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Abstract

■ The emergence of consciousness from brain activity consti-
tutes one of the great riddles in biology. It is commonly
assumed that only the conscious perception of the presence
of a stimulus elicits neuronal activation to signify a “neural cor-
relate of consciousness,” whereas the subjective experience of
the absence of a stimulus is associated with a neuronal resting
state. Here, we demonstrate that the two subjective states
“stimulus present” and “stimulus absent” are represented by
two specialized neuron populations in crows, corvid birds. We
recorded single-neuron activity from the nidopallium caudola-
terale of crows trained to report the presence or absence of

images presented near the visual threshold. Because of the task
design, neuronal activity tracking the conscious “present” ver-
sus “absent” percept was dissociated from that involved in plan-
ning a motor response. Distinct neuron populations signaled
the subjective percepts of “present” and “absent” by increases
in activation. The response selectivity of these two neuron pop-
ulations was similar in strength and time course. This suggests a
balanced code for subjective “presence” versus “absence” expe-
riences, which might be beneficial when both conscious states
need to be maintained active in the service of goal-directed
behavior. ■

INTRODUCTION

How perceptual consciousness, the subjective experience
associated with a reportable sensory event, emerges from
theworkings of the brain is a fundamental question in biol-
ogy (Ehret & Romand, 2022; Vallortigara, 2021; Laureys,
2005; Nagel, 1974). The main method to study how neu-
rons give rise to perceptual consciousness relies on iden-
tifying neuronal activity that specifically occurs during
subjective reports of the subject under study. Such “neural
correlates of consciousness (NCCs),” defined as the mini-
mal set of neuronal events andmechanisms sufficient for a
specific conscious percept (Koch, Massimini, Boly, &
Tononi, 2016), have been explored in humans (Pereira
et al., 2021; Gelbard-Sagiv, Mudrik, Hill, Koch, & Fried,
2018; Reber et al., 2017; Quiroga, Mukamel, Isham,
Malach, & Fried, 2008; Kreiman, Fried, & Koch, 2002), in
nonhuman primates (Kapoor et al., 2022; van Vugt et al.,
2018; Panagiotaropoulos, Deco, Kapoor, & Logothetis,
2012; de Lafuente & Romo, 2005; Leopold & Logothetis,
1996; Logothetis & Schall, 1989), and recently also in the
crow, a corvid songbird (Nieder, Wagener, & Rinnert,
2020). Common to all these experimental approaches is
that physically identical stimuli spontaneously elicit one
of two contrasting, endogenously generated percepts.
The general finding is that a proportion of neurons in
higher-order brain areas becomes active in relation to
the subject’s alternating conscious percept for physically
identical stimuli. This holds even when reports are initially

undefined to the subject or not required, arguing that the
activity of such neurons represents the subjective experi-
ence and not factors related to the impending report
(Kapoor et al., 2022; Hesse & Tsao, 2020; Nieder et al.,
2020).
One of the most radical contrasts in subjective experi-

ence can be witnessed when stimuli are presented near
perceptual threshold of the subject (Nieder et al., 2020;
van Vugt et al., 2018; de Lafuente & Romo, 2005). Despite
the constant intensity of the target stimulus across trials,
the perceptually ambiguous stimulus is sometimes per-
ceived, whereas other times, the stimulus is not perceived.
In other words, conscious perception switches between
conscious “stimulus-present” and “stimulus-absent”
states, irrespective of the constant intensity of the stimu-
lus. As an NCC, neurons respond in relation to the chang-
ing perceptual states. Thus, the readout of neuronal
activity can predict whether the subject was consciously
aware or unaware of the stimulus (Nieder et al., 2020;
van Vugt et al., 2018; Quiroga et al., 2008; de Lafuente &
Romo, 2005).
The tacit assumption from these studies is that the NCC

is only based on percept-related neurons that show ele-
vated firing rates for perceived stimuli but remains silent
when stimulus absence is experienced (van Vugt et al.,
2018; Quiroga et al., 2008; de Lafuente & Romo, 2005).
Within this framework, only conscious perception is
encoded, whereas the absence of a percept correlates with
neurons’ resting activity (Pereira, Perrin, & Faivre, 2022).
However, it is conceivable that not only subjective experi-
ence of the presence of a stimulus is encoded by neuronalUniversity of Tübingen
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activity but also the experience about the absence of a
stimulus (Pereira et al., 2022). After all, both stimulus pres-
ence and stimulus absence experiences constitute explicit
categorical states.
Evidence supporting the intriguing possibility that also

the conscious experience of stimulus absence can be
encoded actively comes from single-neuron recordings
in the associative cerebral cortex of monkeys and humans
(Pereira et al., 2021; Merten & Nieder, 2012). Given that
evidence for neurons actively signaling the experienced
absence of stimuli stem exclusively from primates, one
hypothesis is that this way of implementing conscious per-
cepts might have emerged with the advent of a mammal-
specific and computationally powerful layered neocortex.
Alternatively, this way of representing two subjective
states by two specialized neuron populations may consti-
tute a computational advantage that therefore might be
implemented in other vertebrate classes, such as birds,
with distinctly evolved endbrains (telencephala) lacking
a cerebral cortex (Jarvis et al., 2005) and neuronal circuits
of distinct developmental origin (Colquitt, Merullo,
Konopka, Roberts, & Brainard, 2021). Recently, we
reported a neuronal correlate of perceptual consciousness
in the associative endbrain area nidopallium caudola-
terale (NCL) of carrion crows (Nieder et al., 2020). In the
current study, we reanalyzed this data set to explore the
hypothesis that—similar to the primate neocortex—
the two subjective states “stimulus present” and “stimulus
absent” are represented by two specialized neuron popu-
lations in the independently evolved telencephalon of
birds (Nieder, 2021).

METHODS

Subjects

Two 1-year-old hand-raised male carrion crows (Corvus
corone) from the institute’s breeding facility were used.
They were housed in a social group of four crows in an
indoor aviary. During the experiment, the crows were on
a controlled feeding protocol and received their daily
amount of food as reward during training and recording
or, if necessary, after the sessions. The body weight was
measured daily. Water was available ad libitum during
the experiments and in the aviary. All procedures were
carried out according to the guidelines for animal experi-
mentation and approved by the responsible national
authorities, the Regierungspräsidium Tübingen, Germany.

Behavioral Protocol

We trained the crows to report the presence or absence of
a gray visual stimulus (4.5° of visual angle) presented at six
different intensity levels in the center of a black computer
screen.
The experiment was conducted in a darkened operant

conditioning chamber. The crow was placed on a perch in

front of a touchscreen monitor (ART Development
MT1599-BS), which was used only for stimulus presenta-
tion. The behavior and response of the crow were con-
trolled by an infrared light barrier, which was located
above the crow and registered the position of a reflector
foil attached to the bird’s head. Reward (either birdseed
pellets or mealworms [Tenebrio molitor larvae]) was
given by an automated feeder below the touchscreen.
Auditory feedback was provided by speakers (Lasmex
S-03) located behind the touchscreen. We used the
CORTEX system (National Institute of Mental Health) to
run the experiment and collect behavioral data.

The crow initiated a trial by positioning its head facing
the screen whenever the go stimulus (small white cross,
2 × 2° of visual angle) was shown. Auditory feedback
indicated that the light barrier had been entered and the
go stimulus turned briefly into a circle (60 msec) before it
vanished. This stable head position had to be maintained
throughout the trial until the response phase. Premature
head movements aborted the ongoing trial, which was
then discarded.

After a 600-msec waiting period in which the screen was
completely black, the stimulus period followed. In 50% of
the trials, the visual stimulus was shown for 300 msec,
whereas in the other 50%, the screen remained black.
The intensity of the stimulus was close to the perceptual
threshold and individually adjusted so that the two faintest
stimulus values were at threshold (around 50% “yes”
responses) and the two highest values were salient and
always detectable. Whether a stimulus was shown or not,
and the intensity of the stimulus, was shuffled pseudoran-
domly on a trial-by-trial basis.

Then, the screen was black for a delay of 2500 msec,
after which a rule cue (colored square) informed the crow
how to respond. For a correct response, the crow needed
to associate its conscious experience about the stimulus
with the conditional instruction signified by the rule cue.
If a stimulus was present, a red square required the crow to
respond (i.e., to nod and thus move the head out of the
light barrier within 800 msec) to earn a reward, whereas
a blue square demanded withholding from responding
and maintaining a stable head position for 800 msec to
receive a reward. The orthogonal rule–response relation-
ships were applied for the absence of a stimulus. If a
stimulus was absent, a red square required the crow to
withhold from responding, whereas a blue square
demanded a response. The rule cues were pseudorando-
mized, fully balanced and unbeknownst to the crow at
the beginning of each trial. This prevented the bird from
learning stimulus–response associations and from pre-
paring a motor response already during the stimulus
and delay periods.

Surgery and Neurophysiological Recordings

The surgery was performed while the animal was under
general anesthesia with a mixture of ketamine (50 mg/kg)
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and xylazine (5 mg/kg). The animal was placed in a ste-
reotaxic holder. We targeted the medial part of the NCL
by performing a craniotomy at 5 mm anterior–posterior
and 13 mm mediolateral on the left hemisphere of
both birds (Kersten, Friedrich-Müller, & Nieder, 2022).
Two manual micro drives containing four electrodes each
(2 MΩ, Alpha Omega Co.) were implanted at the craniot-
omy. In addition, a miniature connector for the head-
stage and a small holder for attaching the reflector were
implanted. After the surgery, the crows received analge-
sics. Each recording session started with adjusting the
electrodes until a proper neuronal signal was detected
on at least one channel. The neurons were never prese-
lected for any involvement in the task. Neuronal data were
recorded using the Plexon system (Plexon Inc.). Single-cell
separation was done offline (Plexon Offline Sorter,
Version 2.6.2).

Data Analysis

Behavior

Data analysis was performed using MATLAB (The Math-
Works). We recorded behavioral and neuronal data during
37 sessions for Crow 1 and 41 sessions for Crow 2. During
these sessions, the birds performed 22,447 (Crow 1) and
18,548 (Crow 2) single trials, respectively. The proportion
of “yes” responses was plotted as a function of stimulus
intensity to give rise to a sigmoidal psychometric function.
For that purpose, trials with both response types (requir-
ing head movements or no head movements according to
the rule cue) were pooled.

Neuronal Analysis

We analyzed the data set that constituted the basis of a
previous publication (Nieder et al., 2020). For neuronal
analyses, the trials were grouped into three different trial
categories according to the crows’ psychophysical perfor-
mance correlating with stimulus intensity:

Suprathreshold trials. Salient stimuli presented at Inten-
sities 4 and 5 were suprathreshold conditions in which the
crows detected the stimulus in almost 100% of the trials.
The crows produced almost exclusively “yes” responses
(i.e., “hits”) for such suprathreshold stimuli.

Near-threshold trials. Stimulus Intensities 1 and 2 repre-
sent faint intensities near the perceptual detection thresh-
old (∼50% “yes” responses) of the crows. In such trials, the
subjective perception of the crows resulted in either “yes”
(“hits”) or “no” (“misses”) responses.

No-stimulus trials. Stimulus Intensity 0 corresponds to
the 50% of the trials in which no stimulus was presented.
“No” responses correspond to “correct rejections,” and
“yes” responses signify “false alarms.”

All neurons that were used for the following analyses
had an average firing rate of at least 0.5 Hz and were
recorded for at least four trials of each trial category and
responses mentioned above (“hits” in suprathreshold
trials, “hits” and “misses” in near-threshold trials, and “cor-
rect rejections” and “false alarms” in no-stimulus trials). In
addition, all neurons were task selective; that is, they had a
time interval with a significant difference in their activity to
the most unambiguous conditions, namely, “correct rejec-
tions” in the no-stimulus trials and “hits” in the suprathres-
hold trials. To identify this task-selective time window, we
used a sliding Mann–Whitney U test (200-msec window
duration, 10-msec step size, p < .01) beginning at sample
onset and ending 100msec after delay offset. A neuronwas
termed “task selective” if its neuronal activity differed over
at least 11 consecutive windows (i.e., 300 msec in total).
Task-selective intervals occurring between stimulus onset
until 300 msec after stimulus onset were classified as stim-
ulus related; all later occurring selective intervals were
classified as delay related. If a neuron had more than
one selective time interval during the sample and delay
period, respectively, only the one with the greater differ-
ence in firing rate to suprathreshold “hit” trials versus
no-stimulus “correct rejections” trials (interval with the
smallest p value of the Mann–Whitney U test) was used.
We identified percept-related neurons, that is, task-

selective neurons that showed a difference in firing rates
to the crows’ “yes’” versus “no” responses in near-
threshold trials during their selective time windows, using
receiver operating characteristics (ROCs). For that pur-
pose, we calculated the area under the ROC curve
(AUROC) as a measure of how well a neuron based on
its firing rates discriminates between two conditions. A
value of 0.5 indicates chance level, whereas a value of 1.0
denotes perfect discriminability. A percept-related neuron
had to meet two criteria in unison: First, firing rates in
suprathreshold “hit” compared to no-stimulus “correct
rejection” trials had to be significantly different (i.e., task
selectivity; Mann–Whitney U test, p < .01; see paragraph
above). Second, AUROC values comparing near-threshold
“hits” versus near-threshold “misses” had to be signifi-
cantly different (permutation test, 1000 shuffled distribu-
tions, p < .05). If neuronal activity was smaller in “hits”
compared to “correct rejections,” the AUROC values were
smaller than 0.5. In this case, the AUROC value was recti-
fied (mirrored at 0.5) so that both negative and positive
deflections resulted in values greater than 0.5. Accord-
ingly, the choice probabilities of such a neuron were also
mirrored at 0.5. We compared the choice probabilities
(i.e., AUROC value for near-threshold “hit” trials vs. near-
threshold “miss” trials) to a distribution of AUROC values
with permuted trial labels (1000 times). A neuron was
called percept related if its rectified AUROC value for
near-threshold trials was greater than the 5% upper bound
of the permuted distribution.
The percept-related neurons were further classified into

“yes” neurons and “no” neurons according to their
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neuronal activity during the selective time interval. A neu-
ron was termed “yes” neuron if its mean firing rate was
higher for “hits” in suprathreshold trials than for “correct
rejections” in no-stimulus trials and if its mean firing rate
was higher in near-threshold “hit” trials than in near-
threshold “miss” trials. The converse relations were
applied to identify “no” neurons. One neuron could not
be assigned to either class because it had higher firing
rates in suprathreshold “hit” than in “correct rejection”
trials but lower firing rates in near-threshold “hit” than in
near-threshold “miss” trials.
ROC analysis was further used to investigate whether

“yes” and “no” neurons encoded the crows’ later report.
The choice probability index describes the AUROC value
for different behavioral responses with identical stimulus
properties (Britten, Newsome, Shadlen, Celebrini, &
Movshon, 1996). To that aim, we used the firing rates of
each neuron during its selective time interval to calculate
the choice probability for “yes” versus “no” responses in
near-threshold trials (“hits” vs. “misses”) and in no-
stimulus trials (“correct rejections” vs. “false alarms”),
respectively. In addition, we calculated the AUROC value
for suprathreshold “hit” versus no-stimulus “correct rejec-
tion” trials as a reference. If a neuron reflects the crow’s
subjective experience, it is expected to discriminate
between “yes” and “no” responses, although stimulus
intensities were identical, and with qualitatively similar
activity as for suprathreshold “hits” versus no-stimulus
“correct rejections.”
To determine the onset latency and duration of signifi-

cant neuronal activity for “yes” and “no” neurons, we
employed a sliding window of 50-msec duration and
1-msec step size. The onset of significant neuronal activity
was considered achieved when the neuronal activity
differed by 3 SDs from the baseline over at least 26 consec-
utive windows. For each “yes” neuron (stimulus- and
delay-related), we determined the onset and duration of
significant “hit” activity in response to salient stimulus-
present trials. In parallel, for each “no” neuron (stimulus-
and delay-related), we determined the onset and duration
of significant “correct rejection” activity in response to tri-
als with no stimulus. A Mann–Whitney U test was used to
compare these time values.
Neuronal activity of single cells is depicted by dot raster

histograms (every line corresponds to a trial, and every
dot represents an action potential) and spike density
functions. Spike density functions were averaged over
trials and convolved with a Gaussian kernel (bin width =
300msec, step size= 1msec) for illustrative purposes only.
For averaging the spike density functions of different

neurons, we first normalized the firing rates by subtracting
the baseline activity (firing rate in a 300-msec interval
300 msec to 0 msec before stimulus onset) and dividing
by the standard deviation. The baseline activity (mean
firing rate across all trials) of each neuron and its standard
deviation was measured during the last 300 msec before
sample onset.

To quantify the time course of information about stimu-
lus intensity and subjective “yes” versus “no” responses, we
performed a sliding-window percent explained variance
(ω2 PEV) analysis. For that purpose, we merged stimulus-
related and delay-related percept-related neurons. Neu-
rons that had sufficient trial numbers of at least 10 trials
for each trial category (“hits” in suprathreshold trials, “hits”
and “misses” in near-threshold trials, and “correct rejec-
tions” and “false alarms” in no-stimulus trials) entered the
analysis (n = 21 “yes” neurons and 41 “no” neurons). We
used a sliding window of 400-msec duration and 10-msec
step size. In each window, a two-factorial ANOVA (includ-
ing suprathreshold “hit,” near-threshold “hit,” near-
threshold “miss,” and no-stimulus “correct rejection” trials)
was calculated, and the resultant sums of squares were
used to estimate the percentage of variance attributable
to either the stimulus intensity or the “yes”/“no” response
for each neuron. The ω2 was calculated as follows:

ω2 ¼ SSfactor − df �MSE
SStotal þMSE

where SSfactor is the sum of squares for the factor stimulus
intensity and subjective percept (“yes”/“no” response),
respectively; SStotal is the total sum of squares; df is the
degrees of freedom, and MSE is the mean squared error.
This was repeated 1000 times and then averaged. We then
took the average across the individual neurons yielding a
population estimate of the average percentage of variance
explained by each factor.

A support vector machine (SVM) classifier was used to
investigate whether the activity of a neuronal population
in near-threshold trials can be used to predict the decision
in supra-threshold “hit” and no-stimulus “correct rejec-
tion” trials. This was done with the same neuronal popula-
tions that were used for the PEV analysis and had at least 10
trials for each trial category (“hits” in suprathreshold trials,
“hits” and “misses” in near-threshold trials, and “correct
rejections” and “false alarms” in no-stimulus trials). We
trained the classifier in sliding windows (400-msec length,
10-msec step size) on the firing rates of “yes” and “no”
responses in near-threshold trials to exclude the factor
stimulus. For each window, we used the firing rates of
the neurons in 10 randomly drawn near-threshold “hit”
and “miss” trials, respectively. The trained classifier was
then used to predict the labels of 10 randomly drawn
suprathreshold “hit” trials and 10 no-stimulus “correct
rejection” trials. We calculated the percentage of “yes” pre-
dictions as a measure for decision information in the
tested trials. We repeated the classifier training and predic-
tion 1000 times with newly drawn trials and calculated the
mean proportion of “yes” predictions.

RESULTS

Two carrion crows were trained in a rule-based delayed
detection task to report the presence or absence of visual
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stimuli (Figure 1A). In half of the trials, a stimulus in five
different intensity values around the crows’ perceptual
threshold (with intermediate stimulus intensities individ-
ually adjusted for each crow to result in a sigmoidal psy-
chometric function) was presented, whereas a stimulus
was absent in the other half of the trials. At perceptual

threshold, the crows’ conscious percept was endoge-
nously determined; a stimulus of identical intensity was
sometimes seen and other times not perceived. The crows
had to wait during a delay period until a rule cue informed
them about how to report their percept. Therefore, the
crows were unable to prepare motor responses before
the rule cues, which precluded report-related processes.
This allowed us to explore neuronal activity related to sub-
jective sensory experience and its accessibility during the
delay period.

Behavior

The crows’ behavioral accuracy (percent correct “yes”
responses) was plotted as a function of stimulus intensity
to result in a classical psychometric function (Figure 1B
and C). Depending on the crows’ accuracy, the trials were
grouped into three categories: suprathreshold trials
(presenting the two highest stimulus intensities), near-
threshold trials (in which the two lowest stimulus intensi-
ties at perceptual threshold of about 50% hit rate were
shown), and no-stimulus trials (without any stimulus
shown; Figure 1C). The crows’ responses were classified
according to the framework of signal detection theory
(Green & Swets, 1966): “hit” (correct “yes” response to a
stimulus), “correct rejection” (correct “no” response for
stimulus absence), “miss” (erroneous “no” response to
stimulus presence), and “false alarm” (erroneous “yes”
response for stimulus absence; Figure 1D). These
response categories were later used to classify and com-
pare neuronal activity during task performance.

Neurophysiology

We recorded action potentials from a total of 480 neurons
(n= 174 for Crow 1, n= 306 for Crow 2) in the NCL of the
crows while they performed the task (Figure 1A; see
Nieder et al., 2020). On the basis of a sliding-window anal-
ysis comparing firing rates for suprathreshold “hit” trials
versus no-stimulus “correct rejection” trials in individual
neurons (Mann–Whitney U test, p< .01), we first isolated
262 task-selective neurons that showed selective trial
intervals at some point during the stimulus and/or delay
phase. According to the two most important trial phases
in which report-independent subjective experiences
about the stimulus situation occurred, we classified task-
selective neurons into stimulus related (n = 155) and
delay related (n = 165). Most neurons showed transient
task-selective epochs but, as a population, spanned the
entire trial period until rule cue presentation (see
Figure 2A and B in Nieder et al., 2020).
Task-selective neurons may simply respond to the dif-

ferent intensities of the stimulus. To identify neurons that
changed activity as a function of the crows’ percept as
reported later in the trial (later called “percept-related
neurons”), we compared the discharges during the crows’
“yes” versus “no” responses in near-threshold trials. If

Figure 1. Task design and behavioral performance. (A) Visual detection
task. After the crow initiated a trial in the go period, a brief visual
stimulus of variable intensity appeared in 50% of the trials (stimulus
present), whereas no stimulus appeared in the other half of the trials
(stimulus absent). After a delay period, a rule cue informed the crow
how to respond if it had seen or had not seen the stimulus. In stimulus
trials (top), a red cue required a nodding response for stimulus
detection (“yes”), whereas a blue cue required the crow to hold still for
stimulus detection. In stimulus-absent trials (bottom), the rule–
response contingencies were inverted. (B, C) Psychometric functions of
Crow 1 (B) and Crow 2 (C). Error bars indicate SEM. Lilac ellipses
illustrate the grouping of stimulus intensities into suprathreshold, near-
threshold, and no-stimulus trials. (D) Signal detection theory classifies
an observer’s behavior at detection threshold, given two stimulus
conditions (stimulus present or absent) and two possible responses
(“yes, stimulus present” and “no, stimulus absent”).
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neurons are percept related and represent the crows’
reported subjective experience, they are expected to
change activity as a function of the crows’ later report
and irrespective of the identical stimulus intensity. In this
case, firing rates in near-threshold trials during the crows’
“yes” responses (“hits”) should be similar to those during
“yes” responses (“hits”) in suprathreshold trials. In
contrast, firing rates of percept-related neurons in
near-threshold trials during the crows’ “no” responses
(“misses”) should be similar to those during “no”
responses (“correct rejections”) in no-stimulus trials. Fir-
ing rates to “false alarms” were not included as additional
criterion for the selection of percept-related neurons

because of activity noise caused by low trial counts. How-
ever, “false alarms” were analyzed qualitatively for the
selected percept-related neurons.

Activity of Percept-related Neurons

To objectively identify percept-related neurons, we
applied the following statistical criteria in unison: First, fir-
ing rates in suprathreshold “hit” compared to no-stimulus
“correct rejection” trials had to be significantly different
(“task-selective neuron”; Mann–Whitney U test, p < .01).
Second, we performed an ROC analysis (i.e., a binary clas-
sifier) with firing rates taken from the selective trial inter-
vals during “yes” versus “no” responses in near-threshold
trials as well as for stimulus and delay periods separately.
We derived the AUROCs as a distribution-free discrimina-
bility measure (Green & Swets, 1966). AUROC values
(“choice probabilities”) comparing near-threshold “hit”
trials versus near-threshold “miss” trials had to be signifi-
cantly different from 0.5 for percept-related neurons (per-
mutation test, 1000 shuffled distributions, p < .05).

Neurons that met both criteria were classified into “yes”
neurons if firing rates to “yes” responses were higher com-
pared to “no” responses or “no” neurons if firing rates to
“no” responses were higher compared to “yes” responses.
Moreover, for a neuron to be classified as percept-related
“yes” or “no” neuron, the firing rate changes for both com-
parisons had to concur for “yes” versus “no” responses; in
other words, if a neuron increased its firing rate to supra-
threshold “hits,” it also had to increase its firing rate to
near-threshold “hits” to be classified as a “yes” neuron,
and vice versa for “no” neuron.

During the stimulus presentation phase, we found that
14% of the task-related neurons (21/155) were percept
related (Table 1). Of those, three percept-related neurons
showed higher firing rates to “yes” percepts (stimulus-
present percept) compared to “no” percepts and were
called “yes neurons.” In contrast, 17 percept-related neu-
rons exhibited higher firing rates to “no” percepts (stimu-
lus-absent percept) compared to “yes” percepts and were
called “no neurons.”One neuron could not be assigned to
either class. Two percept-related example neurons during
the stimulus presentation period are shown in Figure 2A
and B. Both neurons signaled the “yes” versus “no” per-
cepts later reported by the crows and irrespective of the
stimulus intensity in the different trial conditions. How-
ever, whereas the neuron in Figure 2A was a “yes” neuron
and increased its firing rate for “yes” percepts, the neuron

Figure 2. Activity of percept-related NCL neurons during stimulus
presentation. (A) Activity of an example “yes” neuron. The top depicts
dot raster histogram with each line corresponding to a trial and each
dot corresponding to an action potential. The bottom represents the
respective averaged spike density functions (smoothed by a 300-msec
Gaussian kernel with a step size of 1 msec). Each curve corresponds to
one of the five trial categories with warm (red, pink, and orange) colors
indicating “yes” responses and cool (dark and light blue) colors
indicating “no” responses. The gray-shaded area indicates stimulus
presentation time; and the dashed vertical line, the end of the delay
period (onset of response rule cue). The horizontal gray bar signifies
the task-selective interval. (B) Activity of an example “no” neuron.
Layout as in A. (C) Averaged, normalized activity of the population of all
“yes” neurons (n = 3). Shaded regions indicate SEM. Color code and
layout as in A. (D) Averaged, normalized activity of the population of all
“no” neurons (n = 17). Shaded regions indicate SEM. Color code and
layout as in A. Norm. = Normalized.

Table 1. Number of “Yes” and “No” Neurons Among the Percept-related Neurons

Percept Related “Yes” Neurons “No” Neurons Not Determinable

Stimulus related 21 3 17 1

Delay related 47 19 28
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in Figure 2B qualified as a “no” neuron because it
increased its firing rate to “no” percepts. This pattern of
activation in example neurons was seen for the population
of significant “yes” neurons (Figure 2C) and “no” neurons
(Figure 2D).

During the delay phase, a significantly higher propor-
tion of 28% (47/165) of the percept-related neurons was
identified compared to the stimulus presentation period
(chi-square test; p= .001). Here, more balanced numbers
of 19 “yes” neurons and 28 “no” neurons were detected.
Two percept-related example neurons during the delay
period are shown in Figure 3A and B. Both neurons sig-
naled the “yes” versus no” percepts irrespective of the
stimulus intensity in the different trial conditions. The
neuron in Figure 3A increased its firing rate for “yes” per-
cepts and was classified as a “yes” neuron. In contrast, the
neuron in Figure 3B increased its firing rate to “no” per-
cepts and qualified as a “no” neuron. Activation during
“false alarms” (“yes” percepts) was more similar to supra-
threshold and near-threshold “hits,” although no stimulus
was presented. Similar patterns of overall activation as for
the example neurons were seen for the population of
significant “yes” neurons (Figure 3C) and “no” neurons
(Figure 3D).

The negative deflection of activity for “hits” in “no” neu-
rons (Figure 2B and D) could result from two different
conditions: The deflection could reflect suppression

below the neurons’ spontaneous activity; alternatively,
neuronal firing could assume an increased tonic state with
trial onset that is then switched off by stimulus appear-
ance. We, therefore, compared the firing rates of individ-
ual neurons before the start of the trial with their activity
after the onset of the trial but before stimulus appearance.
If the neurons assume an elevated tonic state with trial
onset, the firing rate is expected to be higher in the period
before stimulus onset that we defined as baseline activity.
We found that the firing rate in a 300-msec period before
the start of a trial (400msec to 100msec before trial onset)
was 5.68 Hz on average and indifferent from baseline
activity of 5.59 Hz determined before the presentation of
the stimulus (300 msec to 0 msec before stimulus onset;
Wilcoxon signed-rank test, p = .6617, n = 66). This
suggests that the neurons did not increase their firing
rates to assume an increased tonic state in response to
the absence of a stimulus. Rather, the suppression with
perceived stimulus onset observed in “no” neurons
(Figure 2B and D) reflects suppression below spontane-
ous activity in these neurons.
Next, we explored potential differences in onset latency

of “yes” and “no” neurons. For each “yes” neuron (stimu-
lus- and delay-related), we determined the onset and dura-
tion of significant “hit” activity in response to salient
stimulus-present trials. Similarly, for each “no” neuron
(stimulus- and delay-related), we determined the onset
and duration of significant “correct rejection” activity in
response to trials with no stimulus. We found that the
onset latency of “yes” neurons (mean= 179msec) was sig-
nificantly shorter compared to the onset latency of “no”
neurons (408 msec; Mann–Whitney U test, two-tailed,
p = .0014). No difference was detected for the duration
of significant response intervals between both neuron
types (Mann–Whitney U test, two-tailed, p = .1211).

Choice Probabilities

To quantify how well neurons discriminated the behavior-
ally relevant “yes” and “no” percepts irrespective of stimu-
lus intensity, we calculated AUROC values for “yes” versus
“no” responses (termed “choice probabilities”). To that
aim, we compared the firing rates in near-threshold “hit”
versus “miss” trials as well as “correct rejection” versus
“false alarm” trials. As a reference, we also calculated the
AUROC value for suprathreshold “hit” versus no-stimulus
“correct rejection” trials. AUROC values of “no” neurons
were, by definition, smaller than 0.5 and were rectified
for further analysis. Choice probabilities were then
assessed separately for percept-related neurons in the
stimulus and delay periods. The choice probabilities (gray
columns in Figure 4) were plotted relative to the reference
AUROC values (suprathreshold “hit” vs. no-stimulus “cor-
rect rejection” trials; black columns in Figure 4).
In the stimulus presentation period, the reference

AUROC values (“hits” in suprathreshold trials vs. “correct
rejections”) were 0.82 for “yes” neurons (Figure 4A and C)

Figure 3. Activity of percept-related NCL neurons in the delay period.
(A) Activity of an example “yes” neuron. Color code and layout as in
Figure 2A. (B) Activity of an example “no” neuron. Color code and
layout as in Figure 2A. (C) Averaged, normalized activity of the
population of all “yes” neurons (n = 19). Shaded regions indicate SEM.
Color code and layout as in A. (D) Averaged, normalized activity of the
population of all “no” neurons (n = 28). Shaded regions indicate SEM.
Color code and layout as in A. Norm. = Normalized.

514 Journal of Cognitive Neuroscience Volume 36, Number 3

D
ow

nloaded from
 http://direct.m

it.edu/jocn/article-pdf/36/3/508/2329076/jocn_a_02101.pdf by U
niversitaet Tuebingen user on 12 February 2024



and 0.75 for “no” neurons (Figure 4B and D), respectively,
and were indifferent (Mann–Whitney U test, p= .24). The
reference ROC values of the “no” neurons were signifi-
cantly higher than chance level (one-sample Wilcoxon
signed-rank test, p < .0003, n = 17). The “yes” neurons
could not be tested because of the low number of only
three neurons. In addition, because of the low neuron
numbers, the choice probabilities of the few “yes” neurons
in the near-threshold “hit” versus near-threshold “miss”
trials (mean = 0.67; Figure 4A) and the “correct rejection”
versus “false alarm” trials (mean = 0.60; Figure 4C) were
indifferent from chance level of 0.5 (one-sample Wilcoxon
signed-rank test, p = .25, n = 3). However, the choice
probabilities of the “no” neurons were significantly higher
than the chance level of 0.5 in the near-threshold “hit” ver-
sus “miss” trials (mean = 0.67, one-sample Wilcoxon
signed-rank test, p < .0003, n = 17; Figure 4B) and also
for “correct rejection” versus “false alarm” trials (mean =

0.56, one-sample Wilcoxon signed-rank test, p < .0057,
n = 17; Figure 4D).

In the delay period, the reference AUROC values of 0.67
for “yes” neurons (Figure 4E and G) and 0.68 for “no” neu-
rons (Figure 4F and H), respectively, were indifferent
(Mann–Whitney U test, p = .22) but significantly above
chance (one-sample Wilcoxon signed-rank test, both
ps < .0002, n = 28 “yes” neurons and 19 “no” neurons).
Furthermore, in the delay period, the choice probabilities
of “yes” and “no” neurons in the near-threshold “hit” ver-
sus near-threshold “miss” trials were both significantly
higher than chance (one-sample Wilcoxon signed-rank
test, both ps < .0002, n = 28 “yes” neurons and 19 “no”
neurons) and indifferent, with means of 0.64 and 0.65,
respectively (Mann–Whitney U test, p = .74; Figure 4E
and F). Moreover, the choice probabilities of “yes” and
“no” neurons in the “correct rejection” versus “false alarm”
trials had similar means of 0.54 and 0.56, respectively

Figure 4. Choice probabilities of percept-related neurons. (A–D) Choice probabilities for percept-related neurons during stimulus presentation. (A)
Reference AUROC values of “yes” neurons and their choice probabilities for near-threshold “hits” versus near-threshold “misses.” Arrows indicate
mean choice probabilities. Vertical dashed line depicts chance level at 0.5. (B) Reference AUROC values of “no” neurons and their choice
probabilities for near-threshold “hits” versus near-threshold “misses.” Asterisks indicate significant difference to chance level (one-sample Wilcoxon
signed-rank test; ***p < .001, **p < .01, *p < .05). (C) Reference AUROC values of “yes” neurons and their choice probabilities for “correct
rejections” versus “false alarms.” (D) Reference AUROC values of “no” neurons and their choice probabilities for “correct rejections” versus “false
alarms.” (E–H) Choice probabilities for percept-related neurons during the delay phase. Same layout and trial conditions as in A–D.
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(Mann–Whitney U test, p = .23), and were both higher
than chance (one-sample Wilcoxon signed-rank test,
“yes” neurons: p < .013, n = 19; “no” neurons: p <
.0002, n = 28; Figure 4G and H). Taken together, both
“yes” and “no” neurons in the delay period encoded the
crows’ subjective percept irrespective of stimulus intensity
in ambiguous trials. A higher proportion of neurons
turned out to be percept related during the delay
period compared to the stimulus presentation period,
and “yes” and “no” neurons were more balanced during
the delay period than during the stimulus presentation
period.

Neuron Population Analyses

Next, we quantified howmuch information about the sub-
jective report as opposed to stimulus intensity was carried
by the separate populations of “yes” and “no” neurons
throughout the trial. To that aim, we merged the
percept-related neurons with sufficient trial numbers in
the stimulus and delay periods and calculated the ω2 PEV
in sliding windows throughout the trial. For the popula-
tion of “yes” neurons (n=21), the information about stim-
ulus intensity and subjective experience oscillated until
the end of the delay. Briefly before the onset of the
response rule, information about stimulus intensity had
vanished, whereas subjective experience information
increased notably shortly before the crows reported their
percept (Figure 5A). For “no” neurons (n = 41), the pre-
sentation of the stimulus elicited a sharp increase of infor-
mation about the stimulus intensity, followed by a slightly
delayed increase of information about the subjective
report (Figure 5B). After a decay during the first half of
the delay, information about the subjective report

increased again toward the end of the delay, whereas stim-
ulus information had vanished.
Finally, we tested with a decoding analysis whether the

subjective report in suprathreshold “hit” and no-stimulus
“correct rejection” trials can be predicted separately by
“yes” and “no” neurons in near-threshold trials. Assuming
that a percept-related neuron encodes the subjective
report, its firing rates should be similar according to the
subjective experience and thus predictive of the report
irrespective of the stimulus intensity. To investigate this,
we trained an SVM classifier using the same separate neu-
ronal populations as before (n= 21 “yes” neurons and 41
“no” neurons). We trained the classifier on firing rates of
“yes” and “no” responses in near-threshold trials and then
tested it on the firing rates in suprathreshold “hit” and no-
stimulus “correct rejection” trials of the same neuronal
population.
On the basis of the population of “yes” neurons, the

classifier labeled “yes” and “no” responses with highest
accuracy shortly after stimulus presentation and at the
end of the delay (Figure 6A). At these time points, the
difference between “yes” predictions to firing rates in
suprathreshold “hit” and no-stimulus “correct rejection”
trials was greatest (Figure 6B). In addition, training the
classifier on the activity of the population of “no” neurons
in near-threshold trials yielded the highest prediction
accuracy for “yes” responses in suprathreshold “hit” and
no-stimulus “correct rejection” trials shortly after stimu-
lus presentation and, after a drop-off, increasingly in
the second half of the delay (Figure 6C). Apart from more
pronounced accuracy after stimulus onset, the time
course of the accuracy of “yes” predictions was compara-
ble for “yes” neurons (Figure 6B) and “no” neurons
(Figure 6D).

Figure 5. Time-resolved PEV analysis. (A) Time course of information about stimulus intensity and subjective report carried by the activity of “yes”
neurons (n = 21) throughout a trial. Colored shadings indicate SEM across the neurons. Gray-shaded area depicts stimulus presentation time; and
vertical dashed line, the end of the delay (onset of response rule cue). (B) Same as in A but for the population of “no” neurons (n = 41).
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DISCUSSION

We trained crows to report the presence or absence of
low-contrast images presented near to visual threshold
(note that this process only requires awareness; it does
not require self-awareness or metacognition of experi-
ence). Neuronal activity tracking the conscious percept
(i.e., present or absent) was dissociated from that involved
in planning a motor response by use of a poststimulus
response rule cue that varied from trial to trial. Distinct
populations of “yes” and “no” neurons signaled the subjec-
tive percepts of “seen” versus “unseen,” respectively.
Importantly, the magnitude of activation of these two neu-
ron populations was similar in timing and strength. This
suggests a balanced encoding of awareness in the crow
NCL by neurons actively signaling subjective stimulus
presence and absence.
The shorter onset latency of “yes” neurons compared to

“no” neurons suggests that the neuronal activation of “yes”
neurons to the onset of a seen stimulus was temporally

more precise and thus faster compared to the activation
related to stimulus absence in “no” neurons. For “no” neu-
rons, responses to the absence of a stimulus may be less
precise and potentially more variable from trial to trial
(Ganupuru, Goldring, Harun, & Hanks, 2019).

Active Encoding of Percepts About Stimulus
Absence in the Brain

A main finding of the current study is that a distinct popu-
lation of “no” neurons in the crow NCL actively encoded
the crows’ perceived absence of stimuli by firing rate
increases. This is a remarkable finding as it is commonly
assumed that only the perceived presence of stimuli is
actively encoded by increasing firing rates of neurons
(de Lafuente & Romo, 2005, 2006). According to this
common assumption, only the conscious presence of a
stimulus is signaled by neurons that accumulate positive
stimulus evidence until an upper threshold is reached that

Figure 6. Classification accuracy of an SVM classifier. (A) Proportion of assigned “yes” labels to firing rates of “yes” neurons (n = 21) in
suprathreshold “hit” trials and no-stimulus “correct rejection” trials of an SVM classifier, which was trained on the firing rates of “yes” and “no”
responses in near-threshold trials. Horizontal dashed line indicates chance level at 50%. Gray-shaded area depicts stimulus presentation time, and
vertical dashed line indicates end of the delay (onset of response rule cue). (B) Difference between the proportions of assigned “yes” labels to
suprathreshold “hit” and no-stimulus “correct rejection” trials shown in A. (C) Same as in A but for the population of “no” neurons (n = 41). (D)
Same as in B but for the population of “no” neurons (n = 41).
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causes a conscious stimulus-present percept; the con-
scious no-stimulus percept is supposed to be represented
by the absence of specific neuronal activity equivalent to
resting state activity (Pereira et al., 2022).

In line with our finding, previous studies reported that
a behaviorally relevant lack of sensory evidence favoring
perceived absence of a stimulus may also be actively
encoded by neurons in cortical association areas of non-
human primates, animals known to show visual aware-
ness (Ben-Haim et al., 2021). Neurons in the dorsolateral
pFC of macaque monkeys reporting the subjective pres-
ence or absence of visual stimuli actively signal the per-
ceived absence of a stimulus (Merten & Nieder, 2012).
Such stimulus-absence signals in pFC are predominantly
found during the delay period after a missed stimulus
(Merten & Nieder, 2012). Similar findings were reported
in single-neuron recordings in posterior parietal cortex
of human patients with epilepsy while they detected
weak and unpredictable vibrotactile stimuli (Pereira
et al., 2021). In this human study, some neurons showed
a higher increase in firing rates for misses compared to
hits, raising the intriguing possibility that missed/absent
percepts are encoded actively also in the human brain
(Pereira et al., 2021). These empirical findings agree
with models of awareness states that postulate
symmetric/balanced encoding of presence and absence
experiences (Fleming, 2020, 2021). Together, these data
call for a greater focus on examining percepts and deci-
sions about stimulus absence. These findings also ques-
tion whether absence percepts can be used as a baseline
or control condition in studies of perceptual awareness,
as is often done.

Temporal Two-stage Process of
Sensory Consciousness

Our results in crows suggest a temporal two-stage process
in sensory consciousness. NCL “yes”- and “no”-neuron
populations change from initially predominantly encoding
stimulus intensity to mainly representing the crows’ sub-
jective experience later in the trial and before a behavioral
report is required. Notably, the active coding of the “stim-
ulus absence” percept primarily emerged during the delay
phase when the crows’ subjective percept was maintained
until the response type was instructed. This suggests a
postsensory, cognitive processing stage in which the cate-
gorical “no” signal arose.

This activation cascade is reminiscent to results in the
primate cerebral cortex; here, the early activity is also pri-
marily involved in unconscious vision, whereas neuronal
responses associated with subjective experiences are
delayed relative to stimulus onset (Quiroga et al., 2008;
de Lafuente & Romo, 2006; Supèr, Spekreijse, & Lamme,
2001; Lamme & Roelfsema, 2000; Thompson & Schall,
1999). This two-stage process in conscious perception
may constitute a general principle of how sensory aware-
ness is realized in the vertebrate brain.

The two-stage process can, in principle, be explained by
the “global neuronal workspace theory” (Dehaene &
Changeux, 2011; Baars, 2002). This neurobiological con-
ception of consciousness theorizes that only intensive
enough sensory activity is able to access awareness by eli-
citing a network state called “global ignition” in higher
brain centers such as the primate pFC. The NCL would
be the ideal site for such an “ignition” because—like
pFC in the primate brain—it operates at the apex of the
telencephalic processing hierarchy in the avian brain
(Nieder, 2017; Güntürkün, 2005). This “all-or-none igni-
tion” event results in stimulus-driven activity to become
persistent in recurrent and interconnected brain net-
works, even after the stimulus itself has vanished
(Mashour, Roelfsema, Changeux, & Dehaene, 2020; van
Vugt et al., 2018). This can explain why percept-related
activity in NCL is seen in the delay phase after the brief
stimulus has ceased.
As an elaboration and extension of the original “global

neuronal workspace theory,” our findings suggest that
sensed stimulus energy is not the only trigger that can lead
to an ignition of large-scale networks when causing “stim-
ulus presence” percepts. Rather, the absence of stimuli
can also ignite brain networks by sufficient activation of
pools of “no” neurons to cause explicit “stimulus absence”
experiences, as long as “nothing” is a behaviorally relevant
category. As “no” neurons cannot be excited by incoming
stimulus energy (which is lacking by definition for absent
stimuli), brain-internal mechanisms must excite (or disin-
hibit) “no” neurons to signal conscious “absence” states as
subjective categorical representation. The precise mecha-
nisms of how “no” neurons become activated needs to be
deciphered in the future.

“Nothing” Represented as a Behavioral Category

In our behavioral protocol, not only the presence but also
the absence of stimuli was behaviorally relevant and
needed to be reported by the crows. Therefore, “nothing”
became a behavioral category and as such was most likely
needed to be actively encoded by neurons. This categori-
cal active “absence” signal is reminiscent of quantitative
empty-set representations (Nieder, 2016). Neurons in
the crow (Kirschhock, Ditz, & Nieder, 2021) and monkey
brain (Ramirez-Cardenas & Nieder, 2019; Ramirez-
Cardenas, Moskaleva, & Nieder, 2016; Okuyama, Kuki, &
Mushiake, 2015) are tuned to the preferred numerosity
zero (i.e., the empty set). Numerosity-zero-tuned neurons
respond with a maximum discharge to numerosity zero
and show a progressive drop-off of activity toward higher
numerosities. Neurons tuned to zero even emerge spon-
taneously in deep neural networks of object discrimina-
tion (Nasr & Nieder, 2021).
Both “stimulus absence” and “empty set” activity

require a transformation from a sensory “no-event” to an
internally generated, categorical representation, probably
through trial-and-error reinforcement learning. A cortical
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circuit model exemplified how category selectivity could
arise from reinforcement learning (Engel, Chaisangmongkon,
Freedman, & Wang, 2015). This model posits that sys-
tematic correlations between trial-to-trial fluctuations
of firing rates and the accompanying reward after appro-
priate behavioral choices cause neurons that progres-
sively become category selective (Engel et al., 2015).
According to this model, even initially nonselective neu-
rons developed categorical tuning, as long as they
exhibit firing rate fluctuations that correlated with
behavioral choices. Thus, when a crow learns to explic-
itly respond to “nothing” or numerosity zero to receive a
reward, this mechanism might suffice to produce neu-
rons that respond actively to “no” percepts and numer-
ical zero categories.

Neurobiological Principles of Sensory
Consciousness Across Evolution

Our findings in crows can also inform the neurobiological
principles of sensory consciousness across evolution
(Nieder, 2022; Nieder et al., 2020). Birds diverged from
the mammalian lineage 320 million years ago (Hedges,
2002; Kumar & Hedges, 1998). Since then, birds evolved
radically different endbrain structures (Jarvis et al., 2005).
Nevertheless, some birds, notably members of the corvid
songbird family (crows, ravens, jays), show sophisticated
cognitive behaviors such as endogenous attention
(Hahner & Nieder, 2023; Quest, Rinnert, Hahner, &
Nieder, 2022) and robust working memory (Wagener,
Rinnert, Veit, & Nieder, 2023; Liao, Brecht, Johnston, &
Nieder, 2022; Smirnova, Zorina, Obozova, & Wasserman,
2015; Veit & Nieder, 2013) indicative of conscious experi-
ences (Nieder, 2022, 2023; Nieder et al., 2020). In contrast
to mammals, the crow telencephalon—and the NCL in
particular—is lacking a layered neocortex and has instead
evolved a nuclear anatomical arrangement with surpris-
ingly high associative neuron numbers (Kersten et al.,
2022; Ströckens et al., 2022; Olkowicz et al., 2016). Our
data suggest that the active coding of both stimulus pres-
ence and absence is a computational principle for sensory
consciousness irrespective of the precise anatomical
layout and across remotely related phylogenetic taxa
(Nieder, 2021).
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