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SUMMARY

The neuronal basis of the songbird’s song system is well understood. However, little is known about the
neuronal correlates of the executive control of songbird vocalizations. Here, we record single-unit activity
from the pallial endbrain region ‘‘nidopallium caudolaterale’’ (NCL) of crows that vocalize to the presentation
of a visual go-cue but refrain from vocalizing during trials without a go-cue. We find that the preparatory ac-
tivity of single vocalization-correlated neurons, but also of the entire population of NCL neurons, before vocal
onset predicts whether or not the crows will produce an instructed vocalization. Fluctuations in baseline
neuronal activity prior to the go-cue influence the premotor activity of such vocalization-correlated neurons
and seemingly bias the crows’ decision to vocalize. Neuronal response modulation significantly differs be-
tween volitional and task-unrelated vocalizations. This suggests that the NCL can take control over the vocal
motor network during the production of volitional vocalizations in a corvid songbird.

INTRODUCTION

Vocalizations are essential for communication in most vertebrate

species, includingourown.1Asvocal learners, songbirdspossess

amost elaborate vocal communication systems that showsmany

parallels with human speech.2,3 Over the last decades, sensori-

motor processes of avian vocalizations have been studied exten-

sively. Consequently, we now have a detailed understanding of

the neuronal mechanisms responsible for perceiving, learning,

and producing complex vocal output in songbirds.4–7 These com-

plex vocal structures are learned and produced with the help of a

set of distinct songbird-specific brain nuclei. This vocal systemal-

lows songbirds to communicate in a very robust and almost auto-

matic fashion in response to affective stimuli, such asmating part-

ners, or endogenous states influenced by hormones.8

A crucial characteristic of complex songbird communication is

the ability to control the emission of communicative signals, that

is, to use them in a cognitively controlled manner. Some recent

behavioral studies showed that songbirds can control aspects

of their vocalizations9,10 or temporally adjust them to social part-

ners.11,12 Moreover, budgerigars can be trained to make partic-

ular vocalizations in an operant setup13,14 We have previously

demonstrated that carrion crows, songbirds of the corvid family

that possess the standard set of song nuclei,15 can be trained to

vocalize in response to non-hedonic cues presented on a screen

and to refrain from vocalizing to other cues.16 This result sug-

gests that crows can use vocalizations in a volitional manner,

beyond affective responses to arousing stimuli.17 While the

neuronal mechanisms of the sensorimotor aspects of songbird

vocalizations are well understood, how songbirds may gain con-

trol over their vocal output remained elusive.

To assess volitional control of crow vocalizations, we adopted

an operational definition from clinical neurology where the

distinction between volitional and affective vocalizations has

long been recognized for the diagnosis of the type of orofacial

paralysis:18–22 First, volitional vocalizations need to be uttered

in response to an arbitrary instruction stimulus that is neutral in

its value or emotional valence. Second, vocalizations need to

be uttered in a manner that is temporally contingent to the in-

struction stimulus. Third, vocalizations need to be produced reli-

ably after the presentation of the instructive stimulus and with-

held in its absence.16,23

In the present study, we explored how the neuronal correlates

of cognitive vocal control in crows demonstrate sophisticated

cognitive behaviors.24,25 Cognitive control in birds is associated

with the nidopallium caudolaterale (NCL) located in the avian

telencephalon,26,27 which is often called the ‘‘avian prefrontal

cortex.’’28,29 As the highest associative integration center,30

the NCL receives and integrates information across sensory mo-

dalities,31,32 groups sensory input according to categories and

rules,33–35 evaluates information according to reward value,36

maintains information online in working memory,37,38 and con-

trols motor structures by representing the initiation of planned

movements.39 To investigate the role of the NCL in eliciting voli-

tional vocalizations, we recorded single-neuron activity from the

NCL of crows exerting cognitive control over their vocalizations.

RESULTS

Two crows performed a computerized visual detection task

where they had to respond to the presentation of a specific

cue (‘‘go-cue’’) with a vocalization and to refrain from vocalizing
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when another cue (‘‘catch cue’’) was presented (Figure 1A). The

crows’ responses in the two different trial conditions were cate-

gorized according to signal detection theory.40 A correct vocali-

zation within 3 s after go-cue was defined as ‘‘hit.’’ If the crows

did not vocalize in response to the go-cue, the trial was counted

as ‘‘miss.’’ Correspondingly, a vocalization in a catch-trial was

defined as a ‘‘false alarm (FA),’’ whereaswithholding vocalization

in a catch-trial was counted as ‘‘correct rejection (CR).’’ We had

reported in a previous study that the crows have volitional control

over their vocalizations in this behavioral protocol.16 To investi-

gate whether and how the NCL controls volitional vocalizations,

we now concurrently recorded single neuron activity from the

behaving crows’ NCL.

Crow 1 participated in 65 daily sessions, and crow 2 in 63 ses-

sions. Crows vocalized on average 255 ± 61 and 152.99 ± 53

times per session, respectively, and reliably did so in response

to the presentation of a go-cue in go trials (Figure 1B). The crows

never vocalized during catch trials, indicating that they were not

simply vocalizing after a certain time had elapsed but under-

stood the task contingencies. To evaluate the crows’ perfor-

mance, we calculated the sensitivity measure d’. In all sessions,

the d’ was significantly above the threshold value of 1.8 (Fisher-

Pitman exact permutation test, p < 0.001) for both crows. Crow 1

(m = 1.371 s, SD = 0.445 s) showed longer vocal reaction times

than crow 2 (m = 1.268s, SD = 0.355 s, Kolmogorov-Smirnov

test, D = 0.143, p < 0.01) (Figure 1C).

Neuronal responses prior to cued vocalization
To investigatewhether andhowthecrows’brainscontrol volitional

vocalizations, we recorded from a total of 287 single neurons (166

in crow 1 and 121 in crow 2) from the behaving crows’ NCL (for in-

clusion criteria, see STAR Methods). To identify neurons that

showed significant premotor responsemodulation, we compared

the average firing rates (after cue onset but prior to vocal output)

during hit trials with those elicited during miss trials. Overall,

16%(47/287)ofall neuronsshowedasignificantdifference infiring

rates (Wilcoxon rank-sum test; p < 0.05). These neurons were

termed ‘‘vocalization-correlated neurons.’’ Vocalization-corre-

lated neurons were found in both crows, with crow 1 exhibiting

more vocalization-correlated cells (39/166, 23.5%) than crow 2

(8/121, 6.6%, chi-squared test, c2 = 9.732, p = 0.002, Figure 2).

The example neurons in Figures 2A and 2C showed significantly

higher firing rates prior to the onset of volitional vocalizations (hit

trials) compared with miss trials for crow 1 and 2, respectively. In

contrast, the neurons displayed in Figures 2B and 2D exhibited

lower discharges in hits relative to misses.

These response patterns were observed across the popula-

tion of vocalization-correlated neurons. Overall, 38%of vocaliza-

tion-correlated neurons increased activity during hit trials

compared with miss trials (selectively increasing neurons, n =

18), whereas the remaining 62% showed significantly reduced

activity during hit trials (selectively decreasing neurons, n = 29).

The average normalized mean firing rates of selectively

increasing and selectively decreasing vocalization-correlated

neurons are shown in Figures 2E and 2F. The firing rate differ-

ences (Figures 2E and 2F; hit versus miss) visible very early in

the trial indicate systematic differences in firing rates in the base-

line activity that we investigated next.

We explored whether baseline activity fluctuations prior to the

onset of thego-cuewouldpredict the likelihood that the crowspro-

ducedahitor rathermissedavocalization. If so,vocalization-corre-

latedneurons showing an increasedfiring rateprior to the vocaliza-

tions in hit compared with miss trials should, on average, exhibit

higher baseline firing rates. Conversely, vocalization-correlated

neurons with decreased firing rate prior to the vocalizations in hit

compared with miss trials should, on average, exhibit lower base-

line firing rates. Indeed,we found that the interactionof trial type (hit

versusmiss) and typeof neuron (increasing versusdecreasingpre-

paratory activity) had a significant effect on firing rate prior to go-

cue onset (F(1.45) = 128.83, p < 0.01, aligned rank transform

ANOVA). For neurons with increased preparatory firing rates, the

average baseline firing rate prior to go-cue onset in hit trials

(average firing rate = 5.26 Hz) was significantly higher than in

miss trials (average firing rate = 1.94 Hz, W = 171, p < 0.001, Wil-

coxon signed rank test; Figure 2G). For neurons with decreased

preparatory firing rates, the average baseline firing rate prior to

go-cue onset in hit trials (average firing rate = 1.06 Hz) was signifi-

cantly lower than inmiss trials (averagefiring rate=3.4Hz,W=435,

p<0.001,Wilcoxonsigned rank test; Figure2H). Thus,baselineac-

tivityfluctuationscorrelatedwith thecrows’ vocalization-correlated

neurons as well as the crows’ vocal behavior.

Dynamics of neuronal activity
To explore the temporal evolution of activation of the neurons

that had been tested as significantly vocalization correlated,

Figure 1. Behavioral protocol and performance

(A) Crows were trained on a self-initiated visual detection task with vocaliza-

tions as response. In 89%of the cases, the color of the square changed to blue

or red (50% of trials each, go trials), indicating the go period in which the crows

could vocalize to obtain a reward. In the other 11% of the cases (catch trials),

the white square remained, and the crow was required to refrain from vocal-

izing.

(B) Performance measured as d’ (log-linear adjusted) for both crows across all

recording sessions. Dashed line denotes d’ = 1.8, which corresponds to

successful signal detection.

(C) Response time (vocal onset) distribution for successful vocalizations for

both crows. Dashed lines indicate the mean response time.
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we determined the time points of selective firing rate differences

between hit-miss differences using a sliding-window analysis.

To that aim, we computed effect sizes for each neuron from a

sliding Wilcoxon rank-sum test based on firing rate distributions.

We used receiver operating characteristic curve (AUC) to esti-

mate effect sizes for time windows in which the Wilcoxon rank-

sum test was significant. Values closer to 1 or 0 indicate better

separation of the two distributions, and 0.5 indicates complete

overlap. In this case, values closer to 1 translate to higher firing

rates in hit trials, whereas values closer to 0 to higher firing rates

in miss trials (Figure 3A).

We further explored whether and how the entire population of

recorded NCL neurons, irrespective of any response prefer-

ences, encoded hit and miss trials. Therefore, we performed a

principle component analysis on a population of pseudo-simul-

taneously recorded neurons (n = 58) for which a sufficient num-

ber of hit and miss trials could be recorded. This approach ex-

tracts trajectories from the spiking activity of a neuronal

population in individual trials. Such trajectories reflect the instan-

taneous firing rates of the respective neuronal population as they

Figure 2. Neuronal response prior to voli-

tional vocalization

(A) Response of example neuron from crow 1

showing a significant increase of neuronal activity

during trials with vocalizations in response to the go-

cue, compared with trials without vocalization (miss

trials). Upper panel shows dot raster plots, with blue

dots representing single action potentials during

vocalization trials, and gray dots representing action

potentials during miss trials. Each line represents

one trial. Lower panels show the corresponding

peri-stimulus histogram, averaged over trials.

Shaded areas indicate standard error.

(B) Example neuron from crow 1 with a decrease in

activity. Layout as in (A).

(C and D) Example neurons from crow 2 with

increasing and decreasing activity, respectively.

(E and F) Averaged and normalized activity of

vocalization-correlated neurons for all neurons with

increasing (E) and decreasing (F) activity prior to

vocal onset in hit trials.

(G andH) Averaged and normalized baseline activity

of vocalization-correlated neurons with increasing

(G) and decreasing (H) activity prior to go-cue onset

correlated with the impending vocalization.

evolve over time. Figure 3B depicts

average population trajectories for hit and

miss trials in a space defined by the top

three most meaningful dimensions. To

evaluate the temporal evolution of popula-

tion activity and to different trial types, we

measured Euclidian distances between

trial trajectories corresponding to the hit

and miss trials. The analysis shows that

the distance between hit and miss trials

prominently increased in the 500-ms inter-

val before vocal onset (Figure 3C). Based

on Euclidian distances, a classifier was

able to significantly predict hit from miss trials in a time window

starting 560 ms before vocal onset (randomization test, see

STAR Methods), (Figure 3D). This result shows that information

about the preparation of volitional vocalizations is not only pre-

sent in individual selective neurons but also across the entire

population of NCL neurons.

Volitional compared with task-unrelated vocalizations
To explore whether vocalization-correlated activity was specific

for volitional vocalizations rather than a signature of any voca-

lization the crows may have elicited, we contrasted voca-

lization-correlated activity during hits with the task-unrelated

vocalizations the crows made unrelated to the task contin-

gencies. Because the crows vocalized almost exclusively to

the go-cue during the task, overall, there were very few instances

of task-unrelated vocalizations (similar to what we reported in

Brecht et al.16).

In 29 out of the 47 recorded vocalization-correlated neurons,

the crows produced a sufficient number (R3) of task-unrelated

vocalizations. For these 29 neurons, we compared the mean
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firing rate for volitional and task-unrelated vocalizations. Across

the neuron population, the average firing rate 1,000 ms before a

task-unrelated vocalization (maverage firing rate = 5.15) was

significantly different from that prior to a volitional vocalization

(maverage firing rate = 2.57, Z = �2.78, p = 0.0055, Wilcoxon rank-

sum test). In addition, we compared the discharges to volitional

and task-unrelated vocalizations for each individual cell. In 15 of

these 29 neurons, the comparison of firing rates 1,000ms prior to

vocalization was significantly different (Wilcoxon rank-sum test;

see example neuron shown in Figure 4A); that is, 52% of the

vocalization-correlated neurons for which we were able to re-

cord task-unrelated vocalizations showed significant differences

between volitional and task-unrelated vocalization in firing rate

prior to the vocalization onset on the single-cell level. Figure 4

B shows, equivalent to Figure 3A, the effect sizes as AUC values

in a sliding-window analysis for all cells that showed a significant

difference in firing rates between task-unrelated and volitional

vocalizations. Figure 4C depicts the normalized activity prior

to response onset for selectively decreasing cells (volitional

vocalization < task-unrelated vocalization, p < 0.05, n = 13).

Selectively increasing cells (volitional vocalization > task-unre-

lated vocalization, p < 0.05, n = 2) are not shown.

Since volitional and task-unrelated vocalizations on average

showed subtle differences in acoustic features, we explored

whether the observed firing rate differences between volitional

and task-unrelated vocalizations might reflect vocalization

acoustics rather than task context. To that aim, we repeated

the comparison of individual neurons’ (n = 29) firing rates for voli-

Figure 3. Dynamics of neuronal activity

(A) Time course of the activity of vocalization-

correlated cells prior to vocalization onset. Each row

represents one cell. Cells are ordered based on

activity onset and divided into selectively increasing

(upper panel) and selectively decreasing (lower

panel). Effect sizes (calculated as AUC) of a sliding

Wilcoxon rank-sum test comparing hit and miss

trials are binned in quantiles for illustrative pur-

poses. Vocalization onset is represented by the

black dashed line. Time 0 ms represents vocal

onset.

(B) Activity trajectory of the entire population of re-

corded NCL neurons (irrespective of response

preferences) in hit (blue) and miss (gray) trials in the

space spanned by the first three principle compo-

nents. Black dots represent vocalization onset.

(C) Euclidian distance between the trajectories of hit

and miss trials shown in (B).

(D) The performance of a classifier trained on the

trajectory data of the entire population of recorded

NCL neurons significantly predicted impending hit

and miss trials (blue). The black solid lines represent

the mean of a distribution with shuffled trial labels.

Dashed lines depict the significance threshold, i.e.,

the 2.5th and 97.5th percentile of the shuffled dis-

tribution.

tional versus task-unrelated vocalization

only for trials that were matched in acous-

tic features. In other words, we compared

individual neurons’ activity only in trials in which the acoustics

of the volitional and task-unrelated vocalizations were most

similar. Figure 4E shows that the vocalizations with matched

acoustic parameters were very similar and thus strongly overlap-

ping in a three-dimensional acoustic parameter space; the

Euclidian distances between the matched vocalizations were

significantly smaller than those of randomly paired vocalizations

(p < 10�13, randomization test).

If differences in vocalization acoustics would drive the

neuronal activity differences, the firing rate differences between

volitional and task-unrelated vocalizations should vanish for

acoustically matched trials. However, this is not what we

observed. We first matched the duration, maximum frequency,

andWiener entropy of volitional and task-unrelated vocalizations

(Figure S1). After matching, no evidence for a difference in

Wiener entropy (median cued_voc = –1.23 ± 0.02, task-unrela-

ted_voc = �1.21 ± 0.02, p = 0.15, Wilcoxon rank-sum test, n =

943; Cohen’s d: 0.06) (Figure S1B) or the maximum frequency

(median cued_voc = 574 ± 6 Hz, task-unrelated_voc = 579 ±

7Hz, p = 0.43, Cohen’s d: 0.04) (Figure S1C)was observed. A dif-

ference with a small effect size (Cohen’s d: 0.13) occurred only

between the duration in cued vocalizations (median = 291 ±

3 ms) and task-unrelated vocalizations (300 ± 4 ms; p = 0.002,

Wilcoxon rank-sum test) (Figure S1A). The median of normalized

differences between task-unrelated and matched vocalizations

(expressed in multiples of the pooled standard deviation) across

all three parameters was 0.52, whichwas only half themagnitude

compared with the values of between 0.87 and 1.02 for randomly
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chosen pairs of vocalizations (Figure S1D). Overall, the matched

cued and task-unrelated vocalizations conformed well.

Importantly, the firing rate differences persisted even when the

acoustics of the volitional and task-unrelated vocalizations were

matched (Z = �2.36, p = 0.018, Wilcoxon rank-sum test) (Fig-

ure 4D). The magnitudes of the firing rate differences between

volitional and task-unrelated vocalizations for matched vocaliza-

tions (2.79 Hz versus 5.15 Hz) were almost identical to those

observed when the vocalizations were acoustically unmatched

(2.57 Hz versus 5.15 Hz). This finding suggests that the observed

preparatory activity differences between volitional and task-un-

related vocalizations were independent from the acoustic pa-

rameters of the impending vocalizations, and thus reflect

volitional versus task-unrelated vocal preparation.

Figure 4. Neuronal responses prior to volitional compared with task-unrelated vocalizations

(A) Response of an example vocalization-specific neuron showing a significant decrease of neuronal activity prior to volitional vocalizations compared with task-

unrelated vocalizations. Top: dot-raster histogram; bottom: spike-density histogram. Layout as in Figure 2A.

(B) Effect sizes (calculated as AUC) calculated for vocalization-correlated neurons. Each row represents one cell. Cells are ordered based to activity onset and

divided into selectively increasing (upper panel) and selectively decreasing (lower panel). Vocalization onset is represented by the black dashed line.

(C) Averaged and normalized activity of vocalization-correlated neurons that decreased in activity prior to volitional vocalizations.

(D) Left: firing rate in trials with volitional versus task-unrelated vocalizations if all trials for the volitional vocalizations are considered. Each dot represents the firing

rate in one cell in the 1 s before the onset of the vocalization.

Right: firing rate in trials with volitional versus task-unrelated vocalizations if only trials are considered in which the vocalization parameter of the volitional vo-

calizations were matched to the parameters of the task-unrelated vocalizations.

(E) Distribution of volitional (blue) and task-unrelated (green) vocalizations in the three-dimensional parameter space of analyzed vocalization parameters (only

matched trials). Each dot represents one vocalization.
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DISCUSSION

Our electrophysiological results provide a first answer to the

question of how songbirds may gain cognitive control over their

vocal output. We report a neuronal correlate of crows’ volitional

vocalization initiation in the NCL, a high-level associative

endbrain structure in birds that operates at the apex of the avian

pallial hierarchy.41 The activity of single vocalization-correlated

NCL neurons prior to vocal onset predicted whether or not the

crows would produce an instructed vocalization. The differences

we observed in the proportions of vocalization-correlated neu-

rons between the two crows may be due to slight differences

in NCL recording sites. Importantly, firing rates were significantly

different between volitional and task-unrelated vocalizations.

This is evidence that this neuronal activity was not just signaling

the preparation of any vocal output, but the voluntary initiation of

vocalizations specifically.

NCL connections to the vocal motor network
Crows possess all songbird-typical song-related structures.15

Currently, however, it is unknown how and at which processing

level NCL may take control over the vocal motor network.

Considering that the NCL is a telencephalic association area, a

direct monosynaptic control of phonatory motoneuron pools

seems highly unlikely. We speculate that NCL output projects

to other telencephalic territories involved in vocal output andmo-

tor control.

One candidate recipient of NCL projections is the premotor

song nucleus HVC that operates at the apex of the song motor

system.42 However, whether the HVC receives projections from

higher association brain areas is currently unknown. Interestingly,

both HVC and NCL originate from the same larger nidopallial ter-

ritory. The HVC has even been suggested to constitute a songbird

specialization of the NCL.43 Besides this anatomical similarity,

there are also functional commonalties between HVC and NCL

as both structures control and initiate learned sequences42,44

In addition, NCL projects to parts of the arcopallium45,46 and

may thereby mediate cognitive control over vocal output. In

songbirds, the arcopallium is involved in general motor genera-

tion,47,48 but more specifically also in song generation via the

vocal motor nucleus (RA). Moreover, the NCL has been identified

as part of a recurrent and inter-hemispheric circuit within a cor-

tico-basal ganglia pathway necessary for vocal learning.46 Thus,

in addition to the NCL’s general role in multimodal learning-

related behaviors,32,49 it might also mediate cognitive control

over vocal behavior via connections to dedicated song nuclei.

Such a connection between the associative NCL and song-

related structures could also explain how multimodal social sig-

nals impact proper vocal learning and perhaps communication

signals in general in songbirds.50 Ultimately, the connectivity

patterns and functional links between the NCL and other

vocal-related brain nuclei need to be investigated, both with

anatomical explorations and physiological manipulations such

as electrical stimulation.51,52

The proposed interplay of the NCL with vocal-related brain

structures may constitute an evolutionary novelty of songbirds.

This is because the caudal telencephalon, specifically the caudal

nidopallium and arcopallium, is very similar in organization, ar-

chitecture, and dopaminergic innervation,53–56 but it has evolved

strikingly differently compared with pigeons and chickens.57

Indeed, it has been suggested that vocal learning brain pathways

evolved out of general motor-learning pathways that control

complex, learned non-vocal behaviors.5,48,58–60 Such ancestral

motor control circuits presumably also had NCL input to them

to control other motor behaviors. This reorganization of the

caudal telencephalon seems to be unique formembers of the os-

cines (songbirds) and may have emerged with the rise from their

last common ancestor at least 40 million years ago.61

NCL function in vocal control parallels primate PFC
The current findings also point to a further interesting functional

parallel between the NCL in crows and the prefrontal cortex

(PFC) in primates. These two high-level associative telencephalic

brain areas evolved independently through convergent evolu-

tion. As a result, the neuroanatomy of both brain areas is

strikingly different. For instance, the NCL shows no layered orga-

nization that is characteristic for the neocortex. Despite such

major differences, the NCL and the PFC seem to adopt similar

cognitive functionality.26,28

Using the exact same behavioral protocol, macaque monkeys

have been shown to also be able to cognitively control their vo-

calizations.62–64 The two tested monkeys showed even longer

reaction times (RTs; on average 1.53 s and 1.64 s, respectively)

in the vocal task compared with the relatively quick crows (1.27

and 1.37 s, respectively). Compared with volitional hand or eye

movements, vocal RTs are considerably slower. This is likely a

consequence of the complex preparatory coordination of respi-

ratory, orofacial, and vocal (laryngeal/syringeal) muscles

required for instructed vocalizations.65 In agreement with such

long RTs, electrical stimulation of vocal-related cortical areas

in monkeys precedes vocal onset by as long as 1,000 to

2,900 ms.66,67 These stimulation latencies are in stark contrast

to those reported for eye movements, which can be elicited 20

to 60ms after frontal eye field stimulation.68 During this long-last-

ing preparatory period, we detected relatively early and long-

lasting (several hundred milliseconds) preparatory activity of

vocalization-correlated neurons in crows. Similar long-latency

preparatory activity of up to 1 s has been reported for cortical

neurons of vocalizing monkeys.63,69–72

During recordings in the macaque dorsolateral PFC, 15% of

the randomly recorded neurons were classified as vocaliza-

tion-correlated neurons.63 This proportion of vocalization-corre-

lated neurons in primate PFC is almost identical to the 16% of

vocalization-correlated neurons we found in the crow NCL.

Also similar to the crowNCL, about half of the vocalization-corre-

lated PFC neurons showed significant differences in pre-vocal

discharge rates between volitional and task-unrelated vocaliza-

tions.63 In both monkeys and crows, this finding suggests a

strong involvement of the PFC and NCL, respectively, in the initi-

ation of volitional vocalizations.72

Baseline fluctuations
We found that fluctuations in baseline neuronal activity immedi-

ately preceding go-cue presentation influenced the premotor ac-

tivity of vocalization-correlated neurons and biased the crows’

decision to vocalize (hit) or to withhold a vocalization (miss).
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The baseline fluctuations were specifically predictive of the

behavioral consequences for the two classes of (increasing or

decreasing) vocalization-correlated neurons: low baseline activ-

ity in neurons showing increasing premotor activity - and high

baseline activity in neurons exhibiting decreasing premotor ac-

tivity - correlated with more misses. If baseline activity of the

class of neurons showing increasing premotor activity was low

prior to the go-cue, the crows were prone tomisses. Conversely,

if baseline activity of the class of neurons showing decreasing

premotor activity was high prior to the go-cue, the crows were

also prone to misses.

These correlations of baseline activity in the crow mirror find-

ings in decision-making mammals. Variations in activity of

cortical neurons just before stimulus onset can be predictive of

the animals’ subsequent perceived stimulus.73–77 Although fluc-

tuations in pre-cue activity were related to vocal production per-

formance in our crows, the origin of the fluctuations is unknown.

It is likely that the level of baseline activity is related to events

occurring on previous trials.78 Several studies in the mammalian

cortex reported so-called sequential biases in which current

choices can depend on previous history of stimuli, rewards,

and choices even in the conditions where such dependence is

not task relevant.79–82 Similar sequential biases could be at

work in vocalizing crows.

Balanced excitation and inhibition during volitional
motor control
We foundmany vocalization-correlated neurons in the crow NCL

that reduced their activity in hit trials. In a previous study in vocal-

izing monkeys, we similarly reported that about half of the vocal-

ization-correlated neurons in motor-related frontal lobe areas

decreased their activity; this was observed not only for the prep-

aration of volitional vocalizations but even for hand move-

ments.73 At first glance, this finding may sound incompatible

with preparatory motor activity requiring activation of vocal mo-

tor circuits. However, motor circuit operations not only rely on

excitation but also on balancing inhibition. For instance, inhibi-

tory interneurons in mouse motor cortex increased their firing

in response to a movement cue as well as the onset of reaching,

suggesting that inhibitory interneurons participate in voluntary

movement execution by inhibiting excitatory projection neu-

rons.83 Moreover, activation of different types of inhibitory inter-

neurons can reduce or enhance locomotion.84 Overall, these

data point to distinct roles of inhibitory neurons and suppressed

activity in motor circuits involved in voluntary skilled movements;

these findings indicate that balanced excitation and inhibition is

crucial for proper motor output.85

Limitations of the study
Tominimize the influence of purely acoustic vocal differences on

the observed neuronal differences between volitional and task-

unrelated vocalisations, we matched important acoustic param-

eters. However, we cannot be certain that these three equalized

parameters represent the most salient features to the crows. As-

pects of the observed neuronal differences between volitional

and task-unrelated vocalizations may therefore still relate to

the acoustics of these types of vocalizations made by the crows.

Given that the NCL is also involved in the planning and execu-

tion of volitional head-beak actions, the specificity of activity in

NCL for volitional vocalisations needs further investigation. Mon-

key data at least suggest separate populations of neurons for

volitional motor preparation. When monkeys were trained to

execute two types of volitional actions during the same record-

ings, vocalizations or handmovements, neurons indeed differen-

tiated between the volitional initiation of vocal andmanual acts.73

Given that the NCL is considered the avian equivalent of the

mammalian PFC, the premotor activity we describe in the current

paper in crows is very likely specific for vocal output rather than a

general reflection of volitional acts. Of course, despite the data

showing a strong involvement of the NCL in volitional vocaliza-

tions, our findings cannot rule out a putative additional role in

task-unrelated and spontaneous vocalizations.

The current findings are based on correlations of neuronal ac-

tivity with the crows’ behavior. To move from correlation to

causation, measuring the vocal consequences of manipulating

NCL would be a great asset. More insights into the connectivity

patterns of the corvid NCL, in particular those to the vocal pro-

duction system, are required to predict the consequences of

neuronal manipulations. Since NCL perturbations in birds result

in several complex deficits, more differentiating behavioral pro-

tocols are needed to break down the expected complex deficits

into specific cognitive components.

STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

B Subjects

d METHOD DETAILS

B Set-up

B Behavioral protocol

B Surgery and neurophysiological recordings

d QUANTIFICATION AND STATISTICAL ANALYSIS

B Behavioral analysis

B Neuronal analysis

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.

celrep.2023.112113.

ACKNOWLEDGMENTS

This research was supported by DFG grant BR 308/1-1.

AUTHOR CONTRIBUTIONS

K.F.B. and A.N. designed the experiment, K.F.B. recorded the data, K.F.B.,

S.W., and A.N. analyzed the data, K.F.B., S.W., and A.N. wrote the paper,

and A.N. supervised the study.

Cell Reports 42, 112113, March 28, 2023 7

Report
ll

OPEN ACCESS

https://doi.org/10.1016/j.celrep.2023.112113
https://doi.org/10.1016/j.celrep.2023.112113


DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: July 19, 2022

Revised: January 13, 2023

Accepted: January 28, 2023

REFERENCES

1. Rohrmeier, M., Zuidema, W., Wiggins, G.A., and Scharff, C. (2015). Princi-

ples of structure building in music, language and animal song. Philos.

Trans. R. Soc. Lond. B Biol. Sci. 370, 20140097.

2. Doupe, A.J., and Kuhl, P.K. (1999). Birdsong and human speech: common

themes and mechanisms. Annu. Rev. Neurosci. 22, 567–631.

3. Bolhuis, J.J., Okanoya, K., and Scharff, C. (2010). Twitter evolution:

converging mechanisms in birdsong and human speech. Nat. Rev. Neuro-

sci. 11, 747–759.

4. Farries, M.A. (2004). The avian song system in comparative perspective.

Ann. N. Y. Acad. Sci. 1016, 61–76.

5. Jarvis, E.D. (2019). Evolution of vocal learning and spoken language. Sci-

ence 366, 50–54.

6. Schmidt, M.F., and Martin Wild, J. (2014). The respiratory-vocal system of

songbirds: anatomy, physiology, and neural control. Prog. Brain Res. 212,

297–335.

7. Simonyan, K., Horwitz, B., and Jarvis, E.D. (2012). Dopamine regulation

of human speech and bird song: a critical review. Brain Lang. 122,

142–150.

8. Gahr, M. (2014). How hormone-sensitive are bird songs and what are

the underlying mechanisms? Acta Acustica united Acustica 100,

705–718.

9. Tumer, E.C., and Brainard, M.S. (2007). Performance variability enables

adaptive plasticity of ‘crystallized’ adult birdsong. Nature 450,

1240–1244.

10. Veit, L., Tian, L.Y., Monroy Hernandez, C.J., and Brainard, M.S. (2021).

Songbirds can learn flexible contextual control over syllable sequencing.

Elife 10, e61610.

11. Ma, S., Ter Maat, A., and Gahr, M. (2020). Neurotelemetry reveals putative

predictive activity in HVC during call-based vocal communications in

zebra finches. J. Neurosci. 40, 6219–6227.

12. Benichov, J.I., and Vallentin, D. (2020). Inhibition within a premotor circuit

controls the timing of vocal turn-taking in zebra finches. Nat. Commun.

11, 221.

13. Seki, Y., and Dooling, R.J. (2016). Effect of auditory stimuli on conditioned

vocal behavior of budgerigars. Behav. Processes 122, 87–89.

14. Osmanski, M.S., Seki, Y., and Dooling, R.J. (2021). Constraints on vocal

production learning in budgerigars (Melopsittacus undulates). Learn. Be-

hav. 49, 150–158.

15. Kersten, Y., Friedrich-M€uller, B., and Nieder, A. (2021). A histological study

of the song system of the carrion crow (Corvus corone). J. Comp. Neurol.

529, 2576–2595.

16. Brecht, K.F., Hage, S.R., Gavrilov, N., and Nieder, A. (2019). Volitional con-

trol of vocalizations in corvid songbirds. PLoS Biol. 17, e3000375.

17. Liao, D.A., Zhang, Y.S., Cai, L.X., and Ghazanfar, A.A. (2018). Internal

states and extrinsic factors both determine monkey vocal production.

Proc. Natl. Acad. Sci. USA. 115, 3978–3983.

18. Rinn, W.E. (1984). The neuropsychology of facial expression: a review of

the neurological and psychological mechanisms for producing facial ex-

pressions. Psychol. Bull. 95, 52–77.

19. Hopf, H.C., M€uller-Forell, W., and Hopf, N.J. (1992). Localization of

emotional and volitional facial paresis. Neurology 42, 1918–1923.

20. Van Lancker, D., and Cummings, J.L. (1999). Expletives: neurolinguistic

and neurobehavioral perspectives on swearing. Brain Res. Brain Res.

Rev. 31, 83–104.

21. Cattaneo, L., and Pavesi, G. (2014). The facial motor system. Neurosci.

Biobehav. Rev. 38, 135–159.

22. Scott, S.K. (2022). The neural control of volitional vocal production-from

speech to identity, from social meaning to song. Philos. Trans. R. Soc.

Lond. B Biol. Sci. 377, 20200395.

23. Nieder, A., and Mooney, R. (2020). The neurobiology of innate, volitional

and learned vocalizations in mammals and birds. Philos. Trans. R. Soc.

Lond. B Biol. Sci. 375, 20190054.

24. Hedges, S.B. (2002). The origin and evolution of model organisms. Nat.

Rev. Genet. 3, 838–849.

25. Karten, H.J. (2015). Vertebrate brains and evolutionary connectomics: on

the origins of the mammalian ’neocortex. Philos. Trans. R. Soc. Lond. B

Biol. Sci. 370, 20150060.

26. G€unt€urk€un, O. (2005). The avian ‘‘prefrontal cortex‘‘ and cognition. Curr.

Opin. Neurobiol. 15, 686–693.

27. Nieder, A. (2017). Inside the corvid brain—probing the physiology of cogni-

tion in crows. Current Opinion in Behavioral Sciences 16, 8–14.

28. Divac, I., Mogensen, J., and Björklund, A. (1985). The prefrontal ‘‘cortex‘‘ in

the pigeon. Biochemical evidence. Brain Res. 332, 365–368.

29. Mogensen, J., and Divac, I. (1982). The prefrontal ‘‘cortex‘‘ in the pigeon.

Behavioral evidence. Brain Behav. Evol. 21, 60–66.

30. Nieder, A., Wagener, L., and Rinnert, P. (2020). A neural correlate of sen-

sory consciousness in a corvid bird. Science 369, 1626–1629.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Andreas

Nieder (andreas.nieder@uni-tuebingen.de).

Materials availability
This study did not generate new unique reagents.

Data and code availability
All data reported in this paper will be shared by the lead contact upon request. This paper does not report original code. Any addi-

tional information required to re-analyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Subjects
Datawere collected from twomale carrion crows (Corvus corone corone), aged 24 and 30months (late adolescence/early adulthood)

at the time of data collection, respectively. They earned food during the daily recordings, but, if necessary, further food was provided

after the recording session. Body weight was measured daily. Water was provided ad libitum in the aviary and during testing. All pro-

cedures were approved by the local authorities (Regierungspräsidium T€ubingen), and conducted in accordance with German and

European law and the Guidelines of the National Institutes of Health for the Care and Use of Laboratory Animals.

METHOD DETAILS

Set-up
The crows were trained and tested in a darkened and sound-attenuated operant conditioning chamber. Crows were perched in front

of a touch screen monitor (3M Microtouch, 1500, 60-Hz refresh rate) that presented the task and registered their response. The

CORTEX program (available at ftp://ftp.cnl.salk.edu/pub/cortex/, National Institute of Mental Health, MD, USA) controlled stimulus

presentation. Vocalizations were recorded using a Sennheiser MKE 600 microphone, with a sampling rate of 40 kHz for offline anal-

ysis. The same microphone was used for the online detection of vocalizations as was used for the recording of the vocalizations for

later analysis. Rewards (bird food pellets or mealworms) for correct trials were delivered with an automated feeder below the screen.

In addition, crows received auditory feedback (a brief sound of a bell) for correct responses. An infrared light barrier, in combination

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

Corvus corone University of T€ubingen,

Institute of Neurobiology

bird 1, bird 2

Software and algorithms

NIMH Cortex National Institute of

Mental Health

c595; https://www.nimh.nih.gov/

labs-at-nimh/research-areas/

clinics-and-labs/ln/shn/software-

projects.shtml

MAP Data Acquisition System Plexon https://plexon.com/

MATLAB R2017a MathWorks https://www.mathworks.com

Other

Dental Cement Heraeus Paladur, ISO 20795, CE 0197

Microdrives Animal Physiology Unit Custom fabrication

Electrodes Alpha Omega LTD Cat.#: 366-130620-00 www.

alphaomega-eng.com
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with a reflector foil attached to the crows’ head, was used to ensure that the crowwas positioned in front and facing the screen during

the task.

Behavioral protocol
Crows were trained on a detection task in which they had to vocalize at the screen in response to the detection of a visual go-cue to

receive a reward. In this computerized go/nogo detection task (see Figure 1A), the crows earned rewards by vocalizing in response to

a specific visual cue (‘‘go cue’’). The crows had to position their head in front of the monitor to close the infrared light barrier to start a

trial. After a variable waiting period (1–5 s) during which a white square was shown, a go-cue (blue or red square) instructed the crows

to vocalize, which was rewarded by food. This go-cue was presented for 3 s. Only vocalizations within these 3 s were rewarded and

counted as a ‘‘hit’’. If the crows failed to vocalize to the presentation of the go-cue, the trial was counted as a ‘‘miss’’. In order to

ensure that crows did not time their vocalization, in 11% of trials the go-cue did not appear after the waiting period (catch trials),

and crows had to wait in silence until the cue disappeared. Vocalizations during catch trials, and during the waiting period, were

defined as ‘‘false alarms’’, which were followed by a short time-out delaying the start of the next trial. Neither correct rejections

nor misses were rewarded or punished. Vocalizations were detected automatically by a custom-built MATLAB program.

Surgery and neurophysiological recordings
All surgeries were performed while the animals were under general anesthesia. They were anesthetized with a ketamine (50mg/kg

body weight) and Rompun mixture (5 mg/kg xylazine) initially and, if necessary supplemented. After the surgery, the crows received

analgesics (Butorphanol, 1mg/kg). The headwas placed in a customized stereotaxic holder. Using stereotaxic coordinates (center of

craniotomy: anterior-posterior +5mm relative to inter-aural (ear bars) as zero; medial-lateral 13mm relative tomidline), we chronically

implanted two micro-drives with four electrodes each (spaced apart approximately 0.5 mm) in the right hemisphere targeting the

medial part of the NCL (Kersten et al., 2022). Glass-coated tungsten microelectrodes with 2 MU impedance (Alpha Omega Co.)

were used. The location of the recording site has been used previously, and has been histologically confirmed (Veit et al., 2014).

In addition, a micro-connector for the head stage, and a retainer of the reflector foil was implanted on the scull. Extra-cellular sin-

gle-cell activity was recorded in synchrony with task performance using the Plexon Multi-Acquisition System (for details, see Ditz

et al.33). Neural signals as well as the vocalizations were digitized at a sampling rate of 40 kHz and stored to the PC running the Plexon

system. Plexon’s Offline Sorter was used to manually offline sort spikes into single-unit waveforms by applying mainly principal

component analysis. On average, 1.5 neurons per active recording site were detected based on offline sorting.

The crows participated in daily recording sessions. At the beginning of each session, the electrodes were manually slightly

advanced until a neuronal signal was detected on at least one of the electrodes. Single cells were separated offline (Plexon Offline

Sorter); hence, during recording, the signals were not selected for their task involvement.

QUANTIFICATION AND STATISTICAL ANALYSIS

Behavioral analysis
To ensure precise timing and avoid false positives, the vocalizations were classified and validated manually with the aid of a custom-

writtenMATLAB program. Analyses were performed inMATLABR2015a and R. Vocalizations during go-trials were defined as ‘‘hits’’,

vocalizations during catch-trials as ‘‘false alarms’’, respectively. A failure to vocalize during a go-trial was defined as a miss. Sensi-

tivity values d’ derived from signal detection theory were calculated by subtracting z-scores (normal deviates) of median ‘‘hit’’ rates

from z-scores of median ‘‘false alarm’’ rates (d’ = z(hit rate) – z(false alarm rate)). To ensure that d’ was above the threshold value of

1.8, a Fisher Pitman permutation test was calculated for both crows separately. Crows completed on average 427 ± 104 and 253 ± 78

trials, respectively, per session. Because of false-alarm rates of 0 (see Results section), d’-estimates were corrected by a log-linear

approach where 0.5 is added to the frequency of false alarms in each cell of the contingency table.86

Neuronal analysis
Vocalization-correlated neurons

Neurons were recorded without pre-selection for response selectivity and sorted offline blind to task involvement. Neurons were

included in further analyses if they showed a discharge rate of >0.5 Hz in the 2000 ms prior to response onset and could be recorded

for at least 3 trials for both hit and miss trials. Average trial repetition was 255 (hits) and 11 (misses) for crow 1, and 153 (hits) and 10

(misses) for crow 2, respectively. Baseline activity was calculated in the 500 ms-period prior to the onset of trial instruction.

Vocalization-correlated neurons were detected by comparing neuronal activity (firing rates) between trials in which the crow vocal-

ized to the presentation of the go-cue (hit trials) and trials in which the crow failed to vocalize to the presentation of the same cue (miss

trials). This comparison was focused on awindow of 1000ms prior to the actual vocal response for ‘‘hit’’ trials, or to the average of the

response latency in hit trials for ‘‘miss’’ trials. Because homogeneity of variances was not given for all cells (defined as p < 0.05 in a

Bartlett’s test and ratio of variances >4), data were analyzed using a non-parametric Wilcoxon rank-sum test. To isolate the neural

correlate of volitional vocalizations, we tested whether there was an effect of the factor trial type on the average firing rate of each

single unit. Single units for which this comparison was significant were considered to be vocalization-correlated. Alpha level was

set at a = 0.05.
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For each single cell included in the analysis, a spike density function was generated. To do so, for each trial spikes were counted in

10 ms bins. These spike bins were convoluted with a normalized Gaussian function (s = 50 ms) cut at ± 300 ms around the peak.

Finally, trials within the respective conditions were averaged.87

Baseline fluctuations

To explore the potential impact of baseline firing rate fluctuations on hits or misses (the ‘‘trial types’’), we examined the neurons’ firing

rates 500ms prior to the onset of the go-cue (i.e., when only thewaiting cuewas presented on the screen). This comparison was done

separately for different ‘types’ of vocalization-correlated neurons, i.e., neurons that increased or decreased firing rates, respectively,

after cue-onset but before vocal onset. To analyze baseline firing rates, we first used a repeated measure ANOVA for aligned rank

transformed data88 (factors ‘‘trial type’’ and ‘‘type of neuron’’) and subsequently a Wilcoxon signed rank test for the pairwise com-

parison (Bonferroni correction to control the family-wise error rate, a = 0.025).

Task-unrelated vocalizations

We next compared volitional vocalization and vocalizations that the crows emitted in between trials and in trial breaks, e.g. when the

crows saw the trainer (henceforth task-unrelated vocalizations). For comparison of neuronal preparatory activity before volitional

versus task-unrelated vocalizations, we paired firing rates (of a given neuron) that were recorded when the acoustic parameters

of volitional and task-unrelated vocalizations were best matched. We first characterized each (volitional and task-unrelated) vocal-

ization by three vocalization parameters: duration, maximum frequency, and Wiener entropy (defined as natural logarithm of the

quotient of the geometrical mean and the arithmetic mean of the power spectrum of the vocalization). We then determined which

volitional vocalization in a session was closest (in parameter space) to a given task-unrelated vocalization for all three acoustic pa-

rameters by finding, for each task-unrelated vocalization, the volitional vocalization with the minimum Euclidian distance in the

3-dimensional parameter space. This volitional vocalization was then defined as matched to the task-unrelated vocalization. Finally,

we compared the average preparatory firing rates (recorded during a minimum of three task-unrelated vocalizations) elicited to these

matched volitional and task-unrelated vocalizations with each neuron as a data point in the paired distributions.

Temporal dynamics

To investigate the temporal dynamics of vocalization-correlated activity prior to vocalization onset, we ran a sliding Wilcoxon rank-

sum test on the vocalization specific neurons. The Wilcoxon rank-sum test was computed within 100 ms windows that were slid in

20 ms steps. That is, in each time window, we compared firing rates between trials with a vocalization (hit trials) and those without

(miss trials). For significant time windows (p < 0.05), the effect size was calculated as area under the receiver operating characteristic

curve (AUC) statistic as a standardized measure of the effect of trial type on average firing rate during these time windows. The la-

tency of a cell was defined as the first time window in which there was a significant difference between firing rates for hit and miss

trials.

Neuronal population analyses

We analyzed activity in the entire population of recorded NCL neurons, irrespective of response preferences. We calculated for each

trial the firing rate in 10 ms bins within a time window of �3000 ms (3000 ms before vocal onset) until 1000 ms after vocal onset. A

spike density curve was then calculated by convoluting each bin with a Gaussian kernel with a standard deviation of 100 ms, cut at

�300 to +300 ms. Cells with at least 10 hit and 10 miss trials were included in the analysis. For each trial type (hit/miss), 10 trials were

randomly selected from the pool of all trials. This procedure generated a 203 583 401 sized datamatrix, with 2x10 trials, 58 neurons

and 401 time bins. This matrix was rearranged into a 8020x58 matrix. The data were then z-scored across the first dimension and a

principal component analysis conducted. The mean across trials within each condition was computed and the Euclidian distance

between both conditions was derived based on these means. For the classifier, in a leave-one-out procedure, for each trial the

Euclidian distance to the mean across trials for each condition (without the respective trial) was computed. A trial was then classified

as the condition to which it had the shorter distance. Performance was defined as the percentage of correct classifications. This pro-

cedure, starting with the random selection of trials, was repeated 10 times and the values averaged. To test whether classification

behavior significantly exceeded chance behavior, we ran a randomization statistic. Here, the selected trials were randomly assigned

to one of the two conditions and then the same procedure was applied. This procedure was repeated 1000 times and classification

was defined as significant if it exceeded the 97.fifth percentile of the randomization distribution.
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