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Fig.2 Convex and concave 3D shadow shapes under lighting angles of 45°, 135°, 225°, and 315°

(a) Stimuli under blue-light illumination conditions. (b) Stimuli under orange-light illumination conditions.
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Fig. 3 Flowchart of the training and testing phases

ITI: inter-trial interval.
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Table 1 Number of effective neurons in 6 pigeons

Subject code P753 P270 P857 P920 P689 P676 Total
Number of valid neurons 16 16 14 13 14 15 88
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Fig. 5 Test accuracy of 6 pigeons at light angles of 45°, 135°, 225°, and 315°
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Fig. 6 Normalized PSTH of neurons from all pigeons



<2620+ EYUFSEYYIEH#E  Prog. Biochem. Biophys. 2025; 52 (10)

@) 45° 135°
40+
N N
z z
2 2
5 5
on on
g g
.= .=
59 59
0
0 100 400 0 100 400
t/ms t/ms
225° 315°

Firing rate/Hz
Firing rate/Hz

t/ms t/ms

® 45° 135°

40t

Firing rate/Hz
Firing rate/Hz

0 100 400 0 100 400
t/ms t/ms

225° 315°

400 401

Firing rate/Hz
Firing rate/Hz

0 100 400 0 100 400
t/ms t/ms
()
40F ok 401 e 40 40
ok k ®kk
N N N N
z z z £
o o o o
g 5 5 E
= = = o0
g g £ £
= = .= =
P~ P~ P~ 55

Convex Concave Convex Concave Convex Concave Convex Concave
Fig.7 Example neuron PSTH for selective response to convex and concave shapes
In the figure, blue indicates neural responses to convex stimuli, red indicates responses to concave stimuli, and the gray area represents the neural
firing window (100-400 ms after stimulus onset). (a) Responses of an example neuron to convex 3D shadow shapes under different lighting angles.
(b) Responses of the example neuron to concave 3D shadow shapes under different lighting angles. (c) Significance test results of the neuron’s

response strength to the two types of stimuli under each lighting angle. **P<0.01, ***P<0.001.
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Fig. 8 Distribution of neuronal selectivity index
The dashed lines in the figure represent the thresholds of the selectivity
index (S7), which are 0.3 and —0.3, respectively. A SI greater than 0.3
indicates a preference of the neuron for convex shapes, while an S7 less

than —0.3 indicates a preference for concave shapes.
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Fig. 9 Tuning curves of example neurons with two types of preference
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Fig. 10 Scatter plot of axis selectivity index (ASI) and tuning width for 6 pigeons
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Fig. 11 Schematic diagram of decoding to validate invariance
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Abstract Objective In nature, objects cast shadows due to illumination, forming the basis for sterecoscopic
perception. Birds need to adapt to changes in lighting (meaning they can recognize stereoscopic shapes even when
shadows look different) to accurately perceive different three-dimensional forms. However, how neurons in the
key visual brain area in birds handle these lighting changes remains largely unreported. In this study, pigeons
(Columba livia) were used as subjects to investigate how neurons in pigeon’s ventrolateral mesopallium (MVL)
represent stereoscopic shapes consistently, regardless of changes in lighting. Methods Visual cognitive training
combined with neuronal recording was employed. Pigeons were first trained to discriminate different stereoscopic
shapes (concave/convex). We then tested whether and how light luminance angle and surface appearance of the
stereoscopic shapes affect their recognition accuracy, and further verify whether the results rely on specify
luminance color. Simultaneously, neuronal firing activity of neurons was recorded with multiple electrode array
implanted from the MVL during the presentation of difference shapes. The response was finally analyzed how
selectively they responded to different stereoscopic shapes and whether their selectivity was affected by the
changes of luminance condition (like lighting angle) or surface look. Support vector machine (SVM) models were
trained on neuronal population responses recorded under one condition (light luminance angle of 45°) and used to
decode responses under other conditions (light luminance angle of 135°, 225°, 315°) to verify the invariance of
responses to different luminance conditions. Results Behavioral results from 6 pigeons consistently showed that

the pigeons could reliably identify the core 3D shape (over 80% accuracy), and this ability wasn’t affected by
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changes in light angle or surface appearance. Statistical analysis of 88 recorded neurons from 6 pigeons revealed
that 83% (73/88) showed strong selectivity for specific 3D shapes (selectivity index>0.3), and responses to
convex shapes were consistently stronger than to concave shapes. These shape-selective responses remained
stable across changes in light angle and surface appearance. Neural patterns were consistent under both blue and
orange lighting. The decoding accuracy achieves above 70%, suggesting stable responses under different
conditions (e. g., different lighting angles or surface appearance). Conclusion Neurons in the pigeon MVL
maintain a consistent neural encoding pattern for different stereoscopic shapes, unaffected by illumination or
surface appearance. This ensures stable object recognition by pigeons in changing visual environments. Our
findings provide new physiological evidence for understanding how birds achieve stable perception (“invariant

neural representations’) while coping with variations in the visual field.

Key words stereoscopic shadow shapes, ventrolateral mesopallium (MVL), neural representation, invariance,
decoding
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