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Neuronal responses to frontal binocular and lateral monocular visual stimuli in
the crow nidopallium caudolaterale
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Animal Physiology Unit, Institute of Neurobiology, University of Tubingen, Tubingen, Germany

Abstract

In birds, visual information from the binocular-frontal and monocular-lateral fields is processed through multiple lateralized pathways
that converge in associative telencephalic areas, where sensory inputs are integrated to guide behavior. How these initially separated
inputs are represented in such higher areas remains unclear. We recorded single-unit activity in the left nidopallium caudolaterale
(NCL), a higher-order associative area, in two passively viewing carrion crows (Corvus corone). The crows were presented with static
and moving sine-wave gratings of varying parameters, and colored natural images, in the frontal binocular and lateral monocular vis-
ual fields. About 40% of units were strongly modulated by stimulus position (frontal, left, right), with subpopulations distinguishing fron-
tal versus lateral inputs or left-eye versus contralateral right-eye inputs. Nearly 30% of neurons responded selectively to colored
images, whereas only ~10% discriminated between grating parameters, favoring higher spatial frequencies. Stimulus content inter-
acted with position, showing stronger selectivity for frontal and right-eye inputs, consistent with contralateral processing. These results
demonstrate that left NCL integrates inputs from both eyes to represent visual information across the visual fields.

NEW & NOTEWORTHY Single-unit activity recorded in the left associative nidopallium caudolaterale (NCL) of awake crows was
modulated by the position of stimuli across the visual field. Distinct subpopulations of visually responsive neurons distinguished
both frontal binocular versus lateral monocular inputs and contralateral right-eye versus monocular left inputs. Stimulus content
was more consistently encoded in the contralateral half-field, revealing that stimulus processing in left NCL differs across the vis-
ual field.

crow; lateralization; nidopallium caudolaterale; single-neuron recording; vision

outstanding visual acuity and possess excellent color vision
(6). The avian brain processes visual information along two
major pathways homologous to mammals: The tectofugal

INTRODUCTION

Flexible behavior requires the mental representation of

relevant aspects of an animal’s environment. In the visual
system of vertebrates, this is achieved via a hierarchy of
increasingly sophisticated neuronal computations along par-
allel brain pathways (1-3). These pathways get integrated in
associative areas of the telencephalon that can flexibly adjust
behavior based on abstract representations (4, 5). Thus,
investigating the neuronal activity in associative areas in
response to the visual environment will advance our under-
standing of how the brain guides behavior.

Visual Pathways in the Avian Brain

Birds are highly visual animals and well-suited to study
visual processing from the eyes to the brain. They have
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pathway is the dominant visual stream in birds and proc-
esses information across the whole retina (3). The tectofugal
pathway proceeds from the eye via the mesencephalic optic
tectum to the diencephalic nucleus rotundus (7, 8). The
rotundus sends topographical projections to the entopallium
in the endbrain, which in turn projects to various compo-
nents of the lateral nidopallium (9). Distinct subregions of
the rotundus and the entopallium show functional special-
izations toward different visual features, including color,
luminance, and motion (9). The second pathway is the thala-
mofugal pathway leading from the eye to the lateral genicu-
late nucleus in the thalamus, and finally to the visual
hyperpallium in the endbrain (8). It is involved in processing

L))

Check for
updates

1645

Published by the American Physiological Society.
Downloaded from journals.physiology.org/journal/jn (2003:00DF:7749:D700:51AD:BF76:0CDC:A727) on November 13, 2025.


https://orcid.org/0000-0002-8065-5132
https://orcid.org/0000-0001-6381-0375
mailto:andreas.nieder@uni-tuebingen.de
https://crossmark.crossref.org/dialog/?doi=10.1152/jn.00431.2025&domain=pdf&date_stamp=2025-10-18
http://www.jn.org
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1152/jn.00431.2025

()) RESPONSES TO BINOCULAR AND MONOCULAR STIMULI IN CROW NCL

spatial information (10-12) and represents the lateral visual
field in pigeons (13). The hyperpallium integrates inputs
from both eyes, leading to binocular responses in both plant-
feeding and predatory birds (14-16).

Neural Representation of the Frontal and Lateral Visual
Fields

Visual processing demands may change across compo-
nents of the visual field and according to ecological pressures.
For birds with laterally placed eyes, a common proposal is
that the frontal binocular field serves fine pattern discrimina-
tion during near-field vision, e.g., when pecking at grain. By
contrast, the lateral monocular fields allow global spatial proc-
essing at larger distances, e.g., to localize landmarks, preda-
tors, or conspecifics (17). However, such concurrent processes
need to be reconciled to guide the behavioral output at any
given time point. This sensorimotor transformation occurs in
integrative areas of the nidopallium where both visual path-
ways converge (18). This raises the question of how neural
activity at these later stages of visual processing relates to dif-
ferent components of the visual field.

Besides the distinction between frontal and lateral fields,
the avian visual system also shows a characteristic degree of
lateralization between brain hemispheres (19, 20). At the
optic chiasm, the optic nerve of birds fully crosses to the
other side. There is also less integration between hemi-
spheres because birds do not have a homolog of the corpus
callosum. Interhemispheric integration in the avian brain
occurs via different recrossing projections, including the
supraoptic decussation and, at the forebrain level, the ante-
rior commissure (21, 22). At the same time, the avian visual
pathways show asymmetries in neuronal cell size and in the
number of projections from the contralateral hemisphere
(19). In pigeons, the left rotundus receives more projections
from the contralateral optic tectum than vice versa (23). In
the entopallium of chicks, both functional and anatomical
asymmetries have recently been reported, favoring the left
hemisphere in light-incubated hatchlings (24, 25). Thus, the
tectofugal system is lateralized with a more bilateral repre-
sentation of the visual environment in the left hemisphere
(26). By contrast, chicks show a reversed asymmetry of the
thalamofugal pathway. Their right hyperpallium receives
more contralateral projections from the left thalamus than
vice versa, leading to a higher degree of bilateral representa-
tion in the right hemisphere (27, 28). How these processing
asymmetries shape visual representations in higher integra-
tive areas remains unclear. The telencephalic nidopallium
caudolaterale (NCL), which receives input from both tectofu-
gal and thalamofugal pathways (18, 29, 30), is a prime site to
address this question.

Integration of Visual Information in NCL

The NCL in birds is an associative endbrain area heavily
interconnected with both secondary sensory and premotor
areas across modalities (31). It serves as a central executive
that can flexibly recruit and update abstract information (32,
33). It is thus a putative functional analog of the mammalian
prefrontal cortex (31, 32). In crows, known for their flexible
behavior (34), single-cell activity in NCL encodes visuospatial
information relevant to immediate goals, including stimulus
position (35-37), stimulus features like motion direction and
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speed (38), and abstract categories like number (39-43). A
recent tracing study has shown that the crow NCL receives
monosynaptic input from both the visual hyperpallium and
the intermediate nidopallium, as well as the entopallial belt
(29), suggesting that both thalamofugal and tectofugal signals
are integrated in this area. Depending on the asymmetric
properties of the ascending visual pathways, these connec-
tions may enable NCL to process information from both the
left and the right eye. However, physiological studies of the
NCL in awake animals usually present visual stimuli only in
frontal, binocular positions. It remains unclear how NCL enc-
odes stimuli placed in different parts of the visual field. To
address this question, we recorded single-cell activity in the
left NCL of two awake carrion crows while simultaneously
presenting visual stimuli in the frontal binocular and both lat-
eral monocular visual fields. Our results indicate that left NCL
encodes visual information from the ipsilateral eye/contralat-
eral hemisphere to distinguish both contralateral and frontal
binocular fields.

METHODS

Animals

We recorded electrophysiological data in two female carrion
crows (Corvus corone) from the university’s facilities: crow 1
aged 3 yr and crow 2 aged 1 yr. The crows were kept in social
groups in spacious aviaries. During training, crows were kept
on a controlled feeding protocol and food was used as reward.
The crows always had ad libitum access to water. All proce-
dures were carried out according to the guidelines for animal
experimentation of, and approved by, the responsible author-
ity under national legislation, the Regierungsprasidium
Tubingen, Germany.

Experimental Setup

Training and data acquisition took place in a closed condi-
tioning chamber (102 x 100 x 76 cm) with a side door. The
crows sat on a wooden perch 14 cm in front of a touch screen
(3 M. Microtouch, 15 in., 60 Hz refresh rate). On the side
walls, 2 additional screens (Joy-it RB-LCD10-2, 10.1 in., 60 Hz
refresh rate) were mounted at 35 cm viewing distance each
(Fig. 1A). Below the front screen, the crows could retrieve
food rewards from a custom-made automatic feeder. The
task flow was controlled online using the CORTEX program
(National Institute of Mental Health). Visual stimuli were
presented on the front and side screens, auditory feedback
was given by a speaker mounted behind the front screen.
The crows’ head position was tracked using a custom-written
tracking program in MATLAB. This program used the live
feed of two infrared vision cameras (Body: FLIR CM3-U3-
13y3M, Lens: Fujinon DF6HA-1B, IR-Emitter: Kingbright
BL0106-15-28, 940 nm) in the chamber. One camera was
mounted on the side wall left to the front screen and tracked
the vertical plane, the other was mounted on the top wall
and tracked the horizontal plane. The crows had to fixate
head position throughout the task by keeping a small reflec-
tor attached on top of their head inside of a predetermined
area centered between the two side screens. The allowed
area for the reflector measured 2.7 cm x 2.7 cm x 2.5 cm, and
the head angle had to remain within #20° of a straight
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Figure 1. Passive viewing protocol. A: screen layout. The crows were surrounded by a frontal and two side screens used for stimulus presentation. Head
position was tracked on-line using a reflector attached to the crows’ head. B: stimulus set. We presented static Gabor gratings with four edge orienta-
tions separated by 45° steps and five spatial frequency levels on a logarithmic scale; moving Gabor gratings with eight motion directions separated by
45° steps and the same orientations and frequencies as the static gratings; and 18 different color images. C: passive viewing task. An example trial is
shown. Crows had to fixate and maintain head position while six stimuli of 500 ms (S1-S6) were presented on varying screens, separated by delays of
200 ms (D1-D6). After the last delay, crows received a food reward and audiovisual feedback. Every trial showed stimuli of the same class, i.e. moving
gratings, static gratings or images. Adjacent stimuli always differed in all features. D: extracellular recording. Microelectrodes connected to a preamplifier
were chronically implanted in the left nidopallium caudolaterale (NCL) of both crows to record single-unit activity. A, anterior; D, dorsal; OT, optic tectum;

P, posterior; V, ventral.

forward orientation in the horizontal plane. With these con-
straints, stimuli presented on either side screen could only
be viewed monocularly, whereas stimuli presented in front
were within the binocular visual field range of the carrion
crow (44).

Stimuli

We presented stimuli sorted into three classes: moving sine-
wave gratings, static sine-wave gratings, and colored images
(Fig. 1B). Stimuli were subsequently shown on the three differ-
ent screens, so they appeared to the left, to the right, or in
front. Stimuli shown on the front screen covered a square area
of 3.2 x 3.2 cm, and stimuli shown on either side screen cov-
ered a square area of 8 x 8 cm. Thus, all stimuli covered 13°
visual angle. Grating stimuli were monochrome, sinusoidal
gratings with maximal amplitude, created using a custom-
written MATLAB script. We systematically varied spatial fre-
quency, edge orientation, and, for moving gratings, motion
direction. Spatial frequency of static and moving gratings was
varied by adjusting the number of cycles between a minimum
of 1 cycle and the maximum determined by stimulus size and
screen resolution. Thus, spatial frequency was 0.077, 0.5, 1, 2,
and 2.6 cycles/° for frontal gratings and 0.077, 0.5, 1, 2, and 11
cycles/° for lateral gratings. A horizontal edge orientation of
static and moving gratings was labeled as 0°. We then varied
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edge orientation in 45° steps clockwise, leading to orientations
of 0°, 45°, 90° and 135°. For moving gratings, we additionally
varied motion direction. Because crows tested with a global
motion discrimination task previously showed highest per-
formance for 16°/s motion speed (38), all moving gratings had
a fixed speed of 16°/s. This was achieved by adjusting the cor-
responding temporal frequencies. Motion direction was
orthogonal to edge orientation, resulting in two possible direc-
tions per orientation. We labeled straight upward motion as 0°
and varied motion direction in 45° steps clockwise, leading to
motion directions of 0°, 45°, 90°, 135°, 180°, 225°, 270°, and
315°. Stimulus side, motion direction, and spatial frequency
were fully balanced, leading to 3 x 8 x 5 = 120 different mov-
ing gratings. For static gratings, stimulus side, edge orienta-
tion, and spatial frequency were fully balanced, leading to 3 x
4 x 5 = 60 different static gratings. The third class of stimuli
consisted of 18 color images randomly selected to provide rich
visual information. The full set of images is shown in
Supplemental Fig. S1. All images were taken from the stock
image platform Pexels (www.pexels.com) and are royalty-free.
Total luminance of the images was adjusted to match the
luminance of the gratings using a custom-written R-script. All
images were shown on all three screens, leading to 18 x 3 = 54
different color stimuli. Our combined stimulus set thus con-
sisted of 120 + 60 + 54 =234 stimuli in total.
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Passive Viewing Task

The basic task flow is shown in Fig. 1C. To receive food
rewards, crows had to fixate head position throughout indi-
vidual trials. In each trial, six different stimuli of the same
stimulus class were presented in quick succession on the dif-
ferent screens. A trial was initiated by the Go-stimulus, a
small gray square shown on the front screen. The Go-stimulus
instructed the crows to enter head fixation and stayed on-
screen for up to 30 s. When the crow entered fixation, the trial
began with a prestimulus phase of 300 ms where all screens
remained black. Next, six stimuli separated by brief delay
periods were presented. Each stimulus was presented for 500
ms and was followed by a delay of 200 ms during which all
screens remained blank. The total set of 234 stimuli was split
into 39 trial conditions with a fixed train of six stimuli per
condition. All stimuli within a given condition belonged to
the same stimulus class, i.e., moving gratings, static gratings,
or color images. Parameters varied between stimuli were side,
spatial frequency, edge orientation, and motion direction for
moving gratings; side, spatial frequency, and edge orientation
for static gratings; side and image content for color images.
Stimuli were assigned pseudo-randomly such that all varied
parameters differed between adjacent stimuli. For instance, a
moving grating was always followed by a moving grating
shown on a different screen and with different spatial fre-
quency and motion direction. Across conditions, stimulus
order was balanced pseudo-randomly such that any given fea-
ture was presented at all possible timepoints. The specific
stimulus sequence of each condition remained constant
across recording sessions throughout the entire experiment. If
the crow maintained fixation for the total trial duration of
4,500 ms, the feeder was briefly lit up and delivered a food
reward, accompanied by a reward sound from the speaker.
Reward delivery was followed by a minimum of 400 ms of
eating time. If the crow broke fixation at any point during a
trial, this trial was interrupted and a green flash was shown
on all screens for 300 ms, followed by a timeout with blank
screens of 1,000 ms before a new trial was initiated. The same
occurred if the crow did not initiate fixation within 30 s after
onset of the Go-stimulus. Trials were separated by an inter-
trial interval of 200 ms. This interval separated the preceding
reward or timeout from the Go-stimulus of the next trial.
Trial conditions were drawn pseudo-randomly following a
delayed-retry protocol such that interrupted trials were drawn
again later until all conditions were presented fully once.
Then, a new block of all 39 conditions followed. After every
60 completed trials, crows had a short break with free access
to water. Crows completed up to 420 trials per recording.

Surgery and Single-Cell Recordings

Once both crows reliably completed at least 390 trials per
day, we implanted custom-made microdrives carrying elec-
trodes for electrophysiological recordings. All surgeries were
performed while the animals were under general ketamine/
xylazine anesthesia (45). The head was placed in a stereo-
taxic holder that was customized for crows with the anterior
fixation point, the beak bar, at a 45° angle below the horizon-
tal axis of the instrument. Using stereotaxic coordinates
(center of craniotomy: anterior-posterior + 5 mm relative to
interaural point as zero; medial-lateral 13 mm relative to
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midline), we chronically implanted two microdrives with
four electrodes each in the left hemisphere and a connector
for the head stage. Glass-coated tungsten microelectrodes
with 2 MQ impedance (Alpha Omega) were used. The electro-
des targeted the corvid NCL, which is characterized by dopa-
minergic cells and has been histologically verified before
(46). Crows received analgesics after surgery. When the
crows had fully recovered, we recorded single-unit activity
while the crows performed the passive viewing task. We
recorded from the left hemisphere of both crows, with 45
recording days for crow 1 and 32 recording days for crow 2.
Recordings took place between February and May 2024.
Every session, the birds were placed in the recording setup
and a head stage containing a preamplifier was plugged into
the connector implanted on the bird’s head and connected
to a second amplifier/filter and a PLEXON MAP box outside
of the setup by a cable above and behind the bird’s head (all
components by Plexon Inc., Dallas, TX). Each recording ses-
sion started with advancing the electrodes until a proper
neuronal signal was detected. Neurons were never prese-
lected based on task responsiveness. PLEXON’s Offline
Sorter was used to manually sort spikes offline into single-
unit waveforms.

Data Analysis

We selected single units for statistical analysis based on
two inclusion criteria: first, we only analyzed units with an
average firing rate of at least 0.5 Hz, calculated as the mean
activity over the entire trial length, across all trials recorded.
Second, we only included units that were recorded for at least
five repetitions of each individual stimulus. We included all
stimuli that were fully presented with ongoing head fixation,
independent from whether the trial was interrupted later or
not. This resulted in a total of 181 units for crow 1 and 209
units for crow 2 included in the statistical analysis. All tests
had an o level of 5% unless stated otherwise.

Neuronal Selectivity for Visual Features

We analyzed neuronal selectivity to visual features both
between- and within stimulus classes: between stimulus
classes, we assessed responses to the different classes (mov-
ing gratings, static gratings, color images) across the visual
field (left screen, front screen, right screen) by applying a
two-factor sliding-window ANOVA to all units. For this, we
aligned neuronal responses to single stimulus presentations
by stimulus onset (=0 ms). We calculated the mean firing
rate per stimulus in a 200 ms boxcar window that was shifted
in 10-ms steps. For each 10-ms bin, we applied a two-factor
ANOVA on the corresponding firing rates. For this, we used
the three-level factors of stimulus class (moving, static,
color) and stimulus side (left, front, right). Units were identi-
fied as stimulus-selective, side-selective, and/or as interac-
tion units when they showed a P value of 0.01 or less for the
respective factor for at least 11 consecutive time bins, starting
at least 50 ms after stimulus onset to account for visual proc-
essing latency. Because both crows showed similar propor-
tions of selective units (Fig. 2E), units were pooled across
crows for subsequent analyses.

Within each stimulus class, we also applied the sliding-
window ANOVA to identify units selective for individual

J Neurophysiol « doi:10.1152/jn.00431.2025 - www.jn.org

Downloaded from journals.physiology.org/journal/jn (2003:00DF:7749:D700:51AD:BF76:0CDC:A727) on November 13, 2025.


http://www.jn.org

()) RESPONSES TO BINOCULAR AND MONOCULAR STIMULI IN CROW NCL

A Crow 1 B Crow 2 F _
g T N =163
3 4042 =53.29, p < 0.001
€
: 30
. 2
< I .
87200 200 400 600 ) | Uniform
5 Axx 4 4, E** 3+ 20
O B4 3 3
54' EZ’ o i 10
[ c e <
Bl S |
0200 0 200 400 600 ° lé!gF’ 0200 0 200 400 600 o g%gi 0= odif RF LF LR Frontal Left Right
C Time [ms] ide D Time [ms] Eye Eye
§ 70’ N = 1 19 *kk
60l = 226.88, p < 0.001
50r
£ 40;
" =5
B = 6 '_'Sl = 30-
o N4 V™ i4\
. 4 . 3} 20 Uniform
1 14 52
£ . g 10
0-Msc 05540 ¢ : 0
S’t\illn]suﬁjs -200 0 200 400 600 S't\{lmsu%s 0 nodifft. CS CM MS Color Static Motion All

Time [ms]

Time [ms]

Crow 1
N =104/181 (57.5%)

Side-Selective £

Stimulus-Selective
71/181 (39%)

53/181 (29%)

Crow 2
N = 128/209 (61%)

Side-Selective
92/209 (44%)

Figure 2. Single nidopallium caudolaterale (NCL) units encode stimulus position and class. A: side-selective response to frontal stimuli of an exemplary
unit in crow 1. Top: dot-raster plot of responses to stimulus events over time, aligned by stimulus on- and offset (black lines). Events are grouped and
color-coded by position. Each row corresponds to a single event, i.e. a single presentation of a 500-ms stimulus. Each dot indicates an action potential.
Bottom: spike density curves per side over time. Firing rates were averaged across events and smoothed with a 100-ms boxcar window. Gray shading
marks the time window of selective side tuning as determined by a sliding-window ANOVA. Bottom right: mean tuning in selective time window. Error
bars indicate the means + SE. ***P < 0.001, unpaired t test, Bonferroni-corrected. B: side-selective response of an exemplary unit in crow 2. C: stimulus-
selective response of an exemplary unit in crow 7(C) and crow 2 (D). Stimulus events are grouped and color-coded by stimulus class. Conventions as in
A and B. Firing rates were increased (C) or decreased (D) in response to color images compared with sine-wave gratings. N = number of selective units
among all analyzed units (sliding-window ANOVA). E: proportions of side- and stimulus-selective units in crow 1 (left) and crow 2 (right). F: distribution of
response profiles of side-selective units (N = 163, Crows pooled). Units were assigned response profiles based on post hoc pairwise comparisons of
sides. Overrepresented profiles were “Frontal,” meaning different activity for front vs. side stimuli, and “Right Eye,” meaning different activity for right
and front vs. left stimuli. The dotted line marks the average number of units per profile expected from a uniform distribution. *P < 0.05, **P < 0.01,
kP < 0.001, Binomial test against chance. G: response profiles of stimulus-selective units (N = 119, Crows pooled). Conventions as in F. The majority
of units showed the “Color” response profile, meaning different activity for color images vs. either type of grating. CM, significant difference only
between color and motion; CS, significant difference only between color and static; MS, significant difference only between motion and static.

features. For the static gratings, we used a three-way ANOVA
with the factors Side, Spatial Frequency, and Edge
Orientation. For the moving gratings, we used a nested
four-way ANOVA with the factors Side, Spatial Frequency,
Edge Orientation, and Motion Direction, where Motion
Direction was nested inside Edge Orientation. For the
color images, we used a two-way ANOVA with the factors
Side and Image at an a level of 1%.

Next, we analyzed the main effects of stimulus class and
stimulus side by performing post hoc pairwise comparisons.

J Neurophysiol + doi:10.1152/jn.00431.2025 - www.jn.org

For this, we compared factor levels within selective units
using the mean firing rates in the units’ respective selectivity
window and applied Bonferroni-corrected unpaired ¢ tests at
an o level of 1%. Per factor, units could be sorted by response
type according to post hoc differences, leading to a distribu-
tion of the whole population of selective units across eight
possible response selectivities. This categorical distribution
was tested against a random uniform distribution using a -
test. In addition, each response selectivity was compared
against chance level with a binomial test.
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Because of the circular nature of motion direction, we con-
trolled our factorial analysis of moving gratings using circular
statistics: first, we tested all units for selective responses to
motion direction in a fixed 500-ms window shifted 150 ms rel-
ative to stimulus onset. To balance the unequal number of
observations per direction, we drew random subsets of 50
stimulus events per direction and calculated the total number
of spikes across all drawn events. In cases where there were
less than 50 recorded events, we drew events with replace-
ment. The average number of spikes per direction was esti-
mated from 1,000 redraws following this procedure and
rounded to the next integer. We performed a Rayleigh test for
circular uniformity on this average distribution. We then
repeated this analysis separately for each side to control
whether position influenced the frequency of direction-selec-
tive responses. We extracted spike counts per stimulus event
for all units, separately for left, frontal, and right stimuli. For
this, we drew 20 stimulus events per side and direction with
replacement. The average number of spikes per side and
direction was estimated from 1,000 redraws and rounded to
the next integer. The Rayleigh test was performed separately
for each side. We calculated all circular statistics using the
CircStat Toolbox for MATLAB (47).

Side Interactions

To assess interactions of stimulus class and side, we first
calculated side indices for the main response selectivity of
stimulus-selective units. We compared firing rates to the pre-
ferred stimulus class between any two sides A and B with the
formula:

FRa — FRp
FRA + FRB

This resulted in a side index SI g normalized between —1
and 1, where negative values indicate relatively stronger
responses to the preferred stimulus class on side B, and posi-
tive values indicate stronger responses to the preferred stim-
ulus class on side A. Next, we tested for all side pairs whether
the distribution of side indices across stimulus-selective
units deviated from zero, using ¢ tests for normally distrib-
uted values and Wilcoxon signed-rank tests for non-normal
distributions. Normality of distributions was assessed by a
prior Lilliefors test. This analysis was done separately for
units preferring gratings over images versus units preferring
images over gratings.

Next, we analyzed units with a significant stimulus interac-
tion in a simple-effects analysis. For this, we compared average
firing rates (FRs) between stimulus classes in the interaction
window separately for each side. Again, we assessed the
response selectivity of all interaction units per side using
Bonferroni-corrected unpaired ¢ tests at an o level of 1%.

Finally, to assess whether selectivity to specific feature
dimensions differed between sides, we tested all recorded
units for feature tuning separately for each side. We calcu-
lated average FRs per unit and per side in response to grating
stimuli in a 500-ms window starting 150 ms after stimulus
onset. We then applied a 1-factorial Kruskal-Wallis test for
the different spatial frequencies, edge orientations, and
motion directions. For each factor, we then compared popu-
lation responses between sides with a y>-test of the number
of selective units per side.

Sla =

1650

Classifier Analysis

To determine the information content of the activity of
the recorded population, we trained a multi-class support-
vector machine (SVM) classifier to decode both stimulus
class and side. First, we calculated mean FRs of all units to
all stimuli in a 500-ms window starting 150 ms after stimulus
onset. We then calculated z-scores per unit to train and test
the classifier using sixfold cross-validation. To compare clas-
sification accuracy to chance level, we trained a random
SVM model using the same procedure but with randomly
shuffled stimulus labels. We redrew shuffled labels and
trained the random model 1,000 times to obtain Monte-
Carlo P values for both stimulus class and side. Finally, we
trained separate classifiers with the same approach to
decode stimulus class per side to investigate if stimulus
decoding differed between sides.

RESULTS

We recorded extracellular single-unit responses in the left
nidopallium caudolaterale (NCL) of two awake crows while
presenting visual stimuli in a passive-viewing protocol (Fig. 1).
We presented stimuli on the left, on the right, and in front of
the crows’ head while they actively maintained a stable head
position (Fig. 14). The requirement of a stable head position
ensured that stimuli shown on either side screen could only
be seen monocularly, whereas stimuli shown on the front
screen were seen binocularly. We presented three stimulus
classes: static sine-wave gratings, moving gratings—with
varying spatial frequency, edge orientation, and motion direc-
tion—and complex color images (Fig. 1B and Supplemental
Fig. S1).

Single NCL Units Encode Stimulus Position and Class

We first analyzed whether single units selectively
responded to different stimulus positions (left, front, right)
and different stimulus classes (static grating, moving gra-
ting, image). For this, we performed a time-resolved sliding-
window two-factor ANOVA with the factors “side” and “stim-
ulus” for all units (Supplemental Fig. S2). Examples of side-
and stimulus-selective units are shown in Fig. 2, A-D. In both
crows, large proportions of units showed a main effect of side
(crow 1: 71 of 181, 39%; crow 2: 92 of 209, 44%) and/or a main
effect of stimulus (crow 1: 53 of 181, 29%; crow 2: 66 of 209,
32%). Because both crows showed similar proportions of side-
selective and stimulus-selective units (Fig. 2E), we pooled
units across crows for further analysis. We used the onset of
selective coding, relative to stimulus onset, to estimate
response latencies of side-selective units. Median response
latency was 150 ms (Supplemental Fig. S3), aligning well with
previous measures of visual latency in the crow NCL (48).

Left NCL Integrates Visual Information from Both Eyes

We performed post hoc pairwise comparisons of the firing
rates of selective units for all combinations of side or stimulus
(unpaired ¢ test, P < 0.01, Bonferroni-corrected). This resulted
in a categorical distribution over eight possible response
selectivities for both side- and stimulus-selective units. The
distribution of side-selective units was significantly different
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from a uniform distribution (Fig. 2F, n = 163, x> = 53.3, P <
0.001).

Most of these units fell into two response selectivities: 28%
of side-selective units distinguished frontal binocular from
lateral monocular stimuli (“Frontal,” 45 of 163 units, P <
0.001, binomial test). These units did not respond differently
between left and right stimuli, but they distinguished frontal
binocular stimuli from lateral monocular stimuli. An exam-
ple for this profile is the unit in Fig. 2A. Comparing FRs
across sides revealed an equal split between units with
increased activity for frontal over lateral stimuli (22 of 45
units, 49%) and units with increased activity for lateral over
frontal stimuli (23 of 45 units, 51%).

In addition, 21% of side-selective units distinguished
stimuli seen by the right eye from monocular stimuli seen
only by the left eye (“Right Eye,” 34 of 163 units, P < 0.001,
binomial test). Interestingly, these response selectivities
sometimes resulted from divergent modulations for both
hemifields. For instance, the right-eye unit shown in
Fig. 2B decreased its FR for frontal and right stimuli but
increased FR for left stimuli. This shows that both excita-
tory and inhibitory responses occurred within units,
depending on stimulus position. Thus, left NCL units inte-
grated inputs from both the ipsi- and contralateral eye to
distinguish different parts of the visual field.

Stimulus-selective units mainly distinguished between
sine-wave gratings and color images. Again, the distribution
of stimulus-selective units across response selectivities was
nonuniform (Fig. 2G, n = 119, Xz = 226.9, P < 0.001). The
majority of stimulus-selective units, 57%, showed the same
response selectivity (“Color,” 68 of 119 units, P < 0.001, bino-
mial test). These units responded differently to color images
than to either type of grating, but did not distinguish
between moving and static gratings. The majority of these
units, 71% (48/68), showed higher firing rates for color
images than for gratings.

Stimulus-Selective Responses Depend on Position in
the Visual Field

Next, we investigated whether single-unit activity in
response to different stimuli was modulated by stimulus posi-
tion. For this, we compared firing rates to the preferred stimu-
lus class between sides for all stimulus-selective units that
distinguished color images from gratings, i.e., all ,Color’ units
from the preceding analysis (n = 68, crows pooled). We split
the population of selective units into a group of color-prefer-
ring units (FRc > FRys, 1 = 48) and a group of grating-prefer-
ring units (FRys > FR, n = 20) and calculated side indices for
each unit, separately for both groups and all side combina-
tions. Side indices SI were calculated with the formula SIyg =
(FRa — FRp)/(FRA + FRp), where FR is the average firing rate
to the preferred stimulus (image, static grating, or moving gra-
ting) and A and B are the sides being compared. Indices above
or below zero indicate stronger responses to the preferred
stimulus on one of the sides. Figure 3A shows the distribution
of side indices for both groups and all comparisons. For gra-
ting-preferring units (bottom row), activity to the preferred
stimulus on average did not differ between sides (average SI
not different from zero, P > 0.05, ¢t test). By contrast, color-
preferring units (top row) showed increased activity to the
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preferred stimulus for right over left and for frontal over left
stimuli [SI;r < 0, P < 0.001, Wilcoxon signed-rank test; SI; ¢ <
0, t(47) = —6.15, P < 0.001, t test] with no difference between
right and frontal stimuli [£(47) = 1.49, P = 0.14, ¢ test]. Overall,
units preferring color images showed increased activity for
the contralateral hemifield.

We further analyzed the interaction of stimulus side and
class. Of all recorded units, 32% in crow 1 (58 of 181) and 22%
in crow 2 (46 of 209) showed a significant interaction
(Supplemental Fig. S2, E-G). The exemplary units shown in
Fig. 3, B and C selectively responded to color images in front
or in front and on the right, but did not respond to gratings
on any side. Across interaction units, stimulus class was
mostly encoded for frontal and right but not left stimuli: a
simple-effect analysis showed that significant proportions of
interaction units distinguished color images from either type
of grating in front (36 of 104, P < 0.001, Binomial test) and
on the right (60 of 104, P < 0.001, Binomial test), whereas
the majority of units did not distinguish stimulus classes on
the left (Fig. 3D). In sum, interactions of side and stimulus
resulted in selective stimulus coding for contralateral inputs,
whereas stimulus class was not encoded for monocular ipsi-
lateral inputs.

Tuning to Visual Features of Sine-Wave Gratings

We investigated whether left NCL units showed selective
responses to controlled features of both static and moving
sine-wave gratings. We determined feature-selective units
with a multivariate sliding-window ANOVA for the factors
side, spatial frequency, edge orientation, and, for moving
gratings, motion direction (P < 0.05 for at least 11 consecu-
tive time bins of 10 ms). The proportions of selective units
for all factors and factor interactions in both crows are given
in Table 1 for static gratings and Table 2 for moving gratings.

Static Gratings

We first analyzed responses to static gratings (Fig. 4).
Around one-third of all units again showed side-selective
responses irrespective of other features of static-grating
stimuli (crow 1: 50 of 181 units; crow 2: 74 of 209 units). At the
same time, around 11% of all units responded selectively to
different spatial frequency levels (crow 1: 31 of 181 units; crow
2:12 of 209 units). An example of a frequency-selective unit
is shown in Fig. 4A. We compared the preferred frequency
eliciting highest FRs across all selective units pooled
between crows. Most frequency-selective units preferred
high spatial frequencies with a peak at 2 cycles/°, followed
by the lowest frequency tested at 0.08 cycles/° (Fig. 4B). By
contrast, only few units showed selective responses to edge
orientation (crow 1: 19 of 181 units; crow 2: 6 of 209 units).

We next investigated whether feature-selective responses
to static gratings were modulated by stimulus position.
Several units showed a significant interaction of stimulus
side and spatial frequency (Fig. 4C) or of side and edge orien-
tation (Fig. 4D). To test whether spatial frequency was better
differentiated at specific positions in the visual field, we
compared average FRs between frequency levels separately
for each side. Per side, we applied a Kruskal-Wallis test for
the factor spatial frequency to all recorded units in a fixed
500-ms time window, starting 150 ms after stimulus onset.
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Figure 3. Interaction of stimulus position and class. A: distribution of side ind

ices calculated from responses to preferred stimuli for selective units prefer-

ring color images over gratings (N = 48, top row) or preferring gratings over images (N = 20, bottom row). Activity is compared between left and right

stimuli (/eft column), left and front stimuli (middle column) and right and front

stimuli (right column). ***P < 0.001, t test/Wilcoxon signed-rank test. Activity

of an exemplary interaction unit in crow 7 (B) and crow 2 (C). Shown are the responses to stimulus class separately for the left (left column), front (middle
column), and right position (right column). D: simple-effect analysis of interaction units (N = 104, Crows pooled). For each side, average firing rates (FRs)
to different stimulus classes were compared using pairwise post hoc comparisons (unpaired t test, Bonferroni corrected). Per side, units were then
sorted by response profile. Although most units did not encode stimulus class for left stimuli (“no diff.”), a significant subpopulation distinguished color
images from either grating type for front and right stimuli (“Color”). The dashed lines indicate the number of units per profile expected from a uniform dis-
tribution. *P < 0.05, **P < 0.01, ***P < 0.001, Binomial test against chance. CM, significant difference only between color and motion; CS, significant
difference only between color and static; MS, significant difference only between motion and static.

Figure 4E shows the relative proportions of frequency-selec-
tive units per side in both crows. Notably, most selective
responses in crow 1, around 15% of all recorded units, were
confined to right-monocular stimuli (n = 50 of 181, P <
0.001, y? test of number of units per side). However, there
was no difference between sides in the number of frequency-
selective units in crow 2 (n = 40 of 209, P = 0.2, xz test).
Similar results were found for the distribution of orienta-
tion-selective responses per side (Fig. 4F): crow 1 showed a
higher proportion of selective responses for frontal and right
stimuli than for left stimuli (n = 34 of 181, P = 0.015, Xz test),
whereas there was no difference between sides for crow 2
(n =33 0f 209, P = 0.42, ¥? test). In sum, only small propor-
tions of left NCL units showed frequency- or orientation-
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selective responses with an overall preference for higher fre-
quencies. Feature-selective responses were more prominent
in the contralateral half-field in crow 1.

Moving Gratings

We next investigated selective responses to moving gra-
tings with the additional factor of motion direction (Fig. 5).
Almost half of all units showed side-selective responses irre-
spective of other features (crow 1: 72 of 181 units; crow 2: 96 of
209 units), a slightly higher proportion than for static gra-
tings. Across crows, moving gratings elicited the same
amount of spatial-frequency-selective responses as static
gratings at 11% of all units (crow 1: 27 of 181 units; crow 2: 16
of 209 units). A frequency-selective unit is shown in Fig. 5A.
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Table 1. Feature-selective units for static gratings

Factor

Crow 1 Crow 2

Side

Frequency

Orientation

Side x Frequency

Side x Orientation
Frequency x Orientation

Main effect

Two-way interaction

Three-way interaction

Side x Frequency x Orientation

50/181 (28%)
31181 (17%)
19181 (11%)

29/181 (16%)
10/181 (6%)

25/181 (14%)
26/181 (14%)

74/209 (35%)
12/209 (6%)
6/209 (3%)
19/209 (9%)
19/209 (9%)
18/209 (9%)
24/209 (12%)

The absolute and relative proportion of selective units as assessed by a sliding-window ANOVA is given for both subjects for all main
effects and interactions. Units with P values below 0.05 for at least 11 consecutive 10-ms time bins were considered selective, starting 50

ms or later after stimulus onset.

Notably, only 5 units showed frequency selectivity for both
static and moving gratings, indicating that stationary and
moving stimuli activated distinct subpopulations. Again, we
examined the distribution of preferred frequencies for selec-
tive units pooled between crows (Fig. 5B). Comparable with
static gratings, frequency-selective units overall preferred
higher frequencies with a peak at 2 cycles/°. Orientation-
selective responses were also comparable with static gratings
with only a low number of selective units (crow 1: 7 of 181
units; crow 2: 16 of 209 units). Notably, the additional param-
eter of motion direction did not elicit a higher number of
selective responses: direction-selective units between crows
were comparable in number to orientation-selective units
(crow 1: 21 of 181 units; crow 2: 6 of 209 units). As for static
gratings, we next analyzed interactions with stimulus side.
Overall, a similar proportion of units as for static gratings
showed significant interactions of side and spatial frequency
(Fig. 5C) and of side and edge orientation. A low number of
units showed an interaction of side and motion direction
(crow 1: 14 of 181 units; crow 2: 13 of 209 units) (Fig. 5D). We
assessed feature-selective responses per side using separate
Kruskal-Wallis tests of spatial frequency and motion direction
for all recorded units. Although both crows showed slightly
higher proportions of frequency-selective responses to frontal
and right than to left stimuli (Fig. SE), this did not reach signif-
icance in either crow (crow 1: n = 42 of 181, P = 0.58; crow 2:
n = 28 of 209, P = 0.2, y? test of number of units per side).
Similarly, there was no side difference in the proportion of
direction-selective responses (Fig. SF) (crow 1: n = 32 of 181,
P =0.79; crow 2: n = 27 of 209, P = 0.71, ? test). Overall, mov-
ing sine-wave gratings elicited responses similar to static gra-
tings. A small number of units in addition showed interactions

Table 2. Feature-selective units for moving gratings

between side and motion direction, but this interaction was
not consistent across units.

An additional analysis of direction selectivity using circu-
lar statistics confirmed these results. We tested the direc-
tional responses of all units against a uniform circular
distribution (P < 0.05, Rayleigh test). In crow 1, only 3 of 181
units (1.7%) were direction-selective. In crow 2, only 2 of 209
units (1%) were direction-selective. A repetition of this analy-
sis separately for each side revealed no difference between
sides in the proportion of direction-selective units. Crow 1
showed 1.7% selective responses on the left (3 0f 181), 3.9% in
front (7 of 181), and 2.2% on the right (4 of 181). For crow 2,
there were 1.9% selective responses on the left (4 of 209),
1.9% in front (4 of 209), and 1.4% on the right (3 of 209). The
proportion of selective units did not differ between sides
(crow 1: n = 14 of 181, P = 0.33; crow 2: n = 11 of /209, P =
0.91, %2 test of number of units per side). In sum, there was
no consistent direction selectivity in either crow.

Encoding of Complex Images across the Visual Fields

Besides gratings, we also presented a set of 18 color images
(Supplemental Fig. S1) across all stimulus positions to assess
responses to more complex stimuli (Fig. 6). We applied a
two-way sliding-window ANOVA to all recorded units to ana-
lyze the factors side (left, front, right) and image (labeled 1-
18). Figure 6A shows an example of an image-selective unit.
These units typically showed increased FRs for a small sub-
set of images. Overall, almost a third of all units showed
side-selective responses in both crows, and a similar propor-
tion showed image-selective responses (Fig. 6B). Across
crows, color images strongly evoked selective activity with
around half of all recorded units showing a significant main

Factor

Crow 1 Crow 2

Side

Frequency

Direction

Orientation

Side x Frequency

Side x Direction

Side x Orientation
Frequency x Direction
Frequency x Orientation

Main effect

Two-way interaction

Three-way interaction

Side x Frequency x Direction
Side x Frequency x Orientation

72/181 (40%)
27/181 (15%)
21181 (12%)
71181 (4%)
21181 (12%)
14/181 (8%)
15/181 (8%)
23/181 (13%)
14/181 (8%)
22/181(12%)
20/181 (11%)

96/209 (46%)
16/209 (8%)
6/209 (3%)
16/209 (8%)
17/209 (8%)
13/209 (6%)
9/209 (4%)
21/209 (10%)
11/209 (5%)
24/209 (12%)
14/209 (7%)

Conventions as in Table 1. The factor Direction was nested inside the factor Orientation, so no interactions between these factors were

calculated.
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Figure 4. Tuning properties of nidopallium caudolaterale (NCL) units in response to static gratings. A: activity of an exemplary unit tuned to spatial fre-
quency in crow 1. Bottom right: average firing rate (FR) across spatial frequencies in the selective time window. B: population tuning of frequency-selec-
tive units, N = number of selective units (sliding-window ANOVA). Shown are the numbers of units with highest FRs at the respective frequency. Most
units preferred static gratings of 2 cycles/°. C: example unit showing an interaction of side and spatial frequency in crow 1. The response to different spa-
tial frequencies is shown separately for left, front, and right stimuli. Selective frequency tuning was present for front and right but not left stimuli, and the
preferred frequency differed between front and right stimuli. D: example unit showing an interaction of side and edge orientation in crow 1. Across sides,
activity was highest for different orientations. E: proportion of spatial-frequency-tuned units across sides, N = number of selective units. For both crows,
units were tested for selective frequency tuning separately for each side (Kruskal-Wallis test, P < 0.05). Shown is the relative proportion of selective
units out of all units recorded. ***P < 0.001, x2 test. F: proportion of orientation-tuned units across sides. Conventions as in E. *P < 0.05, x2 test.

effect and/or an interaction. Because the two crows showed
comparable results, we pooled selective units for further anal-
ysis. Our set of color images was not selected based on specific
image contents, so we did not expect the population of selec-
tive units to be biased toward individual images. To assess if
image-selective responses were biased to specific images
across units, we sorted all image-selective units by their pre-
ferred image, evoking the highest average FR (Fig. 6C). The
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resulting distribution did not differ from a uniform distribu-
tion (n = 104, xz = 26.5, P = 0.066), indicating that selective
responses across units were not biased toward specific image
contents.

Next, we analyzed if image-selective responses interacted
with stimulus side. Of all recorded units, 29% in crow 1 and
17% in crow 2 showed a significant interaction of image and
side. An exemplary interaction unit is shown in Fig. 6D. This
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Figure 5. Tuning properties of nidopallium caudolaterale (NCL) units in response to moving gratings. A: activity of an exemplary unit tuned to spatial fre-
quency in crow 1. B: population tuning of frequency-selective units. Most units preferred moving gratings of 2 cycles/°. N = number of selective units
(sliding-window ANOVA). C: example unit showing an interaction of side and spatial frequency in crow 2. Activity increased for intermediate frequencies
of front but not side stimuli. D: example unit showing an interaction of side and motion direction in crow 2. Gray shading indicates two separate time win-
dows with significant interactions. Polar plots indicate the average directional tuning per side in the first interaction window. The radial axis indicates fir-
ing rates (FRs). E: proportion of spatial-frequency-tuned units across sides for both crows. F: proportion of motion-direction-tuned units across sides for
both crows, N = number of selective units (Kruskal-Wallis test per side, P < 0.05).

unit significantly increased FR for a subset of images, but
only when they appeared in front or on the right. Its pre-
ferred image was the same for both positions. To analyze if
interactions systematically modulated FRs between sides,
we calculated side indices for image-selective units (n =
104) and compared FRs to the preferred image between all
pairs of side (Fig. 6E). Across image-selective units, the
preferred image evoked higher FRs for right than for left
stimuli (SI;g < 0, P < 0.001, Wilcoxon signed-rank test)
and for frontal than for left stimuli [SI;r < O, t(103) = —4.1,

J Neurophysiol « doi:10.1152/jn.00431.2025 - www.jn.org

P < 0.001, t test]. By contrast, there was no difference
between right and frontal stimuli [£(103) = 0.06, P = 0.95,
t test].

Next, we split image-selective units in two groups: units
that additionally showed an interaction of image and side
(n = 53 0f104), and units with no interaction (n = 51 of 104).
We then compared the distribution of side indices between
groups to determine whether interactions drove the bias in
image-selective responses. Groups did not differ in left-right
indices (int.: SI;x = —0.29, no int.: SI;x = —0.19, P = 0.19,
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Figure 6. Tuning properties of nidopallium caudolaterale (NCL) units in response to color images. A: activity of an exemplary image-selective unit in
crow 2. Stimuli are grouped by image and color-coded according to image labels. Left: stimulus response over time aligned by stimulus on- and off-
set (black lines). Gray shading indicates the time window of selective image responses. Firing rates (FRs) increased in response to the inset picture.
Right: average tuning across images in selective time window. Colored lines indicate median FR per image. Image 1 elicited consistently higher
activity compared with all other images. *P < 0.05, unpaired t test, Bonferroni corrected. B: proportion of side-selective, image-selective and inter-
action units in crow 1 (top) and crow 2 (bottom). N = number of selective units among all analyzed units (sliding-window ANOVA). C: population tun-
ing of image-selective units (Crows pooled). Shown is the number of units with highest average FR per image. Image preferences did not differ
from a uniform distribution (dashed line, x2 test). D: example unit showing an interaction of side and image in crow 1. The unit showed an image-
selective increase in FR for front and right but not left stimuli. The preferred image was the same for front and right stimuli. E: distribution of side
indices, calculated from responses to preferred images for image-selective units (N = 104, Crows pooled). Activity is compared between left and
right stimuli (left), left and front stimuli (middl/e), and right and front stimuli (right). ***P < 0.001, Wilcoxon signed-rank test/t test. F: simple-effect
analysis of interaction units for both crows. Per side, interaction units were tested for image-selective responses (Kruskal-Wallis test, P < 0.05).

#kP < 0.001, 32 test.
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Mann-Whitney U test), so the increased response to right
over left preferred stimuli was independent of the presence
of an overall interaction. By contrast, interactions led to more
negative left-front indices (int.: SI; = —0.37, no int.: SI; =
0.07, P < 0.001, Mann-Whitney U test) and more negative
right-front indices (int.: SIzr = —0.11, no int.: SIzr = 0.13, P =
0.034, Mann-Whitney U test). Thus, interaction units
showed stronger tuning to the preferred image when it was
shown in the frontal, binocular field compared with either
monocular field.

Finally, we performed a simple-effect analysis of all inter-
action units, irrespective of the main effect of image or side.
For this, we applied a Kruskal-Wallis test for the factor image
separately for each side. Figure 6F shows the number of
interaction units with significant image selectivity per side.
In both crows, most units showed image-selective responses
for frontal and right stimuli (crow 1: 52 of 181, P < 0.001; crow
2: 35 0f 209, P < 0.001, y? test of number of units per side).
Taken together, complex images strongly evoked selective
activity with most pronounced tuning to preferred images in
the contralateral half-field, leading to a consistent interac-
tion of image content and stimulus position across units.

Stable Population Coding of Stimulus Position and
Class across the Visual Field

We investigated whether the population activity of
recorded NCL units carried consistent information about
stimulus side and class. For this, we trained and tested a
multiclass support-vector machine (SVM) on the average
responses of all recorded units (n = 390, crows pooled) to all
234 stimuli (Fig. 7). We determined classification accuracy
using sixfold cross-validation for both side and class and
compared our model to a random SVM trained and tested
with shuffled class labels (1,000 redraws). Stimulus side was
decoded with near-perfect accuracy above 90% for all sides
with no notable confusion (Fig. 7A). The model performed
significantly better than chance for all sides (Fig. 7B). This
confirms that left-NCL activity is modulated by stimulus
side, distinguishing between ipsilateral monocular, contra-
lateral monocular, and frontal binocular input.

We next trained an SVM model to decode stimulus class
with the same approach, irrespective of stimulus side. The
classifier correctly decoded 88.3% of moving gratings and
74.1% of color images, whereas only 50% of static gratings
were labeled correctly (Fig. 7C). Notably, any misclassified
grating stimuli, static or moving, were confused with the
other class of gratings, respectively, but never with color
images. For static and moving gratings, the asymmetry in
the confusion matrix suggests that the additional feature of
motion induced characteristic activity patterns that reduced
confusion with static gratings. Still, across all stimulus
classes, our model performed significantly better than
chance (Fig. 7D). This confirms that population activity
encoded stimulus class in addition to side.

Finally, we investigated whether population coding of stim-
ulus class was affected by stimulus side. We repeated our SVM
analysis of stimulus class separately for each side, so we trained
and tested separate models on the subsets of left, frontal, and
right stimuli (Fig. 8). All other parameters were identical
between sides and to the preceding analysis. Classification
results were largely comparable across sides: Both gratings and
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Figure 7. Nidopallium caudolaterale (NCL) population activity encodes
both stimulus position and class. A: confusion matrix with classification
results of a support-vector machine (SVM) trained to decode stimulus side
from average population activity, pooled between crows. Rows indicate
actual stimulus position, columns the position predicted by the classifier.
Intensity indicates the proportion of classified stimuli per combination of
true and predicted side. B: classification accuracy for stimulus side. Dark
bars indicate accuracy per side of the model shown in A. Light bars indi-
cate accuracy per side of a model trained and tested with randomly shuf-
fled side labels, averaged across 1,000 runs. Error bars indicate the
means + SE. ***P < 0.001, Monte-Carlo P values. C: confusion matrix
showing classification results of an SVM trained to decode stimulus class.
Conventions as in A. D: classification accuracy for stimulus class.
Conventions as in B. ***P < 0.001, Monte-Carlo P values.

color images were decoded significantly better than chance for
left stimuli (Fig. 8, A and B), frontal stimuli (Fig. 8, C and D),
and right stimuli (Fig. 8, E and F). These results were also com-
parable with the model trained on all sides (Fig. 7, C and D)
because the most common confusion across models was static
gratings being misclassified as moving gratings. For all classes,
the highest accuracy was achieved for right stimuli. The biggest
difference between sides was the lowered classification accu-
racy for color images on the left with 55.6%, compared with the
front with 88.9%, and the right with 94.4%. This means that
the front and the right model classified images more accurately
than the model trained on all sides, whereas the left model was
less accurate. Overall, this shows that population activity dis-
tinguished complex images better in the contralateral half-field
than in the ipsilateral monocular field, whereas sine-wave gra-
tings were encoded equally well across the visual fields.

DISCUSSION

Neural activity in the left NCL of awake crows was strongly
influenced by stimulus position. Distinct subpopulations
responded either to frontal binocular stimuli or to both fron-
tal and contralateral monocular stimuli, i.e., to right-eye
inputs. Single units responded to complex visual information
with distinct preferences for specific images that were most
pronounced for frontal and contralateral stimuli. By contrast,
local parametric features of sine-wave gratings were not
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Figure 8. Population coding of stimulus class is preserved across sides.
A: confusion matrix showing classification results of an support-vector
machine (SVM) trained to decode stimulus class from average population
activity to left stimuli, pooled between crows. B: classification accuracy for
stimulus class of left stimuli. The model shown in A performed significantly
better than a random model trained on shuffled labels. **P < 0.01, ***P <
0.001, Monte-Carlo P values. Confusion matrix (C) and classification accu-
racy (D) for stimulus class of front stimuli. Conventions as in A and B.
Confusion matrix (E) and classification accuracy (F) for stimulus class of
right stimuli. Conventions as in A and B.

consistently encoded except for a general preference for high
spatial frequencies. Population activity reliably encoded
stimulus side and class, except between static and moving
gratings. These findings indicate that left NCL integrates
input from both eyes to represent different regions of the vis-
ual field.

Encoding of Stimulus Position

Previous studies have recorded NCL activity in crows
responding to visual stimuli at varying spatial positions (35—
37). These studies showed that single NCL units can dynami-
cally represent the position of targets the crows had to
actively peck at. Across studies, all tested positions were
encoded during motor planning and execution, and there
was no systematic difference between the left and right vis-
ual hemifields for either brain hemisphere. Importantly, all
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of these studies presented stimuli on a screen directly in
front of the crows. Thus, NCL units could distinguish precise
locations within the frontal visual field.

However, it remained unclear whether this spatial encod-
ing would be restricted to frontal in contrast to lateral stimuli.
Our results show that a relevant subpopulation of left NCL
units responds in a dedicated manner to the frontal binocular
field. Such units could encode precise visuospatial informa-
tion about objects that are in pecking range. This is also sup-
ported by our finding that more than 20% of recorded units
showed an interaction of position and image content for the
color image set. These units were most strongly activated by
their preferred image when it appeared in the binocular field.
Moreover, a gaze-tracking study in large-billed crows recently
showed that crows track moving objects using their binocular
field even at a distance (49). Taken together, the current data
on spatial coding in the crow NCL are thus in line with func-
tional specializations of the optic system that support binocu-
lar frontal vision (44, 49, 50).

Previous crow studies did not test the left and right eyes sep-
arately. Instead, visual stimuli were always in the binocular
field range. A recent study in pigeons recorded NCL activity
bilaterally while the birds engaged in a visual go/no-go task
(51). In that task, pure colors were presented to either the left or
the right eye to investigate asymmetries of visual processing
between left and right NCL. In agreement with our results, the
authors found both task-related units responding only for one
eye (monocular response) and units responding for either eye
(binocular response). However, the stimulation protocol dif-
fered from our study in several ways: first, pigeons were only
shown simple colors, whereas we presented both controlled
sine-wave gratings and complex images, revealing a difference
between simple local features and complex composed stimuli.
Second, the color stimuli were shown to pigeons at a 5 cm dis-
tance from each eye. This prevents coactivation of the contra-
lateral eye but precludes a distinction between different parts
of the visual field within eyes. This is important because units
like the one shown in Fig. 2A did not simply respond to any vis-
ual input, but specifically to a coactivation in the frontal field
of both eyes. In fact, we determined neural selectivity by com-
paring FRs between the individual factor levels, rather than to
an average activity baseline. For this reason, the observed
response selectivities could result from opposite responses, i.e.,
excitatory versus inhibitory, to stimuli placed on different sides
as shown in Fig. 2B. Therefore, left NCL seems to distinguish
not only monocular and binocular stimuli, but specifically
between inputs from different retinal areas.

Selectivity for Local versus Global Features

Neural responses to complex, colorful images were consis-
tently different from responses to sine-wave gratings. This led
to significant encoding of stimulus class on both the single-
cell and population level. Notably, we found many units
with selective responses to specific images. By contrast,
only very few neurons showed selective tuning toward spe-
cific grating features such as edge orientation or motion
direction. Moreover, static and moving gratings elicited
mostly comparable responses. This is surprising because NCL
receives direct input from visual areas known to encode local
stimulus features: tectofugal input comes from the caudal
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entopallium that has been shown to encode motion informa-
tion on the single-cell level (52) and is important for motion
perception (53). Thalamofugal input comes from the visual
hyperpallium that has been likened to mammalian V1 (3). In
owls, this area encodes various parametric features on the sin-
gle-cell level, including orientation, motion direction, temporal
and spatial frequency, and binocular disparity (10, 14, 15, 54).
When owls passively viewed plaid stimuli composed of overlaid
moving gratings, hyperpallial cells selectively encoded local but
not global motion direction (10). In the crow NCL, neural encod-
ing of motion direction has been shown for moving dot patterns
in a working memory task (38), suggesting that motion integra-
tion may occur only at this processing stage. However, compari-
sons across studies are complicated by the fact that owls are
heavily specialized birds of prey. Their hyperpallium is hyper-
trophied relative to brain volume (55) and overrepresents the
frontal binocular field, reflective of their frontally shifted eye
position (56). Moreover, the dot patterns shown to the crows
had 100% motion coherence, so local motion information could
not be distinguished from global motion. Even so, 28% of neu-
rons were direction-selective in the active task, whereas we
found fewer than 10% in our passive task, suggesting that stim-
ulus complexity may account for the discrepancy.

An alternative explanation for this result is that NCL
dynamically recruits motion information when it becomes
task-relevant. In our protocol, crows had to withhold orient-
ing responses to the stimuli and did not need to distinguish
different feature levels. Dynamic coding in associative areas
has been suggested to rely on flexible recruitment of neuronal
ensembles, depending on behavioral context (4). Comparable
with the mammalian prefrontal cortex, NCL also integrates
dopaminergic input from the midbrain that contributes to
executive functioning and reward learning (57, 58). Similarly,
allocating attention to visual stimuli modulates the response
properties of prefrontal neurons (59). Moreover, NCL directly
projects into the premotor arcopallium (29) and is involved in
motor planning (37, 42, 60). The absence of goal-directed
action initiation in our task may thus explain the low number
of feature-selective responses.

In contrast to monochrome gratings, a much higher pro-
portion of units showed selective activity for specific color
images. This difference between stimulus classes could be a
result of the relative frequency of each class: moving and
static gratings comprised 77% of our stimulus set due to the
higher number of unique feature combinations. Color images
made up the remaining 23% of stimuli and thus appeared
much less frequently. Although we did not directly control for
stimulus frequency, previous recordings in pigeons show that
NCL activity may be affected by the level of informational sur-
prise conveyed by task events: Packheiser et al. (61) found
that NCL single-unit activity was associated with reward pre-
diction errors, signaling a discrepancy between expected and
observed outcome. Crows have been shown to extract statisti-
cal information from arbitrary stimuli (62), so the relative fre-
quencies of gratings versus color images in our protocol could
have affected NCL activity in the awake crows. However,
more direct investigations of surprise coding in NCL are
needed to draw definite conclusions.

Although motion and orientation were not consistently
encoded by single units, we found around 10% of units
with selective responses to spatial frequencies. Most units
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preferred static or moving gratings with higher spatial fre-
quencies, with a peak around 2 cycles/°. The range of frequen-
cies we could test was limited by our setup’s combination of
screen resolution and viewing distance. Still, our maximal fre-
quencies of 2.6 and 11 cycles/° fell in the order of magnitude
previously reported for maximal visual acuity in crows (63).
Because we presented moving gratings at a constant velocity
of 16°/s, temporal frequency (measured in cycles/s) always
covaried with spatial frequency. Thus, selective responses to
moving gratings in our task could have resulted from tempo-
ral rather than spatial frequency coding, or from a mixture of
both. Such spatiotemporal tuning has been shown in the vis-
ual hyperpallium in owls (54). Although we cannot entirely
exclude this possibility, the population tuning to moving gra-
tings was comparable with the static gratings that varied only
in spatial frequency. Therefore, we suggest that selective NCL
units are preferentially tuned to high spatial frequencies. This
would be consistent with behavioral measurements of visual
acuity.

Compared with other songbirds, corvids overall achieve
higher visual acuities than expected by eye size alone (64).
Such a positive correlation between population tuning and
acuity is also present in the striate cortex of mammals for
spatial but not for temporal frequency (65). In the case of cor-
vids, this result may reflect an adaptation to their generalist
lifestyle (66). Selective tuning of NCL units toward high spa-
tial frequencies across the visual field may thus support flex-
ible behavior in response to a dynamic visual environment.

Interaction of Stimulus Position and Content

Across several analyses, neural responses to identical
stimulus features varied between different positions in the
visual field. Color-preferring units responded strongest to
frontal and right images. In addition, interactions between
position and stimulus class revealed consistent differentia-
tion of color images versus gratings at these positions, but
not for left stimuli. In turn, different color images evoked
selective responses that were stronger for frontal and right
than for left stimuli. Interactions between side and image
revealed that selective responses to specific images were
more common in front and on the right than on the left. And
finally, selective encoding of frequency and orientation of
static gratings was more common in front and on the right in
crow 1. Taken together, these results show that the left NCL
encodes stimulus features more precisely for contralateral
right-eye inputs than for ipsilateral monocular inputs.

This finding is consistent with the high degree of contralat-
eral processing in the avian visual system. In birds, informa-
tion from the whole retina crosses over to the contralateral
hemisphere at the optic chiasm. The majority of fibers is then
fed into the tectofugal pathway starting at the optic tectum
(13). The optic tectum then projects to the nucleus rotundus
of both hemispheres, but most projections are ipsilateral,
maintaining a dominantly contralateral mapping of the visual
field (23). Similarly, the lateral geniculate nucleus p. dorsalis
(GLd) processes fully contralateral information and projects
mostly to the ipsilateral hyperpallium, although some GLd
components project bilaterally (67). Thus, both the tectofugal
and thalamofugal stream that converge in NCL likely provide
more detailed information about the contralateral hemifield.
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It should be noted, however, that our recorded units
were not unresponsive to left monocular stimuli in gen-
eral. For instance, around 18% of all units encoded stimu-
lus class independent of position, thus including left
stimuli. This may also explain why our SVM classifier
decoded stimulus class above chance level for all posi-
tions. At the same time, decoding accuracy was worst for
left stimuli, and this was most notable for the image class.
Thus, the classifier confused images with gratings much
more often on the left. In sum, it seems that left NCL does
integrate some information about the ipsilateral visual
field from the ipsilateral eye, although less precisely than
for frontal and contralateral inputs. This is reminiscent of
responses to ipsilateral stimulation in the visual hyperpal-
lium of zebra finches (16).

Asymmetry of Visual Processing

Electrophysiological studies with bilateral penetrations in
pigeons and chicks have revealed functional asymmetries
between left and right equivalent areas along the tectofugal
pathway (19). A higher degree of bilateral integration has
now been demonstrated for the left-hemispheric entopal-
lium (24, 68) and NCL (51). In pigeons, this asymmetry is
based on the larger number of contralateral tectal projec-
tions to the left Rt (23). These results support the view that
commissural asymmetries of the tecto-rotundal projection
lead to a more complete representation of the field of view
across both eyes in the left hemisphere (26). The left hemi-
sphere may then take control over visually guided behavior
like discrimination and response selection (51).

Our results on the left NCL in crows are consistent with
an integrated representation of the visual environment in
the left hemisphere of the avian brain. However, because
we did not investigate the right NCL activity in the same
protocol, it remains unclear whether crows show a similar
asymmetry of visual processing. Given that both anatomi-
cal and temporal patterns of lateralization differ between
pigeons and chickens (69), caution must be taken when
comparing species from different phylogenetic groups.
Crows belong to the larger clade of oscine songbirds, for
which the best-studied case of brain asymmetry is the
song system (19). However, much less is known about
asymmetries of the visual system in songbirds. In crows,
we recently found behavioral evidence for an asymmetry
of volitional visual attention (70). This suggests an asym-
metry of higher visual processing in the crow brain.
Combining bilateral brain recordings with active behav-
ioral protocols should uncover the neural underpinnings
of lateralized vision in crows.
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