Research Article: New Research

eMeuro

Cognition and Behavior

Executive Control of Sequence Behavior in Pigeons
Involves Two Distinct Brain Regions

Lukas Alexander Hahn and Jonas Rose

https://doi.org/10.1523/ENEURO.0296-22.2023

Neural Basis of Learning, Institute of Cognitive Neuroscience, Faculty of Psychology, Ruhr University Bochum, 44801
Bochum, Germany

Abstract

Executive functions arise from multiple regions of the brain acting in concert. To facilitate such cross-regional
computations, the brain is organized into distinct executive networks, like the frontoparietal network. Despite
similar cognitive abilities across many domains, little is known about such executive networks in birds. Recent
advances in avian fMRI have shown a possible subset of regions, including the nidopallium caudolaterale
(NCL) and the lateral part of medial intermediate nidopallium (NIML), that may contribute to complex cognition,
forming an action control system of pigeons. We investigated the neuronal activity of NCL and NIML. Single-
cell recordings were obtained during the execution of a complex sequential motor task that required executive
control to stop executing one behavior and continue with a different one. We compared the neuronal activity
of NIML to NCL and found that both regions fully processed the ongoing sequential execution of the task.
Differences arose from how behavioral outcome was processed. Our results indicate that NCL takes on a role
in evaluating outcome, while NIML is more tightly associated with ongoing sequential steps. Importantly, both
regions seem to contribute to overall behavioral output as parts of a possible avian executive network, crucial
for behavioral flexibility and decision-making.

Key words: behavioral switch; cognition; electrophysiology; executive control; network; pigeon

7 & )

Executive control is required to reach behavioral goals. This is of particular importance when outcome con-
tingencies change. To stop and switch ongoing behavior requires a neural basis of executive control, like
the mammalian frontoparietal network. Using parallel neuronal recordings, we demonstrate that two regions
of the pigeon brain participate in the organized execution of two different behavioral sequences and in the
switch from one to the other. These results help to elucidate how different aspects of higher cognition are
\distributed across the brain of an important nonmammalian model species. /

ignificance Statement

Introduction

The last decades have seen an overhaul of our under-
standing of the avian brain. The superficial differences be-
tween avian and mammalian brains now take a backseat
compared with the number of similarities (Jarvis et al.,
2005; GUntlUrkdn and Bugnyar, 2016; Stacho et al., 2020;
GUnturkln et al., 2021; Nieder, 2017, 2021). The avian tel-
encephalon was once thought to be mostly striatal be-
cause it lacks the mammalian separation between gray
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and white matter along with the organization into cortical
layers. Now we know that the ratio between striatum and
pallium and even the overall connectivity within ascending
sensory systems are comparable between birds and
mammals (Jarvis et al., 2005; Stacho et al., 2020). This
modern picture of neural similarities rather than differen-
ces matches what we know from behavior: the cognition
of birds and mammals is surprisingly similar (Emery and
Clayton, 2004; Guntirkin and Bugnyar, 2016). At the
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heart of mammalian cognition lies executive control, a
concept that often encompasses working memory, inhibi-
tion, and flexibility (Diamond, 2013). Executive control is
closely associated with the mammalian prefrontal cortex
(PFC; Miller, 2000), but the PFC is not the only cortical
structure critical to higher cognition. Frontoparietal areas
(e.g., the dorsal anterior cingulate cortex and lateral parie-
tal cortex) form networks that support executive functions
(Shenhav et al., 2017).

In the avian brain, however, very little is known about the
networks that mediate executive functions. Investigation
of the nidopallium caudolaterale (NCL) suggests that the
structure is the functional equivalent of mammalian PFC
(Ganturkdan, 2005; Gunttrkin et al., 2021). The NCL is a
candidate structure belonging to an executive control net-
work in the avian brain. It is connected to all secondary
sensory structures (Kréner and Ginttrkin, 1999), receives
a rich dopaminergic innervation (Durstewitz et al., 1999;
von Eugen et al., 2020), and, importantly, neurophysiologi-
cal studies report neural correlates in NCL that align with
predictions from the PFC. Prominent examples are working
memory (Diekamp et al., 2002; Veit et al., 2014; Hahn et al.,
2021), reward (Johnston et al.,, 2017; Packheiser et al.,
2021), rules (Veit and Nieder, 2013), decisions (Kalenscher
et al., 2005), numerosity (Ditz and Nieder, 2015), categories
(Kirsch et al., 2009; Anderson et al., 2020), and executive
control (Rose and Colombo, 2005). Recent avian fMRI
studies have also revealed that the medial nidopal-
lium/mesopallium (MNM) may be an important asso-
ciative structure in the avian brain (Behroozi et al.,
2020). The MNM receives rich multimodal sensory in-
puts, is connected to premotor structures, and is re-
ciprocally connected with the NCL (Csillag, 1999; Atoji
and Wild, 2012; Shanahan et al., 2013). Lesion/inacti-
vation studies also suggest that this region is involved
in sensorimotor learning (Rose, 2000; Horn, 2004) and
in sequential behavior (Helduser and Gunturkln, 2012;
Helduser et al., 2013; Rook et al., 2021b). The most
striking examples of the latter come from songbirds that
evolved highly specialized neural circuits for song learning;
one of these, the anterior vocal pathway, is located in the
MNM (Jarvis, 2004; Feenders et al., 2008).

In two inactivation studies, a specific region of the MNM,
the nidopallium intermedium medialis pars laterale (NIML)
had previously been found to contribute to sequential be-
havior in pigeons (Helduser and Gunturkin, 2012; Helduser
et al., 2013). Importantly, these studies suggested a direct
interplay between both NIML and NCL in learning and con-
trol of behavioral sequences. Two recent studies further
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demonstrated the importance of NIML in the control of be-
havior in pigeons. Behroozi et al. (2020) showed an involve-
ment in a go/nogo protocol using high-resolution fMRI.
Furthermore, Rook et al. (2021b) showed that NIML is in-
volved in multicomponent behavior using molecular imaging
during a stop—change protocol, in which the animals had to
observe the presence (or absence) of a stop signal and, ac-
cordingly, stop the ongoing behavior, and subsequently
change to an alternative behavior. Together, these findings
suggest that NIML may be a key component of the avian ex-
ecutive network.

Here we aim to establish, using parallel neurophysiolog-
ical recordings, to what extent NCL and NIML are involved
in (executive) control over sequential behavior. We used a
complex and cognitive demanding sequential motor be-
havior task to investigate the capacity of NIML to mediate
motor behavior. Birds were required to keep track of both
internally ordered features (i.e., which of two options is
valid, based on recent behavioral history) and externally
ordered features (i.e., which of two possible sequences is
active, based on the outcome of the previous trial) of a se-
quence (Johnston et al., 2020). The conjunction of both
serial order types will allow us to explore how NCL and
NIML process sequential information, and to test their in-
volvement and possible differential contribution to execu-
tive processing in the avian brain.

Materials and Methods

Animals

The experiments were conducted at the Institute of
Cognitive Neuroscience at the Ruhr University Bochum.
Two experimentally naive pigeons (Columba livia), one
male and one female animal, were used in the experiment.
The animals were obtained from local breeders and
housed at the institute animal facility in indoor aviaries or
individual home cages. The animals lived under constant
room temperature (22°C) with a 12 h light/dark cycle
(lights on at 7:00 A.M.; lights off at 7:00 P.M.). All experi-
ments were performed under a food protocol such that
the animals were maintained at body weights between
85% and 95% of their free-feeding weight. Animals had
free access to water and grit in their home cages. All experi-
mental procedures and housing conditions were conducted
in accordance with the National Institutes of Health Guide
for Care and Use of Laboratory Animals and were authorized
by the national authority (North Rhine Westphalian State
Agency for Nature, Environment and Consumer Protection).

Apparatus

Pigeons were trained and tested in an operant chamber
measuring 80 cm (height), 54 cm (width), and 56 cm (depth).
The chamber was insulated with acoustic foam to reduce
ambient noise. Additionally, a ventilator generated constant
background noise in the chamber. The operant cham-
ber was further equipped with copper mesh to shield
against electromagnetic noise (a Faraday cage) and a
surveillance camera. During the testing sessions, the
door of the operant chamber was closed, and an LED
strip on the ceiling (“house light”) dimly illuminated the
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Figure 1. Experimental procedure. A, Behavioral task. Birds performed two different behavioral sequences. Each sequence con-
sisted of four choice elements (at four distinct locations, top, bottom, left, and right). A sequence was repeated until the animal
reached a behavioral criterion (plus a pseudorandom number of trials). Sequence transition was not cued and had to be discovered
by trial and error. Extended Data Figure 1-1 gives an overview of block lengths. B, Behavioral performance. Both pigeons performed
the behavioral task at very high levels, with the lowest performance on the first element of each sequence. Colored bars indicate the
mean performance on each element of the behavioral task, for both sequences. Dashed black lines indicate chance level on each
element; error bars indicate the standard error of the mean. C, Single-cell activity was recorded in parallel from NCL, and NIML
using silicon probes attached to chronically implanted manual microdrives.

chamber. The birds stood on a wooden perch, facing a 54
by 40 cm acoustic pulse touchscreen monitor (Elo Touch
Solutions), which displayed the stimuli and detected re-
sponses. A custom pellet feeder, which dropped individual
pellets (BioServ) into a small feeding trough, delivered
food rewards, which were illuminated during the reward
period. All aspects of the behavioral task were controlled by
a PC using MATLAB (2016a; MathWorks) and the
Biopsychology and Psychophysics Toolboxes (Brainard,
1997; Rose et al., 2008). We used a custom ethernet-
based digital input/output (I/O) device to control the
feeder and lights while also sending event codes to the
neurophysiology hardware (code and plans are freely
available online at https://www.ngl.psy.ruhr-uni-bochum.
de/ngl/shareware/index.html.en).

Behavioral task and training protocol

The animals were trained to perform two action sequen-
ces, presented in a block design. We used a pseudoran-
dom criterion to make the block length unpredictable. The
criterion consisted of 16, 20, or 24 correct trials in the cur-
rent block, with a performance of >80% correct in the
last 10 trials. This means that each block consisted of at
least 16 trials, but there were also blocks that required at
least 20 or 24 trials. During the sessions, the observed
block lengths were between 18 and 45 trials (inner 95% of
distribution; Extended Data Fig. 1-1). A transition between
the sequences was not cued and had to be discovered by
trial and error. Thus, the animal had to make an error on
the first element of a new sequence block to use the
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subsequent error signal to switch its behavior. All trials
started with a four-second intertrial interval (ITl), after which
a white disk (radius, 1 cm) appeared in the center of the
screen (Fig. 1). A single peck to this initiation stimulus was
followed by a 700ms delay, after which a sequence of
choice elements appeared. These elements consisted of
two identical white disks (radius, 1 cm) that were arranged
either vertically (first and third elements) or horizontally (sec-
ond and fourth elements) in the center of the screen.
Animals were required to make a single peck to one of the
two discs of each choice stimulus. If the animal pecked on
the correct location, the two white disks vanished and an in-
terstimulus interval (ISI) of 700 ms passed before the subse-
quent element appeared. The automated feeder dispensed
a food reward following the correct choice on all four ele-
ments, which marked the end of the trial. If the animal made
an incorrect choice at any time in the sequence, an error sig-
nal (2 s white illumination of the screen) appeared, and the
trial ended. A recording session consisted of 400 trials in
total for bird 1 and of 360 trials for bird 2.

To successfully perform this task, the animals must
keep track of the current sequence and the element within
the sequence. Since all locations were used twice, the
correct upcoming location was determined by the active
sequence and the ordinal position of the element within
the sequence (e.g., Fig. 1A, compare element Il in sequence
1 to element Il in sequence 2). Furthermore, the transition
between both sequences had to be inferred from the trial
outcome, as no other cue was provided (please refer to the
discussion for possible interpretations of the trial outcome
as a signal). We first trained the animals in an autoshaping
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procedure followed by a fixed-ratio (FR) protocol (FR1 fol-
lowed by FR3) using the initiation stimulus in the middle of
the screen. We moved the animals to the next training step
when they reached a preset criterion (>70% correct overall
performance). Both sequences were trained simultaneously
in a “backward” design such that the animals first learned
the last (fourth) element of both sequences in a block de-
sign. We undertook this approach to encourage behavioral
flexibility in switching between the sequences. After the ani-
mal reached the criterion, we added the third element of
both sequences. In this fashion, we also introduced the sec-
ond and finally the first element of either sequence. The
number of correct trials per block required for a change of
sequence was reduced stepwise throughout the training
(150, 50, and 30 trials, depending on the proficiency of the
animal in the task). Once the animal performed >75% cor-
rect on at least two consecutive sessions, it was deemed
ready to undergo surgery and to start with data acquisition.

Surgery

We stereotactically implanted two microdrives in each
bird. The electrodes were positioned in NCL [anteroposte-
rior (AP), +5.0; mediolateral (ML), —7.5; dorsoventral (DV),
—1.5] and NIML (AP, +9.5; ML, -3.5; DV, -2.3) of the right
hemisphere (Karten and Hodos, 1967). Coordinates for
the regions were based on histologic studies on the local-
ization of NCL (Waldmann and Gunttrkin, 1993; Herold
et al., 2011) and NIML (Rehkamper et al., 1985). The birds
were anesthetized using isoflurane and received meloxi-
cam (2 mg/kg, i.m.) for analgesia. The skull was exposed,
and small craniotomies were made over the target struc-
tures. Electrodes and microdrives were fixated with dental
acrylic to small bone screws, one of which served as a
ground for the recordings. After surgery, the birds re-
ceived several days of recovery, with monitoring and anal-
gesic treatment of butorphanol (1.5 ml/kg, i.m.). In one of
the birds, the left hemisphere was also implanted with the
same coordinates in a separate surgery.

Neurophysiological recordings

Extracellular single neuron recordings were performed
using two chronically implanted 32-channel microelectro-
des (NeuroNexus). The distance between recording sites
was 50 um for bird 1 (active zone, 1550 pm) and 20 um
(active zone, 640 um) for bird 2. We recorded both implanted
regions simultaneously. Microelectrodes were mounted on
movable microdrives (Ddrive, NeuroNexus). The signal was
amplified, filtered, and digitized using headstages (model
RHD2000, Intan Technologies) and a USB Interface board
(Intan Technologies). The system also recorded digital event
codes that were sent from the behavioral control PC using a
custom I/O device (www.jonasrose.net). Before each re-
cording session, the electrodes were advanced (750 um)
using manual microdrives. Recordings were started 20 min
after the advancement, and each electrode was manually
checked for neuronal signals. The signals were recorded at
a sampling rate of 30 kHz and filtered with a bandpass filter
(0.5-7.5kHz). The recorded neuronal signals were not pre-
selected for task involvement.
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We performed spike sorting using the semiautomatic
Klusta suite software (Rossant et al., 2016), which uses
the high electrode count and their close spacing to isolate
signals of single neurons. The spatial distribution of the
signal along the different electrodes was considered, by
the software, to untangle overlapping signals and sepa-
rate signals with similar waveform but different recording
depth.

Data analysis

All statistical analyses were performed in MATLAB
(2018b; MathWorks) using commercially available tool-
boxes (Curve Fitting Toolbox, version 3.5.3; Statistics and
Machine Learning Toolbox, version 10.2) and custom
code. For all statistical tests, we assumed a significance
level of a = 0.05. Trials were classified as error trials if, at
any element in the sequence, the animal chose an incor-
rect location. All correct trials were included in the analy-
sis of neural data. For error trial analysis, only trials with
an error at the first element (I) were used since the low
number of errors on later sequence elements resulted in
too few trials for meaningful analysis (Extended Data Fig.
4-1). As a baseline, we chose a 700 ms period of the ITI
starting 1000 ms before the start of the next trial.

A neuron was considered task modulated if its firing
rate was significantly modulated within a 700 ms period
between response to an element and the upcoming ele-
ment (i.e., in the interstimulus interval). We tested the fac-
tors visual stimulus (horizontal or vertical alignment of two
white disks) and response location (Fig. 1A, left, right, top,
or bottom location of a disk) on the touchscreen with one-
way ANOVAs. We tested the factors sequence (two possi-
ble sequences), element in sequence (I-1V), and the inter-
action between these main factors (seq—ele interaction) in
atwo-way ANOVA.

We further calculated a percentage explained variance
(PEV) statistic to quantify the effect size of task modula-
tion in the recorded population. Its main parameter w?
(Eqg. 1) is a measurement for the percentage to which the
tested factor can explain the variance of the data, it is cal-
culated from the sum of squares of the effect (SSeftect)
and the mean squares of the within-group (error) variance
(MSeror)- The factors sequence, element, and seqg—ele in-
teraction were calculated using the partial-w® measure
(Eqg. 2), which takes the multifactor design into account,
by incorporating the factor-specific mean squares (MSy)
and degrees of freedom (dfesect), as follows:

2 SSeffect — df* MSerror
SStotal + MSerror ’

w

(1)

2 _ Sseffect - dfeffect * MSf
P Sseffect + (N - dfeffect) * MSf .

® @

The population PEV analysis was conducted on the
time interval starting 700 ms before the response to an el-
ement until 700 ms after the response, with a bin size of
100 ms and a step size of 10 ms. We calculated a permu-
tation test to check whether the calculated values of effect
size were significant. We ran the permutation to calculate
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the likelihood of getting an explained variance value larger
than the one calculated from the actual distribution of the
data by permuting the dataset randomly and calculating
the PEV 1000 times. The test thereby does not assume
any distribution of the data and returns an unbiased esti-
mate of the likelihood of generating an effect size within
the data randomly. The measured value of explained var-
iance from the actual dataset was assumed to be signifi-
cant if the likelihood of randomly generating a larger value
was <5%.

To test whether the neural response to reward differed
from baseline activity a one-way ANOVA was used to
compare the response during the reward period of correct
trials with an equally long period (700 ms) in the middle of
the ITI. For analyses directly comparing correct and error
trials, we only used trials in which an animal made an in-
correct choice for the first sequential element, because
the number of errors for the other sequence elements (i.e.,
elements Il, lll, and 1V) was too low for analysis. Here we
calculated a two-way ANOVA with the main factors se-
quence and outcome (i.e., reward vs error feedback) and
seq-outcm interaction. Because there were substantially
fewer error trials than correct trials, we subsampled cor-
rect trials with the amount of error trials and performed
the ANOVA on these trial-equalized groups. For the error
trial analysis on the population level, the interval starting
1000ms before the erroneous peck up to the initiation
stimulus of the next trial (i.e., 5000 ms after the error) was
used (bin size, 100 ms; step size, 100 ms).

Neuronal activity of behavioral switches between the
sequences was analyzed using a two-way ANOVA with
the main factors sequence and switch (i.e., trial had be-
havioral switch, vs trial did not have a behavioral switch),
and the seq-switch interaction. Here the analysis period
was aligned relative to the response to the initiation stimu-
lus beginning 3000 ms before the response (during ITI)
and ending 1000 ms after the response (bin size, 10 ms;
advanced with a step size of 10 ms). Only trials in which a
bird performed a successful switch (i.e., the first correct
trial of the new sequence) were analyzed. We equalized
the sample sizes of switch trials and nonswitch trials by
randomly subsampling nonswitch trials with the amount
of switch trials. Information about the upcoming switch
was derived from the effect size (wf,) of the factor switch.
We determined whether a neuron had significant infor-
mation about the switch by applying the permutation
test introduced above to the PEV of each neuron in the
interval =1 s around the initiation response.

Data availability

The data and code underlying the results reported in
this article is available under the following DOI: 10.5281/
zenodo.6044274.

Results

Behavioral performance

We trained two pigeons on an action sequence proto-
col. Each sequence consisted of four choices (Fig. 1A).
Within each session, the animals had to switch multiple
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times between two sequences, relying only on error feed-
back to initiate the switch. The overall behavioral perform-
ance of both birds was very high (Fig. 1B) and well above
chance for all elements in both sequences (binomial test,
all p <0.001). Both birds had a performance of close to
100% for the elements II-IV regardless of sequence (range,
98.67-98.89%). The performance for element | was signifi-
cantly lower compared with the other elements, for both
birds and both sequences (effect of element: bird 1, seqi:
Fas6=127, 0 <0.001, w? = 0.86; bird 1, seq 2: Fas6=113,
p <0.001, »? = 0.84; bird 2 seq 1: Fia,152=282, p <0.001,
w? = 0.85; bird 2 seq 2: Fig 152 =441, p <0.001, »? = 0.89;
post hoc Tukey-Kramer test: both birds, both sequences: all
comparisons to element |, p < 0.001; all other comparisons,
p > 0.05; exception bird 2, sequence 1: comparison of ele-
ment Il to element Ill, p < 0.001). Performance of both birds
in sequences 1 and 2 did not differ significantly for elements
-V (repeated-measures ANOVA: F(4 43 =0.23, p=0.64,
w® = —0.01; and F(4 115 = 1.44, p=0.23, »” = —0.0003). A
separate dependent t test was calculated for element I. For
bird 1, there was no significant difference between the se-
quences (t14=1.33, p=0.21, d=0.52); for bird 2, there
was a significant difference between the two sequences
(tzs) = 6.26, p < 0.001, d=1.49). Following a block transi-
tion (i.e., when the response to the first element of the
previously correct sequence suddenly produced error
feedback), both birds performed a switch from one
motor sequence to the other quickly, within averages
of 2.77 (£0.20; bird 1) and 3.33 (+0.20; bird 2) trials. In
contrast, when the birds produced errors that occurred
within blocks (i.e., when the bird started with the incorrect el-
ement or incorrectly transitioned between elements), they
usually returned to the correct sequence in the following
trial. The average number of additional incorrect trials follow-
ing such a within-block error was only 0.43 (+0.05; pigeon 1)
and 0.52 (+0.03; pigeon 2). This indicates that the birds
were tracking their behavioral outcome and knew how to
adapt behavior when they received error feedback (please
refer to the Discussion for possible interpretations of the
outcome as a signal to guide behavior).

Sequence information is represented in NCL and in
NIML

During task execution, we simultaneously recorded sin-
gle-neuron responses from NCL (110 neurons) and NIML
(152 neurons). In one bird, we recorded from both the left
and the right hemisphere consecutively. We did not ob-
serve any difference between hemispheres. Recordings
were performed in a total of 55 sessions, each contributing
360400 trials. We tested whether the recorded neurons
were modulated by nonsequential task-relevant aspects by
performing one-way ANOVAs with the factors visual stimu-
lus, response location, and reward. The sequential factors
element, sequence, and seq-ele interaction were tested
with two-way ANOVA. For instance, the response of a
neuron was classified as modulated by seq—ele interac-
tion if a two-way ANOVA revealed a significant interac-
tion of the main factors sequence and element in the ISI
among the four elements and between the two sequen-
ces. An example neuron from NCL and NIML, significantly
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Figure 2. Neurons represent the interaction of sequence and element. Raster plots (each dot represents one action potential) and
histograms (average firing rate and standard error of the mean) of example neurons recorded in NCL and NIML. Only correct trials
are depicted. Both neurons responded stronger to particular elements in only one of the two sequences. For example, the NCL neu-
ron responds with a substantial increase of firing rate to element Il (red), but only for sequence 1. This neuronal activity is best ex-
plained by the interaction of element and sequence. Alternative explanations like the target location do not fit the observed
differences. Consider the red curve of sequence 1 and the blue curve of sequence 2; despite the same location (left) being the tar-
get, the firing rates differ substantially. Colors indicate neural response to the start stimulus (yellow), and elements | (black), Il (red),
Il (green), and IV (blue). Data are aligned to the response to each element (time O/black vertical line). In the raster plot, each trial is

depicted four times (once for each element).

modulated by seqg-ele interaction, can be found in
Figure 2.

Overall, we found that individual neurons were com-
monly modulated by more than just one of these aspects
of the task (Extended Data Fig. 3-1). The relative numbers
of task-modulated neurons were comparable between
the two regions and a y? test did not reveal a difference
between these numbers (all X%), <3.3; all p>0.05).
Within the two regions, neuronal populations that rep-
resented sequential information were not clearly sepa-
rated. Most neurons responded to combinations of the
factors element, sequence, and seq—ele interaction (NCL,
50.00%; NIML, 61.18%; Extended Data Fig. 3-1, “interac-
tion & any main”; i.e., the firing rate of these neurons was
significantly affected by any two combinations the fac-
tors). Furthermore, there was an overlap between the
representation of the sequential factors (sequence and
element) and nonsequential factors (response location
and visual stimulus), both modulating neuronal activity
of many neurons. However, a substantial fraction of all
neurons (NCL, 17.28%; NIML, 15.79%) showed signifi-
cant modulation for at least one of the sequential fac-
tors (sequence, element, seqg—ele interaction), without
being modulated by nonsequential factors (location or
stimulus; Extended Data Fig. 3-1, bottom row).

Latency of sequential information

To compare the processing of task-relevant information
between NCL and NIML, we calculated PEV (partial ?;
for details, see Materials and Methods) in the entire re-
corded population. Both regions encoded seg—ele inter-
action in between responses to the individual elements
(Fig. 3A). This indicates that both regions encoded the
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critical aspects of the ongoing sequential task and could
be involved in determining the correct choice to a particu-
lar visual stimulus, as a function of where the animal was
in the ongoing sequence.

We next calculated the latency difference between the
regions to investigate their temporal relationship. Looking
at the information about sequence, element, and seqg—ele
interaction on the single-neuron level showed that there
was a substantial overlap of neuronal activity between
the two regions. Therefore, to quantify the difference,
only neurons crossing a threshold of 3 SDs above their
mean PEV value were considered (mean baseline inter-
val, =700 ms around response; 100 ms bins; and 10 ms step
size). We defined the first time this threshold was crossed as
the latency of the neuron. The temporal distribution of inci-
dences of these events was similar for the main factors se-
quence and element, neither of which showed a significant
difference between the two regions (z = —0.32, p = 0.75,
d=0.08; and z=1.09, p=0.27, d=0.09; Fig. 3B). The latency
for the seq-ele interaction, however, did show a clear
separation of the two regions, with NIML showing the spe-
cific modulation significantly earlier than NCL (z=2.54,
p=0.0109, d=0.72; Fig. 3B).

Encoding of behavioral outcome and sequence-
switch

We used two different approaches to investigate a rep-
resentation of trial outcome. First, we analyzed reward
modulation by comparing neuronal baseline activity to ac-
tivity following a correct response to the last element (ele-
ment IV) of both sequences using a one-way ANOVA. A
large fraction of neurons in both regions (NCL, 60.00%;
NIML, 59.21%) were reward modulated according to this
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Figure 3. NCL and NIML have similar response profiles but differ in timing. A, Population response in NCL (top) and NIML (bottom).
Sequential information expressed as PEV by sequence (red), element (blue), and seq—ele interaction (green). The vertical black line
indicates the time of response. Both regions represented elements and interactions, while sequence was represented mostly in
NIML. Importantly, information about seg—ele interaction emerges earlier in NIML than in NCL. Lines indicate the mean; shaded area
indicates the standard error of the mean; PEV is across all recorded neurons. B, The interaction emerges in NIML (orange) signifi-
cantly earlier (indicated by horizontal black line) than in NCL (black). Violin plots of latencies of the two regions measured as the first
bin crossing the information threshold (3 standard deviations above the mean information of a neuron; only neurons crossing the
+3 standard deviations level were taken into account; based on 100 ms bins advanced with a step size of 10 ms). Extended Data
Figure 3-1 gives an overview of significant neuron counts in both regions for the different test groups.

criterion. The following error trial analyses were based
only on errors on the first element of either sequence
since too few errors were made on the following ele-
ments (see Materials and Methods, Data analysis;
Extended Data Fig. 4-1). Many neurons of both regions
responded differently following correct and incorrect
choices (NCL, 40.00%; NIML, 38.16%; Fig. 4A).

We further analyzed the effect of trial outcome at the
neuronal population level with a two-way ANOVA with
the main factors sequence and outcome. We did this
by comparing a correct response to element IV with
subsequent reward to an incorrect response to ele-
ment | with the subsequent error signal. Both regions
showed modulation after the response, differentiating
between error and correct trials, but the average PEV
for the outcome was significantly higher in NCL than in
NIML (all tpg0)>2.07, all p<0.05, all d>0.24, two con-
secutive nonoverlapping bins were significant; Fig. 4B,
Extended Data Fig. 4-2).

Following an error, the bird had to switch the executed
sequence, whereas following a correct trial, the bird could
stay with the current sequence. We analyzed the informa-
tion about this sequence switch by calculating the PEV
with a two-way ANOVA, with the factors sequence and
switch, and quantifying the effect size (see Materials
and Methods, Data analysis). A subpopulation of neu-
rons in both regions (NCL, 16.36%; NIML, 15.13%)
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reached significant information (PEV) about the switch,
but not about the sequence identity, or the sequence-
switch interaction (Extended Data Fig. 4-3). Significance
was reached first in NIML (—300 to 100 ms before initiali-
zation) and later in NCL (—200 to 0 ms before initializa-
tion; Fig. 4C, Extended Data Fig. 4-4). The amount of
information about the switch, encoded by the two sub-
populations of NCL and NIML, did not show a significant
difference. This indicates that both regions had informa-
tion about the upcoming switch of sequences before the
onset of the sequence.

Discussion

We investigated the neural correlates of control and ex-
ecution of behavioral sequences in pigeons. The birds
had to attend a series of visual stimuli to select a response
based on knowledge about the current sequence and
about the current element within the sequence. The pi-
geons further had to detect a transition between two se-
quences based on the outcome (i.e., error-feedback, but
see the Discussion below about this observation) follow-
ing an incorrect response. Therefore, the animals had to
make an error to know that a switch had occurred. Using
this feedback, the animals quickly adapted their choices
within a few trials, indicating that the birds were able to
flexibly transition between the sequences based on
feedback.
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Figure 4. Choice outcome and sequence switch in NCL and NIML. A, Raster plots and histograms of example neurons in NCL (left
panel) and NIML (right panel). Correct and error trials for element | are depicted. Both neurons responded strongly to erroneous re-
sponses. Colors indicate the neural response to element | (correct, blue; incorrect, red). Data were aligned to the response (time 0/
black vertical line). In the raster plot, correct and incorrect trials are grouped. B (top) Population response to the outcome (element
IV correct vs element | incorrect) in NCL (black) and NIML (orange). Both regions differentiate between correct and error trials, but
NCL does so slightly stronger and for a longer period. Lines indicate the mean and shaded areas indicate the standard error of the
mean of PEV across all recorded neurons. Vertical black lines indicate the time of response (0 s) and the end of the feedback phase
(4 s), and horizontal black lines indicate a significant difference between the regions. See Extended Data Figure 4-1 for the number
of error trials per element and statistical values, and Extended Data Figure 4-2 for statistical values and results concerning the factor
outcome. B (bottom) Subpopulation PEV sequence change (switch vs no-switch) in NCL (black) and NIML (orange). Only correct
sequence switches, when the animals successfully transitioned from one sequence to the other, and all other correct trials,
where the animals perform the same sequence from trial to trial, are depicted. Both regions differentiated switch from no-
switch trials before the onset of the next sequence. Vertical black lines indicate the response to the initiation stimulus (0 s).
Lines indicate the mean, and shaded areas the standard error of the mean of PEV across all selected neurons. Horizontal black
lines indicate significant differences between the regions. See Extended Data Figures 4-3, 4-4, 4-5, 4-6 for statistical values
and results concerning the factors sequence, switch, and seq—switch interaction.

The NCL processes sequence information and keeps
track of the current action plan

A large proportion of the neurons recorded from NCL
responded to the presented visual stimulus, the interac-
tion, and/or main effects of sequence and element, the re-
sponse location, and/or the outcome of the trial, thereby
encompassing all information required to perform in the
behavioral task. Some of these factors are well estab-
lished for NCL.

Neurons in NCL are selective for behaviorally rele-
vant visual stimuli (Veit and Nieder, 2013), target loca-
tions (Veit et al., 2015), and trial outcomes (Kalt et al.,
1999; Browning et al., 2011; Starosta et al., 2013; Veit
etal., 2017). In contrast to the rich data showing repre-
sentations of nonsequential stimuli in NCL, there is less
neurophysiological evidence for sequential information.
Nonetheless, the involvement of NCL in sequential behav-
ior is well established. NCL projects to downstream motor
regions (Kréner and Gunturkin, 1999; Guntirkin and
Bugnyar, 2016), and its inactivation induces transition er-
rors in a motor sequence (Helduser et al., 2013). However,
the impairments following NCL inactivation might not nec-
essarily be specific to sequential behavior. Johnston et al.
(2018) found that the impairments caused by TTX injec-
tions into NCL were comparable between a serial-order
protocol and a simple go/nogo protocol without sequenc-
ing requirements arguing for a general role of NCL that
is not specific to ordering/sequencing behavioral tasks.
Further, a neurophysiological study in NCL compared
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internally ordered (the animal can choose freely as long as
it does not respond to a previously chosen stimulus) and
externally ordered (the animal must choose in a specific
sequence) serial-order protocols (Johnston et al., 2020).
The authors found ordinal stimulus representations in the
internally, but not the externally, ordered protocol sup-
porting the notion that NCL is involved in sequential
behavior but is very likely not the only structure in-
volved—possibly depending on minutia of the behav-
ioral task. Our data support this and provide evidence
that NCL represents all of the information required to
perform in a behavioral task that requires executing
and switching between two sequences.

Neuronal activity in NIML shows characteristic
signatures of being a higher executive region

To our knowledge, the present study is the first to inves-
tigate single-cell activity of NIML and therefore is the first
to report that these correlates in NIML are remarkably
similar to those of NCL. All of the sequential and nonse-
quential factors influencing the activity of neurons in NCL
(mentioned above) also affected neuronal activity in NIML.
Hence, NIML equally represents all relevant information
required to perform the behavioral sequences. This is in
line with studies reporting that immediate early genes are
upregulated in NIML after movement (Feenders et al.,
2008) and multicomponent behavior (Rook et al., 2021b),
and fMRI results correlated with multicomponent behavior
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(Behroozi et al., 2020). This redundancy of information be-
tween NCL and NIML seems puzzling but may offer an ex-
citing possibility: NIML may be an additional region for
executive functions. However, there are three observa-
tions that require clarification before further considering
NIML in such a context.

First, as was previously reported for NCL, most selec-
tive neurons of NIML were modulated by multiple task
components. Therefore, it might be possible that a strong
neural representation of nonsequential factors gives rise
to a false positive in the analysis of sequential factors. For
instance, a neuron could strongly represent only one tar-
get location, and this activity could be interpreted as in-
teraction between sequence and element. However, this
explanation is unlikely since many neurons were signifi-
cant for sequential factors (sequence, element, or inter-
action) but did not respond to the critical nonsequential
factors (stimulus or location). Additionally, the compara-
tively large effect sizes for sequence, element, and inter-
action at the population level make this interpretation
unlikely—even for the neurons that responded to multiple
factors. A more parsimonious explanation is therefore
that neurons in both regions showed “mixed selectivity,”
as was previously reported in associative structures
such as the mammalian PFC (Rigotti et al., 2013) and the
avian NCL (Moll and Nieder, 2017).

Second, neuronal activity in NIML might only relay
information from NCL without being directly relevant
for behavioral output. By recording simultaneously from
NCL and NIML, we were able to compare the time course
of neural signals between these structures. We found that
information about the current sequential element (i.e.,
seq—ele interaction) first appeared in NIML and reached
NCL only after a delay of 50-300 ms (Fig. 3). This latency
could indicate that NCL activity is driven by NIML and
consecutively drives motor output. However, a critical
role of NCL in relaying motor output from NIML seems un-
likely because the inactivation of NCL did not fully abolish
sequential behavior in previous studies (Helduser and
Guntirkidn, 2012; Helduser et al., 2013; Johnston et al.,
2018). Instead, feedback about the current status of an
ongoing behavior (i.e., seq—ele interaction) might reach
NCL via NIML. This would fit the likely role of NCL to
guide behavioral flexibility, for example, by integrating
motor output with multimodal feedback. This is a re-
quirement for the successful selection of upcoming el-
ements and for switching between the two sequences,
as feedback is required for the adaptation and guid-
ance of motor commands. It is also consistent with re-
sults from the inactivation study of Helduser et al.
(2013), where element transitions became more erro-
neous following both NCL and NIML inactivation.

Finally, if NIML were to be a higher executive region,
it should in some way show signs of integration of in-
formation to guide behavior. For example, this is the
case for NCL, for which a role in behavioral flexibility
was previously reported using lesions and receptor
blockade that resulted in deficits in a reversal task
(Hartmann and Guntlrkln, 1998; Lissek et al., 2002).
Here we found evidence of integration of information
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not only in NCL but also in NIML. This can be seen at
the level of individual neurons with specific tuning to
the rewarded outcome, and from the differential re-
sponse of the population to the trial outcome.

We interpret the neural correlates of the trial outcome
(white feedback stimulus and reward), arising from differ-
ential firing rates, as abstract feedback signals containing
information about the outcome. It is already well estab-
lished that NCL plays a role in the feedback evaluation.
However, it is important to note that we cannot distinguish
with certainty whether the neural responses reported here
are indeed abstract feedback signals or mere representa-
tions of the physical cues we provided: reward delivery or
a screen flash on error trials. In the absence of a definitive
test of the neuronal activity, we consider the following two
lines of reasoning for our interpretation. (1) Neuronal activity
of NCL has been found to have an abstract quality (i.e., in-
dependent of physical stimulus properties). For example,
neurons of NCL encode rules (Veit and Nieder, 2013), nu-
merosity (Ditz and Nieder, 2015; Kobylkov et al., 2022), and
stimulus category (Kirsch et al., 2009; Anderson et al.,
2020). Furthermore (2), reward strongly affects neuronal ac-
tivity in NCL in the form of reward magnitude (Koenen et al.,
2013), availability (Rose and Colombo, 2005; Johnston et
al., 2017), and proximity (Kalenscher et al., 2005; Scarf et
al., 2011). Importantly, it was shown that NCL encodes the
reward prediction error, a key feedback signal in learning
theory (Starosta et al., 2013; Puig et al., 2014; Packheiser et
al., 2021). Since this is the first study recording single cells
in NIML, there is no direct evidence in the literature that
demonstrates neural correlates of feedback processing.
However, much like NCL, NIML is not a sensory visual
area. Additionally, NIML inactivation increases sequence
errors (Helduser and Gintlrkin, 2012; Helduser et al.,
2013), and immediate early gene expression is increased
when the animals stop ongoing behavior (Rook et al.,
2021b). Both results were interpreted as evidence for a
role of NIML in abstract processes. Importantly, we found
that the response to feedback stimuli occurred later in
NIML than in NCL. The latter is commonly regarded as the
highest associative structure in the avian brain. Thus, low-
level sensory processing of highly familiar feedback stim-
uli in NIML after the feedback response in NCL seems
rather unlikely. Together the neural correlates reported
here can be interpreted in line with abstract feedback sig-
nals, especially in NIML; however, additional experiments
will be required to put this interpretation to the test.

Outcome monitoring is crucial to flexibly switch behav-
ior after an erroneous response, in this instance to switch
from executing one sequence to executing the other. The
neural representation of trial outcome was initially present
in both regions but declined faster in NIML than in NCL,
which maintained the information about the outcome al-
most to the end of the feedback phase. The outcome was
not sustained throughout the ITl in either region. This may
indicate that the switch between the sequences was initi-
ated only at some point shortly before the onset of the
next trial, instead of being maintained following the out-
come of the previous trial. Indeed, shortly before the
onset of the subsequent trial, the population activity of
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both regions differentiated between trials with an upcom-
ing sequence switch and the continuation of the same se-
quence. This suggests that both NCL and NIML played a
role in the process of switching sequences. Overall, the
two regions encoded the switch very similar, peaking at
virtually the same time. The only difference we detected
was some NIML neurons that showed the differentiation
earlier than NCL.

The NCL and NIML of pigeons may work in concert as
a system for higher executive functions

We found neural correlates of all relevant task com-
ponents in NCL, and importantly, also in NIML. This sug-
gests that these structures might work together as part of
an executive network controlling sequential behavior. Our
data were not conclusive about direct network interac-
tions such as neurons from one region producing direct
input at neurons of the other region or any correlation be-
tween instances of spiking. However, our data suggest
that between the two regions the role of NCL is evaluative
of, rather than instructive for, motor-related signals. NCL
processes sequential information after NIML (as indicated
by the higher latency relative to a peck), and it has a more
pronounced response to errors than NIML. Therefore, we
suggest that NIML might relay information related to se-
quential motor output to NCL, where it can be integrated
with multimodal sensory feedback signals (auditory, vis-
ual, and tactile). The integrated signal can then be pro-
jected to the arcopallium (the motor output region), where
it may converge with the direct projections from NIML
(Zeier and Karten, 1971; Kroner and Gunttrkin, 1999).
Inactivation of parts of this anatomic network result in
transition errors and more general deficits in motor se-
quence production (Helduser et al., 2013; Johnston et al.,
2018). This might be because of a lack of feedback inte-
gration of the ongoing sequence (e.g., body posture, beak
position, and visual and auditory cues) that would affect
the identification of the appropriate upcoming sequential
step, or (agnostic to specific functions) because the net-
work dynamics of a downstream motor region are per-
turbed by the transient inactivation of an upstream signal
source (Otchy et al., 2015). To disentangle these possibil-
ities, recordings in arcopallium, in combination with tran-
sient and permanent inactivation of NIML and NCL will be
required. The recent development of optogenetic methods
in pigeons (Rook et al., 2021a) makes this a possibility.
Importantly, the suggested functions still require exper-
imental cross-validations, with neuronal recordings of
the respective regions in different tasks to test specific
contributions. The role of NCL in this network should
be considered equivalent to PFC, based on a wealth of
neurophysiological data (Nieder, 2017). Because of the
lack of such data, the role of NIML is naturally much
more difficult to grasp. We observed the termination of
specific behavior and a subsequent change to an alter-
native behavior, the sequential switch. It has been sug-
gested that this is reminiscent of functions of right
inferior frontal gyrus in humans, while multimodal inner-
vation of the MNM and its potential role in movement
preparation is similar to mammalian posterior parietal
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cortex (Rook et al., 2021b). Irrespective of the exact re-
lationship of NIML to mammalian structures, our results
indicate the presence of more than one avian executive
region with both NCL and NIML playing a crucial role in
feedback-based behavioral flexibility. To further lay a
foundation of an avian executive network, it will be cru-
cial to directly measure whether and how information
from one region is transmitted to the other.
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