Raw multiunit trace (orange) from a representative nogo trial with the duration of the nose-poke bounded by the
gray rectangle. B, Action potential waveforms extracted from the exemplar neurons shown in C and D. C, D, Four peristimulus time histograms are shown for nogo trials with all epochs aligned to
the onset of the expected tone presentation time (C) or poke withdrawal (D). During go trials, the signal would have occurred 400 ms after the nose-poke and the arrow in each histogram points to
this expected tone presentation time (C). This bin was used for estimating the SR during nogo trials. Bin width is 128 ms. E, SR during nogo trials versus intertrial SR for all multiunits. The dashed line
indicates unity and the thick blue line indicates the linear regression through the data points. The data points extracted from the exemplar neurons displayed in A–D are indicated by their respective
colors.

Figure 3. Behavioral performance on the tone detection task. A, Example psychometric functions from a single session for 8 ms
(red diamond) and 128 ms (black circle) tones. Threshold was estimated by fitting a psychometric function (solid line) to the d�
values (individual points). Threshold was defined as the tone level where d�� 1. B, Distribution of behavioral thresholds for 8 and
128 ms tones for all sessions from all animals. In general, lower thresholds were obtained with 128 ms stimuli.
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within 10 dB of the behavioral threshold measured during the
same session. The difference between these two curves represents
the fraction of additional multiunits that are recruited when the
evoked rate is referenced to the behaviorally gated SR and illus-

trates that almost 30% more units are re-
cruited within 10 dB of behavioral
threshold (Fig. 4F). To assess whether our
original choice of Z-score criterion influ-
enced the results, we repeated this process
for additional Z-scores and found that
�20 –30% more units were recruited
within 5–10 dB of behavioral threshold
regardless of the Z-score at which we
assessed neural threshold.

When neural thresholds were derived
from the rate-level function referenced to
the behaviorally gated reduced SR (Fig.
4B), the best neural thresholds closely
matched behavioral thresholds for both 8
and 128 ms tones (Fig. 4D). The cumula-
tive fraction of neural thresholds relative
to behavioral threshold for the same ses-
sion showed that a similar fraction of
units (�33%) were responsive at the ani-
mal’s behavioral threshold for 8 and 128
ms tones (data not shown). This suggests
that elevated detection thresholds ob-
served for shorter durations were largely
reflected in the discharge rate of cortical
neurons.

If the reduction in SR improves sensi-
tivity to near-threshold targets, then cor-
rect target detection on go trials should be
associated with a larger ratio between
the sound-driven rate and the SR imme-
diately preceding the sound-driven re-
sponse. We assessed this for go trials
within 10 dB of behavioral threshold by
comparing the sound-driven rate (128 ms
window positioned 10 ms after stimulus
onset) with the SR immediately prior (128
ms bin). On hit (i.e., correct) trials, the
ratio was 2.4, significantly higher than the
ratio of 2.1 on miss trials (paired t(755) �
3.11, p � 0.002). Therefore, detection of
near-threshold targets could use the be-
haviorally gated decrease in resting dis-
charge rate to increase the signal-to-noise
ratio.

Discussion
Attention and expectation can modulate
sound-evoked neuronal discharge rate
during the performance of a trained audi-
tory task, often by enhancing the neural
response to relevant targets (Fritz et al.,
2003, 2007, 2010; Elhilali et al., 2007;
Atiani et al., 2009; Otazu et al., 2009; Jara-
millo and Zador, 2011; Lee and Middle-
brooks, 2011; Sutter and Shamma, 2011;
David et al., 2012; Niwa et al., 2012).
A larger stimulus-evoked response can
improve neural detection thresholds through
a larger ratio of driven to spontaneous

rate. Here, we investigated whether SR can also be modulated
during task performance, thereby improving neural detection
thresholds. Animals performed a tone detection task in which

Figure 4. Relationship between neural and behavioral thresholds. A, Peristimulus time histograms from a multiunit recorded during a
single behavioral session illustrating the response to nogo trials and go trials at 10, 20, and 30 dB SPL to 128 ms tones. Bin width is 10 ms.
The nogo histogram is replotted over each go histogram (black line) to illustrate the evoked response relative to the reduced SR. B,
Rate-level function for the multiunit shown in A plotted as the Z-score referenced to both intertrial (black) and nogo SR (blue). Blue and
black arrows indicate the corresponding neural threshold (as defined by Z-score�1). The red arrow indicates the behavioral threshold for
that session. C, Comparison of methods for computing the Z-score for near-threshold go trials (i.e., within 5 dB of behavioral threshold). In
general,usingtheSRduringnogotrialsasareferenceyieldedlargerZ-scorescomparedwithusingtheintertrialSR.Datafromboth8ms(red
diamonds) and 128 ms (black circles) tones are shown. Dashed line indicates unity. Values beyond the axis range are indicated by arrows. D,
Neural thresholds (as estimated from the Z-score referenced to the nogo SR) compared with behavioral thresholds. E, Cumulative distribu-
tion of neural thresholds relative to behavioral thresholds for 128 ms tones only. Thresholds as estimated by comparing with intertrial SR
(black) are compared with thresholds as estimated by comparing with nogo SR (blue), indicating that a much larger fraction of multiunits
have thresholds within 10 dB of the behavioral threshold when referenced to nogo SR. F, Fraction of cells recruited by using the SR during
nogo trials as a reference, as assessed by the difference between the nogo and intertrial cumulative distribution function in E. This is
repeated for multiple Z-score criteria. Regardless of the Z-score used to estimate neural threshold, the largest recruitment of neurons occurs
within 5–10 dB of threshold.
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stimulus level varied while recordings were obtained from audi-
tory cortex neurons. Neural and psychophysical performance
was compared on a per-session basis. Consistent with previous
reports, we found that tone-evoked responses were enhanced
during task engagement (Fig. 1C). However, we also found a 26%
reduction of SR that was gated by task performance, suggesting
that internal noise can be suppressed during the expected target
presentation time (Fig. 2). Therefore, it is possible that task-
dependent modulation of both the driven discharge rate (i.e.,
signal) and SR (i.e., noise) could participate in near-threshold
signal detection.

Calculation of neural sensitivity depends on the choice of
baseline and the prestimulus SR has been a conventional choice.
However, this choice assumes that SR remains stable during each
trial. This was not that case for a tone detection task (Fig. 2).
Referencing the evoked response to the firing rate during nogo
trials (i.e., at the expected target presentation time) as opposed to
the intertrial SR resulted in an apparent enhancement in sensi-
tivity for near-threshold responses by an average factor of 3.5
(Fig. 4C). The cumulative effect is an �30% increase in the num-
ber of neurons that responded to sound levels within 10 dB of
behavioral threshold (Fig. 4E,F). One possible reason for the
large effect near behavioral threshold is that animals may attend
selectively to near-threshold sound levels. A similar phenomenon
has been observed in the primate visual system, in which high
attention to a difficult detection task is associated with improved
performance on small, but not large, changes in the stimulus
(Cohen and Maunsell, 2011).

Behaviorally gated modulation of SR is not unique to the au-
ditory cortex. Gustatory cortex neurons with firing rates �3 Hz
display a task-related reduction in SR immediately before presen-
tation of the target, as reported by Yoshida and Katz (2011).
These investigators also reported that task performance modu-
lates stimulus-driven firing rate; however, this modulation is cor-
related with the prestimulus firing rate (i.e., an increase in the
response to the target is associated with increased prestimulus
firing rate). In our study, the reduction was found across the full
range of SRs observed (Fig. 2) and did not appear to diminish the
target-evoked response (Fig. 1C). Possible reasons for this dis-
crepancy are that the gustatory paradigm used a broader window
during which to expect a stimulus with jittered stimulus onset
times, and used easily detectable stimuli on each trial. These dis-
similarities in design may have expanded the period during which
a stimulus was to be expected, along with the period during which
all activity was suppressed, leading to a net suppression of both
sound-evoked and spontaneous activity.

A study in awake, behaving primates also supports a role for
spontaneous activity in perceptual decisions. For primary visual
cortex, the probability of detecting a behaviorally meaningful
visual stimulus is correlated with the SR observed 100 ms before
stimulus is presented (Supèr et al., 2003). Although this is con-
sistent with our finding that correct responses on near-threshold
go trials are associated with a larger ratio of the sound-driven rate
with the SR immediately preceding the sound-driven response,
our results suggest that assessing SR immediately before trial on-
set may not be the best choice of baseline. SR displayed a consis-
tent reduction during the brief interval when animals make a
perceptual decision, reaching a minimum at the expected stimu-
lus presentation time (Fig. 2). This mechanism could explain
behavioral studies showing that sound detection is better when
the presentation time is expected (Wright and Fitzgerald, 2004).

The small, but significant, increase in the target-evoked re-
sponse during task performance reported here (Fig. 1C) seems at

odds with a prior study showing reduced discharge rates in re-
sponse to an auditory target during task performance (Otazu et
al., 2009). However, when a similar auditory task contains an
explicit target expectation time, enhanced target-evoked re-
sponses can be observed (although this depends on each neuron’s
tuning properties; Jaramillo and Zador, 2011). This suggests that
neural responses reflect task-specific strategies that may optimize
performance.

Here, we have chosen a relatively simple task in which animals
must detect the presence of a short or long tone, providing two
different perceptual thresholds against which to compare neural
responses. Unlike more complex targets in which modulation of
the envelope may carry information through inhibition of SR,
tone detection at threshold likely depends on a small increase in
resting discharge rate. Therefore, detection ability can be maxi-
mized by transiently suppressing SR. Our findings illustrate the
importance of assessing neural and behavioral properties in the
same animal during the same session and suggest that adaptive
plasticity may include behaviorally gated modulation of the base-
line discharge rate against which evoked responses are compared.
This plasticity could emerge during the course of training and
serve as one mechanistic basis for the decrease in internal noise
that is observed during auditory perceptual learning (Jones et al.,
2013).
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