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Simple Summary: Surround modulation is a basic visual attribute of sensory neurons in many
species and sensory modalities, which have been extensively characterized in mammal primary
visual cortex, LGN and superior colliculus, yet too little attention has been paid to birds, which
have a highly developed visual system. We made a systematic analysis on surround modulation
properties of tectal neurons in pigeons. This study complements existing surrounding modulation
properties in non-mammalian species, and deepens the understanding of mechanisms of fig-
ure-background segmentation performed by animals.

Abstract: Surround modulation is a phenomenon whereby costimulation of the extra-classical re-
ceptive field and classical receptive field would modulate the visual responses induced individu-
ally by classical receptive field. However, there lacks systematic study about surround modulation
properties existing in avian optic tectum. In this study, neuronal activities are recorded from pi-
geon optic tectum, and the responses to moving and flashed squares and bars of different sizes are
compared. The statistical results showed that most tectal neurons presented surround suppression
as stimuli size grew larger both in moving and flashed paradigms, and the suppression degree
induced by larger flashed square was comparable with that by moving one when it crossed near
the cell’s RF center, which corresponds to fully surrounding condition. The suppression degree
grew weaker when the stimuli move across the RF border, which corresponds to partially sur-
rounding condition. Meanwhile, the fully surround suppression induced by flashed square was
also more intense than partially surrounded by flashed bars. The results provide new insight for
understanding the spatial arrangement of lateral inhibitions from feedback or feedforward
streams, which would help to make clear the generation mechanism of surround modulation
found in avian optic tectum.
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1. Introduction

The visual response to classical receptive field (CRF) stimuli can be modulated by
their surrounding field, where stimulating alone cannot elicit spikes [1-3]. This phe-
nomenon is called “surround modulation”, which was generally suppressive [4-13] ra-
ther than facilitative [14-18], and is related to visual feature integration and fig-
ure-ground segregation[9,19]. The fundamental nature of surround modulation has been
fairly described in mammal primary visual cortex (V1), LGN and superior colliculus (SC),
whereas the latter of which was homologous to optic tectum (OT) in avian. Relatively
fewer studies have been devoted to non-mammalian species, e.g. birds, who have
evolved highly advanced visual systems [20,21], and the pigeon has been widely used as
an animal model in the majority of visual neuroscience studies [22]. As far as we know,
there lacks detailed quantitative description of surrounding modulation properties of
tectal neurons in pigeons.

The existing studies carried in mammals have concluded that the surround modu-
lation in V1 and LGN was selective to visual features, such as orientation, spatial fre-
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quency [23,24]. Those properties may relate to the nature of neurons in V1 and LGN,
which was selective to orientation or spatial frequency. The response modulations in SC
are much more noticeable to direction contrast compared to phase, temporal frequency,
and static orientation contrast [25]. Subsequent research shows that the surround sup-
pression could sharpen the orientation tuning [26] and enhance the single neuron’s ori-
entation selectivity [27,28] in V1, as well as enhanced connection strength and the net-
work structural properties among local population networks in V1 [29]. The most recent
work further revealed dynamic surround suppression presented in SC, which was af-
fected by temporal context (adaptation) [30].

In avian, the neuron in OT was mostly preferred to respond to motion and a small
number of neurons presented direction selective. Earlier study on surround modulation
has reported that tectal response to motion was modulated by large moving background
[31]. The suppression was strongest when the moving direction of the center was the
same with that of the background [32,33]. Tectal neurons also responded to spatial con-
trasting stimuli, when the contrast between center and background was the direction of
motion rather than the orientation, and when the center was looming and the back-
ground receding but not when the center was receding and the background looming [34].
The surround suppression of tectal response was less when the surrounding elements all
moved in one direction (homogeneously moving), compared with nonhomogeneously
moving elements [35]. A recent work further reported that response to single static
flashed bar of tectal neuron could also be inhibited by surrounding flashed bars, and the
suppression was strong when the luminance between the center and surrounding was
the same, but less than when the motion direction between the center and surrounding
was the same [36]. The above studies explored the surround modulation properties in
different aspects. Nevertheless, it was still unclear whether surround modulation by
moving stimuli presented the same with that by flashed ones in OT, and how differently
they presented between the suppression induced by fully surrounding stimuli and by
partially surrounding stimuli.

To make clear the above questions, we recorded multi-units from middle layer OT in
anesthetized pigeons with multi-electrode array (MEA), and analyzed the tetcal response
to different sizes of flashed squares and bars, as well as response to moving stimuli of the
same levels of sizes. The results showed that most tectal response increased first and then
inhibited as the size of the stimuli grew larger in both flashed and moving conditions.
The modulation trend was much consistent with previous reports taken in mammals and
birds. What’s more, we found the following findings to be novel. The suppression degree
induced by flashed square was not significantly different from that by moving square
when it crossed near the cell’s RF center. The suppression degree grew weaker when
taking into account the response to moving stimuli crossing the RF border. What’s more,
the surround suppression induced by bar was weaker than that by squares. The above
results implied that the fully surround suppression was larger than partially surrounded.
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2. Materials and Methods
Animal preparation

Our data were recorded from 17 pigeons (Columba livia, homing pigeon, either sex,
weighing 300-500 g) maintained by the Animal Center of Zhengzhou University. The
study was conducted according to guidelines of the National Institutes of Health and the
Declaration of Helsinki. All experiments were approved by the Animal Care and Use
Committee of Zhengzhou University (No SYXK 2019-0002).

The experimental preparation has been described previously (Niu et al., 2020). Each
pigeon was anesthetized with urethane (1.8-2.2 g/kg body weight) and restrained in a
stereotaxic apparatus (model ST-5ND-B; Chengdu Instrument, Chengdu, China). A small
dorso-lateral tectum region on the left side was exposed for craniotomy (Letelier, 2004).
Neuronal activity was recorded with an MEA that consisted of 16 polyimide-insulated
platinum/iridium microwires, the same type with previous study (Niu et al., 2020). The
recording sites were verified by the following histological reconstruction.

The experimenter assessed their eye movements by intermittently monitoring the
anesthetized pigeons during data recording, and no eye movement was observed (Niu et
al., 2006). Furthermore, the classical receptive fields (CRF) of the recorded unit were ob-
tained at intervals of 30 min by the experimenter, and no shift of CRF location was ob-
served.

Visual stimuli and electrophysiological recordings

Visual stimuli were generated with the ViSaGe MKII visual stimulus generator
(Cambridge Research Systems, Rochester, England) and presented on a gam-
ma-calibrated Sony monitor (monitor size: 300 x 400 mm; resolution: 480 x 640 pixels;
frame rate: 100 Hz). The monitor was positioned 40 cm in front of the pigeon’s right eye.
The center of the RF was determined at each recording site by first mapping rough and
detailed RF in the same way introduced in the previous study (Niu et al., 2020). After
that, the following types of stimuli were used to test the surround modulation properties
of tectal neurons.

1) Flashed stimuli. Flashed squares of different side lengths were used to map size
tuning curve of each recorded tectal neuron. And the size of CRF (indicated with Rc) and
eCRF (denoted by Re) were determined under this stimuli condition. Flashed bars keep
one side length fixed (set to Rc or Re), and the other side changes in the same levels as the
side length of the previous squares. Each group of stimuli flashed at the center of the
neuron’s RF on a gray background in pseudo-randomized order for 20 repetitions. Each
stimulus lasted for 100 ms with an interstimulus interval of 100 ms.

2) Moving stimuli. The size of moving squares was the same with the above flashed
stimuli. Note that the moving path was set long enough assuring the neuron don’t re-
sponse at the beginning and the end of each motion.

The signals were collected with a Cerebus system (Blackrock® Microsystems, Salt
Lake City, UT, USA) and amplified 4000x. The spikes were detected by thresholding the
band-pass filtered (Second-order Butterworth) raw signals between 250 Hz and 5 kHz
with a sampling rate of 30 kHz. The threshold value was set to 5.25 times the standard
deviation of the band passed signal. Data analysis

Data analysis was performed in MATLAB (The MathWorks). The mean firing rate
under each stimulus was first calculated. The size tuning curve based on mean firing rate
was then fitted with the Piecewise Gaussian model [37] as follows,

2,2
Ke """ v d x>=a

R(x)= 2,2
(K+d) e " x<=a

(1)
where x is the stimulus size (side length of squares, length of the varying side of the

bar), a is the CRF size, K is amplitude of the Gaussian function, b and ¢ are width, d is
offset of asymptotic response from spontaneous activity. Generally, the size tuning curve
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was always fitted with the difference-of-Gaussians (DoG) model [7,38,39]. However, the
data in our study were not consistent with its assumptions. Thus the data were divided
into two phases, ascending and descending limb, the fitting parameters K, b, and d of the
latter were first evaluated considering enough data points. The ascending limb of the size
tuning curve (dotted line) was then fitted using K, d, and the free parameter c. All values
were optimized to minimize sum of squared error to access a good fit, which was as-
sessed using mean Adjust-R2. Each fitted size tuning curve was normalized to the
maximum value.

When fitting curves, fits were weighted with the reciprocal of the variance and
were optimized to minimize sum of squared error.

The suppression index (SI) was finally calculated with K/(K+d) to quantify the
strength before the normalization. The index takes a value between 0 (indicates no sup-
pression) and 1 (indicates complete suppression). The statistical analysis was carried out
using Wilcoxon signed-rank test for data of same size and Wilcoxon rank sum test for
data of different size. The statistical comparison graphs were drawn using Origin 2019b.

3. Results

We totally recorded 137 multi-units with obvious parafoveal RF from middle layer
OT of 17 pigeons. Neurons from 31 recording sites those presented unstable response to
repeat stimuli were discarded. The statistical results were based on the left 106 recording
sites. For each part of the following results, we only presented the detailed results of an
example from a single recording site.

Surround modulation properties by flash stimuli.

Surround modulation properties were first tested with flashed squares of different
sizes, located at their RF centers (indicated with red dot in Fig. 1a), at 57 recording sites.
Most cells (40/57=70.2%) presented surround suppression property. That is, the response
increased first and then inhibited as the stimuli size grew larger. The detail results of an
example from a single recording site were summarized in Fig.1. The mean firing rate
under each size of square (black squares shown in Fig.1a) was calculated and shown in
Fig. 1b. The raw data to different sizes were then fitted with the Piecewise Gaussian
model (Eq. 1) to obtain the size-tuning curve, as shown in Fig. 1c, in which the fitted pa-
rameters were all presented. According to the definitions of CRF (the size of the bar
evoking the strongest neural response, denoted by Rc) and eCRF (the size of the smallest
bar suppressing response, indicated with Re), the size of CRF and eCRF were obtained
from the curve. The distribution of the estimated Rc and R. for all the selected 40 record-
ing sites were shown in Fig.1d & e.
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Figure 1. Size tuning curve of flashed squares stimuli as well as the estimated parameters. (a)
Flashed squares (denoted by black square) of different sizes. The larger gray square indicates
the scope of the screen. The middle red dot denotes the RF center; (b) The original mean
firing rates under each stimulus shown in a; (¢) The fitted size tuning curve (ad-
just-R2=0.9462, left; adjust-R2=0.8628, right) of data shown in B and explanation of each fit-
ting parameter as well as the estimated CRF and eCRF size; (d&e) Statistical histogram of
receptive classical receptive field size and extra-classical receptive field of all recorded neu-
rons (N=40).

After calculating the value of Rc and Re for each recording site, we mapped their
new size-tuning curves in the similar way with bars of one side length fixing at Rc ( or
Re), and the other side length varying from 1 to 4 degree, the same levels as in Fig.1A.
The stimuli modes were shown in Fig.2a, in which the solid round indicates the range of
CRF and the dotted circle indicates that of eCRF. The size-tuning curves were obtained
in the similar way and were both compared with that derived from different sizes of
squares. All three curves were normalized to their maximum values respectively. The
comparison results were shown in Fig.2b. From Fig.2b, we can see that, the size of stim-
uli that evoked the maximum response was similar among all three curves, while the
suppression degree by larger stimuli was much different with each other. We then cal-
culated suppression index (SI) in different flash stimuli conditions for all selected re-
cording sites (N=40), and plotted SIs of flashed bars against those of flashed squares. The
scatters were shown in Fig.2c, in which red dots indicated results of flashed bars with
one side fixing at Re and blue dots indicated those of flashed bars at Re. From the com-
parison result we can see that, most dots (39 out of 40 for R. and 38 out of 40 for R., Wil-
coxon signed-rank test, p < 0.01) were below the diagonal line, indicating much stronger
surround suppression resulted from flashed squares than from flashed bars. There was
no significant difference between surround suppression induced by bars of different
widths. The results implied that surround suppression was more intense when sur-
rounding of CRF of tectal neurons was fully stimulated meanwhile than partially stimu-
lated along one side, no matter whether the short side of the bar only covered the CRF of
tectal neuron or extend to their eCRF.
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Figure 2. Summarized results of surround suppression induced by flashed bars and the sta-
tistical comparison with that by flashed squares. (a) Bars of different length-width ratios by
fixing one side at Rc (top row) or Re (bottom row), and varying the length of the other side
from 1 to 4 degree. The solid line circle in each subfigure indicates the CRF area and dotted
circle indicates the eCRF area, which is the same as in Fig3. a, b &c. The black square in each
subfigure denotes varying lengths of flash bars; (b) The fitted size-tuning curves under each
stimulus shown in a (red: adjust-R2=0.9049left; adjust-R2=0.8737right; blue: ad-
just-R2=0.9796,left; adjust-R2=0.8354,right) as well as in Figla. (black: adjust-R2=0.9462, left;
adjust-R2=0.8628,right); (c) The suppression index for flash square stimulus versus the flash
bar stimulus. Each dot represents results from a single recording site. Red symbols show
results of neurons response for Rc by R bar, and blue for Re by R bar. The diagonal line dis-
plays the locus of equal value.

Surround modulation properties by moving stimuli.

Surround modulation properties were further tested with moving squares, with the
similar levels of sizes as flashed squares, at 64 recording site, out of which 15 cells were
tested in both flashed and moving paradigms. Each stimulus moves at a constant speed
(8°/s, one pixel per frame, refresh rate of 100 Hz) through the RF center from one side to
the other side alone a vertical or horizontal direction. In order to make a comparison
with results of flashed stimuli, we only considered the cells presenting suppression
properties by surrounding moving stimuli. About 46 neurons (71.9%) were finally se-
lected to make further analysis.

The detail results from an example single-unit recording were summarized in Fig.
3, in which Fig.3a presented the stimuli modes as well as the raster of their evoking
spike train for each repeat and each size level. From Fig.3a we can see that as the size of
moving squares grew larger the neuron fired more spikes when the moving square
crossed the RF border than through the RF center. Since the path length of each square
moving across the RF, which related to the size of the moving stimuli, may affect the re-
sponse, we calculated the mean firing rate within different widths of time window (bin
1=60ms, bin 2=160ms, bin 3=240ms, bin 4=320ms, denoted with pairs of dotted lines in
different colors in Fig.3a) centered on the moment when the square center passed
through the RF center. The size tuning curves were then obtained based on the calculat-
ed mean firing rate within different bins. And surround suppression index (SI) was cal-
culated in the similar way. The normalized size tuning curves for different bins were
compared, as shown in Fig.3b. The suppression grew weaker as the bin size increased.
The surround suppression induced by moving stimuli was the strongest when the stim-
uli passed near the RF center.
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Figure 3. Summarized results of surround suppression by moving squares. (a) Visual stimuli
of different size moving square, and their corresponding firing spike train in 20 repeats. The
solid line circle in each subfigure indicates the CRF area and dotted circle indicates the eCRF
area. The black square beside each subfigure denotes varying size moving square. The pairs
of dotted lines in different colors denoted different widths of time window in which the
mean firing rate was calculated; (b) The size-tuning curves under different widths of time
window. (Binl: adjust-R2=0.9837, left; adjust-R2=0.9553, right; Bin2: adjust-R2=0.9796, left;
adjust-R2=0.9819, right; Bin3: adjust-R2=0.8733, left; adjust-R2=0.9123, right; Bin4: ad-
just-R2=0.8925, left; adjust-R2=0.8815).

Note that, the neurons we selected were all unselective to moving direction, thus
similar size tuning curves were obtained when the moving direction wsa changed (see
Fig.S1 in Supplemental Materials).

Comparison of surround suppression by moving and flashed stimuli

Finally, we compared the surround suppression properties obtained from flashed
and moving stimuli. The calculated SI based on response within different bin sizes in
moving paradigm was receptively compared with those of flashed stimuli. Figure 4a
presented the boxplot graphs of different groups of data. The comparison results
showed that when the bin size was much short, which means the squares just moved
near the RF center, the surround suppression derived from moving stimuli has no sig-
nificantly different from that from flashed stimuli, which also flashed at the cell’s RF
center. However, when the bin size was a little larger, in which case the response to
stimuli moving across the RF border was also taken into account, the quantified sup-
pression degree became weaker than that in flashed condition and moving condition
with smaller bin size (Wilcoxon rank sum test, p<0.01). When a square moves across the
RF boundary of a cell, its RF was just partially stimulated. In such condition, the re-
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sponse was a litter larger, resulting in weaker surround suppression, which was con-
sistent with the phenomenon found in flashed stimuli condition.

Furthermore, the distributions of the CRF and eCRF size obtained from tuning
curves in flashed conditions were compared with those from moving stimuli. The com-
parison results were shown in Fig.4b&c and indicated that there was no significant dif-
ference between results of the two stimuli conditions.
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Figure 4. Statistical comparison of surround suppression by flashed and moving stimuli. (a)
A. The boxplot graphs for suppression indexes of neural response to moving square stim-
ulus in different widths of time window and to flashed square stimulus. The horizontal line
indicates the median of each group of data and the whiskers indicate the lowest and highest
point within 1.5x the interquartile ranges of the lower or upper quartile, respectively. The
‘ns’ indicates no significantly difference between two groups of data (Wilcoxon rank sum
test, p>0.1), and “*** indicates significantly difference between two groups of data (Wilcoxon
rank sum test, p<0.01); (b) Distribution of CREF size for all recorded sites estimated in flashed
and moving conditions, respectively. Gray filled rectangle indicates results in flashed condi-
tions, while texture filled rectangle indicates those in moving conditions. (¢) Distribution of
eCRF size for all recorded sites estimated in flashed and moving conditions, respectively.
Gray filled rectangle indicates results in flashed conditions, while texture filled rectangle
indicates those in moving conditions.

4. Discussion

Current studies on surrounding modulation property of tectal neuron in
non-mammals have emphasized their response to contrasting stimuli between center
and surrounding under different contrasting conditions, such as different moving direc-
tions, different luminance levels and different bar orientation and so on. It could not be
inferred from the existing literatures whether the tectal neurons would be inhibited
when the surrounding of their CRF was stimulated partially stimulated along one side
compared with all around stimulation. In addition, it was not known whether moving
objects have the same inhibitory effect as flashing ones. In the present study, we an-
swered these questions. Our results showed that most of tectal neurons in pigeon pre-
sented similar surround modulation upon their response to moving and flashed stimuli.
Both responses presented suppressive rather than facilitative, which were first enhanced
and then suppressed as the size of stimuli increased. The suppression was more intense
when the surrounding of CRF of tectal neurons was fully stimulated than partially stim-
ulated.
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The receptive fields in pigeon OT were firstly marked in 1970s [40,41], and the ex-
istence of the center-surround structure was tested by using a wider moving or flashing
bars than the excitatory area of the field in the subsequent studies [42-44]. Suppressive
effects in our study are consistent with those findings suppressive effects. However, they
showed standard (center-surround) structure by simple using moving or flashing bars
and being short of a quantitative comparison between them. Recent evidence suggests
that tectal neurons have an excitatory receptive field surrounded by an inhibitory recep-
tive field and showed regional variation in the dorsal, dorso-lateral, lateral and ven-
tro-lateral tectum [45], which also accorded with our recording location. What's more we
found that the surround suppression induced by square extending outside the RF was
significantly larger than that by bars with only one side extending outside the RF. The
results implied potential spatial arrangement of lateral inhibition from other areas,
which still requires further confirmation. Nevertheless, early studies have speculated
that the inhibition may be from retina and transmitted to the tectal cells by way of both,
feedforward and feedback pathways [46-48]. The subsequent studies showed excitatory
and inhibitory RF of tectal cells were differentially modified by magnocellular and par-
vocellular divisions of the pigeon nucleus isthmi [49,50]. Our study supplemented the
existing studies on lateral inhibition presented in tectal neurons, and deepened our un-
derstanding of information transmission rules in avian midbrain.

Note that a number of earlier studies have reported that most tectal neurons were
sensitive to moving stimuli but not responded to stationary ones, and only small num-
ber of tectal neurons responded to both moving and flashed stimuli [32,40,41,51]. How-
ever, in our study we found lots of the latter kind of neurons, and make a further com-
parison upon surround suppression induced by moving stimuli and by flashed ones.
The unicity of the recorded neuronal response may due to our relative fixed recording
site, the dorso-lateral tectal section that can be easily accessed by a simple craniotomy
[52]. The recording site and the corresponding neuronal response were quite consistent
with that reported earlier [45].

The surround modulation properties were explored in another way by other re-
searchers using groups of bars with different types of center-surround contrast, includ-
ing moving direction, bar orientation and luminance [34-36]. The results showed that
tectal neuronal response was suppressed when the visual stimuli of the surrounding
were consistent with that of the center. Obviously the tectal neuronal response was pop
out when the contrast between center and surround was moving direction and lumi-
nance. Most recent work has also compared the suppression induced by luminance and
moving direction, which represented the static and motion feature of visual object re-
spectively, and showed that suppression resulting from motion direction was quite
smaller than that from luminance[36]. The results were quite consistent with ours, which
showed that the suppression induced by flashed stimuli was stronger than that by
moving stimuli when the bin width was large.

5. Conclusions

We studied thoroughly in surround modulation properties of tectal neurons in pi-
geons. The result showed that most neurons presented similar surround suppression
properties both in flashed and motion paradigms. Both responses were first enhanced
and then suppressed as the size of stimuli increased. The property was consistent with
those found in mammals V1, LGN and SC with drifting sinusoid gratings as stimuli.
Another finding that fully surround suppression was stronger than partially surround
suppression was novel and complemented the existing studies. Furthermore, this study
provides a deeper insight into possible hypotheses upon the spatial arrangement of lat-
eral inhibitions from feedback or feedforward streams, which would deepen our under-
standing of visual information transmission way in the tectofugal pathway of the avian.
In addition, the stronger fully surround suppression, corresponding to global inhibition
[53], can enhance the saliency degree of visual objects and may help animals to detect
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small objects more easily, which is much important for their survivals in complex nature
environment.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1:
An example result of surround suppression by moving squares in another different moving direc-
tion.
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Appendix A

Figure S1. An example result of surround suppression by moving squares in another

different moving direction.

A. Visual stimuli of different size moving square, as well as their corresponding firing
spike train in 20 repeats. The solid line circle in each subfigure indicates the CRF area
and dotted circle indicates the eCRF area. The black square beside each subfigure
denotes varying size moving square. The pairs of dotted lines in different colors
denoted different widths of time window in which the mean firing rate was calcu-
lated.

B. The size-tuning curves under different widths of time window. ((Binl: ad-
just-R2=0.9867, left; adjust-R2=0.9325, right; Bin2: adjust-R2=0.9778, left; ad-
just-R2=0.9592, right; Bin3: adjust-R2=0.9817, left; adjust-R2=0.9447, right; Bin4:
adjust-R2=0.9827, left; adjust-R2=0.9246).
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