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Abstract

Natural scenes are composed of complex distributions of visual features that drive neural response
patterns and shape visual perception. However, most stimuli that are commonly used in vision re-
search only reveal neural responses to single features, such as a specific stimulus orientation. How
larger feature distributions affect neural responses and visual perception is therefore poorly under-
stood. To address this question, we presented broadband visual stimuli with parametrically-controlled
bandwidth of stimulus orientations and spatial frequencies to awake mice while recording the activity
of neural populations in the primary visual cortex with two-photon imaging. Matching the orientation
bandwidth of broadband stimuli to naturalistic images strongly increased neural responses and im-
proved feature discrimination performance. Correspondingly, increasing orientation bandwidth also
improved the performance of mice in a visual discrimination task. Our results strongly suggest that the
visual system is tuned to the feature distributions of naturalistic visual inputs, with broader feature dis-

tributions driving more robust neural responses and enhanced visual perception.

Introduction

The identification of the position and structure of visual objects in the environment is among the main
computations of the visual system. The accurate execution of this task critically relies on specific
features of visual objects, such as their texture and relative size, which can be derived from the
orientation and spatial frequency of incoming visual inputs. Receptive fields of neurons in the primary
visual cortex (V1) are therefore sparse representations of the visual scenery™, and selectively
respond to prominent features, such as the orientation of elongated edges®®. However, edge
orientations in natural scenes are not statistically independent from each other but appear as specific
combinations of common orientations, especially horizontal and vertical edges®'°. The visual system
has therefore likely evolved to be well-tuned to the statistics of these features in the natural
environment and shows highly variable and non-linear responses to complex visual stimuli®%-2, In
fact, even individual V1 neurons respond with high specificity to different natural images and exhibit
complex tuning properties that go far beyond what could be inferred by their responses to simple sine-
wave gratings or Gabor patches'>'3. The conventional approach of studying the neural encoding of
visual information by using a limited set of simple visual stimuli is therefore inadequate to identify the
key properties of neural responses in the visual system. This approach only covers a very small range
of the possible visual feature distributions, providing a limited view of complex visual processing. An
alternative approach is to use natural scenes or images to identify neural response features to

complex stimuli that match the statistics of the environment'#-"¢. But since natural images are not
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parametrically well-defined'”'8, very large sets of images and complex models are required to identify
meaningful neural response features. Moreover, the presentation of large sets of images is often

prohibited by the limited number of neural responses that can be obtained for each stimulus'>13.1°,

A powerful solution for this trade-off between well-controlled but overly simple gratings versus highly
complex and unconstrained naturalistic stimuli are random phase textures, so-called motion clouds?°.
Motion clouds provide a parametrically well-defined visual stimulus that can closely approximate the
feature distributions of naturalistic visual inputs. These stimuli allow for a tailored bandwidth
assignment to capture specific distributions of visual features, such as edge orientations, that closely
match those found in natural stimuli. Motion clouds therefore offer a controlled framework for studying
the role of specific feature distributions in both physiological and behavioral experiments. However, so
far motion clouds have not been widely tested in awake neural recordings and it remains largely
unknown how changing the bandwidth of different visual features, such as edge orientations or spatial
frequency, affects single-neuron responses and visual perception. Theoretical models suggest that
broadband stimuli might activate more neurons with diverse tuning to visual features, but inhibitory
feedback could also reduce their individual contributions to keep the overall network activity level
constant?™23, This could also explain seemingly contradictory behavioral results in humans where
increasing the bandwidth of spatiotemporal frequencies in motion clouds improves the coupling of

oculomotor responses with visual motion but does not enhance speed perception?’.

To directly assess the impact of different feature bandwidths on neural activity, we presented motion
cloud stimuli to awake mice and used two-photon imaging to measure the responses of individual V1
neurons to different bandwidths of orientations and spatial frequencies. We simultaneously imaged a
large amount of V1 neurons in layer 2/3, exhibiting diverse visual tuning properties to visual
gratings?*28, Increasing the orientation bandwidth of motion clouds activated more V1 neurons and
also increased their neural response magnitude. In contrast, increasing spatial frequency bandwidth
only weakly affected neural responses. We then trained mice to either discriminate the orientation or
frequency of motion cloud stimuli. Consistent with our neural recordings, increasing frequency
bandwidth had no impact on behavior while increasing orientation bandwidth improved perceptual
performance. Our results demonstrate that neurons are tuned towards stimuli with a broad distribution
of visual features instead of narrow gratings, suggesting that cortical processing and visual perception

is optimized for visual stimuli that match the statistics of natural sensory inputs.

Results

Orientation bandwidth of visual stimuli recruits additional neuronal populations in mouse V1

Natural scenes contain edges with a broad range of orientations that can strongly vary in different
spatial locations (Fig. 1a). To test if visual neurons are tuned to such specific orientation distributions
(orientation bandwidth), we therefore designed different sets of motion cloud stimuli to match the
different bandwidths found in naturalistic visual sceneries'®?® (Fig. 1b). All motion clouds consisted of
a spatial frequency of 0.04 cpd. and vertical orientation (0°), to match the response tuning of neurons

in mouse V1 and higher visual areas?®3%3!, but were generated with different orientation bandwidths
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(narrow-, mid-, and broad-range: 5°, 25°, 45°, respectively). We then presented motion clouds to
awake, head-fixed mice while measuring the neuronal responses of layer 2/3 neurons in V1,
expressing the calcium indicator GCaMP6f (Fig. 1c, d). To identify significantly responsive neurons,
we then computed the area under the receiver-operating characteristic curve (AUC) for each neuron
and stimulus. Interestingly, increasing the orientation bandwidth strongly increased the number of
visually-responsive neurons in each session (narrow range (5°): 33 + 4 neurons, mid range (25°): 41
4 neurons, broad range (45°): 60 + 6 neurons; mean = s.e.m., n = 18 sessions in 9 mice),
demonstrating that broader orientation bandwidth stimuli recruit a much broader range of orientation-
tuned neurons (Fig. 1e).
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Al

natural scene narrow range mid range broad range

£ £
S natural scene S
o Ly (8]
) i (]
[=2] ) j=2]
° region o
[0} (0]
€ £
50 50
b4 b4 -
-90 -45 0 45 90 -90 -45 0 45 90 5s stimulus (pseudo-random)
Orientation components [°] Orientation components [°] 5s inter-stimulus (mean gray)
d. , e.
War mid range [25°] brod range [45°] g .
Yy ’ 3
L 2 ke *k
&4 .
o 4
£ ,
-g 3 o}
(<} o
o
2 :
“2 %,
he) 07
ot g
g : @ 9
© O — 8 ¢
g 1 0
celll — = v~ e~ - — cellT ~ m e v mm oy o
cel2 cell2 WAANANw AARA  cell2 Zy
cell3 o e e Cell 3 e e e e cell3 AR A AL M A A 5 25 45
celld sl A AN MANT celld AANAAMANANMNAND cella ANNANANANARNG Orientation Bandwidth [*]
f. g. h. .
10 Fkk 10 20 *kk
broad range [45°] . o

w
o

Response amplitude dF/F [%]
Response amplitude dF/F [%]

Response amplitude dF/F [%]

5 34,26%
: & 10
; ) 13,98% 5,43%
? 2
01 © 18,2% 0
=4
E 4,24%
-5 -5 0
5 25 45 5 25 45 5 25 45
Orientation Bandwidth [°] narrow range [5°] Orientation Bandwidth [°] Orientation Bandwidth [°]

Figure 1. V1 neurons are most responsive to broad orientation bandwidths.

(a) Orientation distributions of selected scenes in an example natural image. (b) Orientation distributions of se-
lected motion clouds with increasing orientation bandwidths (light to dark blue). (¢) Schematic of the visual stimu-
lation and imaging setup. Mice were head-fixed and shown a pseudo-random sequence of motion clouds with
differing orientation bandwidths while imaging neural activity in layer 2/3. (d) Example two-photon imaging
planes, showing V1 neurons from the same field of view that respond to different orientation bandwidths (5°, 25°,
45°, blue masks show responsive cells, scale bar 100um). Corresponding stimuli are shown at the top left. Trac-
es below show visual responses of 4 example cells with different orientation bandwidth tuning (scale bar 1s, 20%
dF/F). (e) Counts of responsive neurons to a given orientation bandwidth, normalized by the number of cells re-
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99  sponding to the narrow orientation bandwidth (5°) (n = 18 sessions). (f) Difference between mean response am-
100 plitude versus baseline for each orientation bandwidth. Shown are all neurons with a significant response for at
101 least one stimulus (1509 responsive neurons out of 4892 neurons in total). (g) Distribution of neurons that signifi-
102 cantly responded to a single or multiple orientation bandwidths. Shown are percentages for all responsive neu-
103 rons. (h) Same as in panel f but only for neurons that selectively showed a positive response to the mid-range
104 bandwidth (in total 186 neurons from all sessions). (i) Same as in panel f but only for neurons that consistently
105 responded positively to all bandwidths (in total 278 neurons from all sessions). Stars in all panels show Bonferro-
106 ni-corrected significance from a two-sided Wilcoxon signed rank test.

107 We then tested how changes in orientation bandwidth affect the magnitude of neural responses.
108 Reflecting the overall increase in responding neurons, increasing orientation bandwidth also strongly
109 increased the neural responses, which were the largest for the broadest orientation bandwidth (45°,
110 Fig. 1f). Expanding the orientation bandwidth therefore increased both the number and magnitude of
111 stimulus-responsive V1 neurons. To test if increased neural responsiveness to broader orientation
112 bandwidth is caused by additional recruitment of neurons with specific, narrow orientation tuning®, we
113 then computed the number of V1 neurons that responded to each orientation bandwidth. Surprisingly,
114 we found a high degree of specificity, with a sizable portion of neurons significantly responding to only
115 a single orientation bandwidth or a specific combination of orientation bandwidths (Fig. 1g, see also
116 example cells in 1d). Instead of an overall recruitment of neurons with narrow tuning, this suggests
117 that V1 neurons exhibit a more complex orientation tuning that is selective for specific orientation
118 bandwidths that match naturalistic stimulus patterns3>-3%, This also included a large fraction of
119 neurons (186 neurons, 12.33% of all responsive cells) that responded most strongly to the mid-range
120 orientation bandwidth, and therefore neither preferred the narrowest nor broad bandwidth stimuli (Fig.
121 1h). Lastly, we tested the response magnitude only for neurons that showed a significant response to
122  all orientation bandwidths (center of the Venn diagram in Fig. 1g). These unselectively responding
123  neurons also showed a clear increase in response magnitude with increasing orientation bandwidth
124  (Fig. 1i), thus ruling out that larger responses were solely driven by subpopulation of V1 neurons that
125 selectively responded to broad range stimuli. Instead, this general preference for broad orientation
126  bandwidth might reflect a tuning bias of the visual system towards natural scenes which also contain

127  broader average orientation bandwidth (Fig. 1a, dark blue trace).

128 Increasing spatial frequency bandwidth does not increase V1 responses

129 Similar to stimulus orientations, natural scenes also contain a large range of spatial frequencies that
130 are not considered when using sinusoidal gratings with a fixed frequency. Spatial frequency
131 distributions in naturalistic scenes follow a power law, with a higher power in the low-frequency bands
132 for broad image features and weaker in the high-frequency bands for fine structural details?*3¢ (Fig.
133 2a). V1 neurons are also well-tuned to spatial frequency®283!, so we tested if enriching the frequency
134  bandwidth of visual stimuli would affect neural responses similarly to orientation bandwidths. We
135 therefore created motion cloud stimuli with different frequency bandwidths (0.004 cpd., 0.04 cpd. and
136 0.4 cpd.) with vertical orientation, matching the distributions found in different natural scenes (Fig. 2a,
137 b). Visual stimuli were presented pseudo-randomly while measuring the activity of the same V1

138 neurons described above (Fig. 2c).
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139 In contrast to our earlier results, increasing the frequency bandwidth did not significantly change the
140 number of responsive neurons in each session (0.004 cpd.: 21 + 4 neurons, 0.04 cpd.: 20 £ 5
141 neurons, 0.4 cpd.: 22 + 4 neurons; mean * s.e.m., n = 16 sessions in 9 mice) (Fig. 2d, e).
142 Correspondingly, when comparing the response magnitude for all responsive neurons we found no
143  significant differences across different bandwidths (Fig. 2f). A potential reason for this clear difference
144  between orientation and spatial frequency bandwidth could be that V1 neurons already exhibit broad

145 spatial frequency tuning, resulting in overlapping activation of these neurons by different spatial
146  frequency bandwidths?8.
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148 Figure 2. V1 neurons are selective but equally responsive to different frequency bandwidths.

149 (a) Spatial frequency distributions of different example natural images. (b) Spatial frequency distributions of se-
150 lected motion clouds with increasing frequency bandwidths (light to dark blue). (¢) Schematic of the visual stimu-
151 lation with motion clouds of different spatial frequency. (d) Example two-photon imaging planes, showing V1 neu-
152  rons from the same field of view that respond to different frequency bandwidths (0.004 cpd., 0.04 cpd., 0.4 cpd.,
153  blue masks show responsive cells, scale bar 100 um). Corresponding stimuli are shown at the top left. Traces
154  below show visual responses of 4 example cells with different frequency bandwidth tuning (scale bar 1s, 20%
155 dF/F). (e) Counts of responsive neurons to a given frequency bandwidth, normalized by the number of cells re-
156 sponding to the narrow frequency bandwidth (0.004 cpd.). (n = 16 sessions). (f) Difference between mean re-
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157 sponse amplitude versus baseline for each frequency bandwidth. Shown are all neurons with a significant re-
158 sponse for at least one stimulus (679 responsive neurons out of 3185 neurons in total). (g) Distribution of neu-
159 rons that significantly responded to a single or multiple frequency bandwidths. Shown are percentages for all
160 responsive neurons. (h) Same as in panel f but only for neurons that selectively responded to the mid-range
161 bandwidth (in total 112 neurons from all sessions). (i) Same as in panel f but only for neurons that consistently
162 responded to all bandwidths (in total 81 neurons from all sessions). Stars in all panels show Bonferroni-corrected
163  significance from a two-sided Wilcoxon signed rank test.

164 To test this hypothesis, we computed the number of neurons that significantly responded to a specific
165 spatial frequency bandwidth. As with orientation bandwidth, we found a high degree of specificity, with
166 a roughly equal quantity of neurons responding to different frequency bandwidths or bandwidth
167 combinations (Fig. 2g, example cells in 2d). The lack of increased responsiveness to broader
168 frequency bandwidths was therefore not because of very broad frequency tuning of V1 neurons that
169 may have caused a large overlap in neural responses to different frequency bandwidths. Instead, we
170 again observed selective tuning to different frequency bandwidths, including prominent responses to
171 the mid-range frequency bandwidth in a sizable portion of neurons (Fig. 2h). Lastly, the response
172 magnitude for unselectively responding neurons did also not increase for larger frequency
173 bandwidths. Instead, there was even a slight decrease in response magnitude between mid and
174  broad range frequency bandwidths (Fig. 2i). Together, these results demonstrate that V1 responses

175 are well-tuned to specific spatial frequency bandwidths.

176  To further test if the specificity of neural responses clearly differs for the range of orientations and
177  spatial frequencies that we used in our motion cloud stimuli, we also presented simple gratings with
178 different combinations of orientation and spatial frequency (Supplementary Fig. S1). While we
179 observed diverse neural tuning to the presented gratings, the average tuning width of the responding
180 neurons was similar for the range of tested orientations and spatial frequencies. This further argues
181 against the hypothesis that the lack of increased neural responses to broadband spatial frequency
182  stimuli was because of particularly broad spatial frequency tuning that prevented further recruitment of
183  specific subpopulations. Instead, stronger responsiveness to broader orientation bandwidth appears

184  to be a specific feature of V1 neurons that does not generalize to spatial frequency.

185 Neural discrimination performance is enhanced by broader orientation bandwidth

186 We next wondered if increasing motion cloud bandwidth also improves the neural representation of
187 sensory information, thus making broadband stimuli more perceptually distinct from each other. To
188 test this hypothesis, we presented stimuli with a different central orientation (0° or 90°) or central
189  spatial frequency (0.04 cpd. or 0.16 cpd.) and measured the impact of motion cloud bandwidth on the
190 ability of neurons to discriminate between these differences (Fig. 3a, e; Supplementary Fig. S2, S3).
191 To avoid ambiguity, we did not change the bandwidth of stimulus orientations or spatial frequency
192 together but instead compared neural responses to the central feature while changing the bandwidth
193  of the other. Similar to our previous results, increasing the orientation bandwidth with a central spatial
194 frequency of 0.16 cpd. also strongly increased the number and magnitude of responsive neurons
195 (narrow (5°): 40 £ 4 neurons, mid (25°): 41 + 3 neurons, broad (45°): 52 + 5 neurons; mean + s.e.m.,
196 n = 18 sessions in 9 mice; Fig. 3b, ¢; Supplementary Figure S2). Larger neural responses to broader

197 orientation bandwidth are therefore not limited to a specific central spatial frequency and broadband
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198 stimuli might enhance the discriminability of different spatial frequencies by driving stronger
199 responses in a larger population of V1 neurons. Conversely, broadband stimulation may also have the
200 opposite effect by driving the same strong responses in the same neurons, regardless of the central
201 spatial frequency. For each neuron, we therefore computed the absolute AUC between responses to
202 different spatial frequencies with either narrow or broad orientation bandwidth (Fig. 3d). The
203 discriminability between spatial frequencies was strongly enhanced with broader orientation
204 bandwidth (AUCs- = 0.29 + 0.005, AUCss- = 0.35 = 0.005; mean + s.e.m., n = 2202 neurons),
205 demonstrating that broadband motion clouds are more effective in representing specific sensory
206 information. In contrast, broadening spatial frequency bandwidth did not increase the number or
207 magnitude of neural responses with a central orientation of either 0° or 90° (Fig. 3f, g; Supplementary
208 Fig. S3). Consequently, we found no significant difference in orientation discriminability for either
209 narrow or broad frequency bandwidth (AUCo.004cpa. = 0.29 + 0.007, AUCo.4cpa. = 0.30 + 0.008; mean +
210 s.e.m., n = 985 neurons, Fig. 3h). These results demonstrate that naturalistic broadband stimuli not
211  only increase the overall strength but also the discriminability of visual responses which might result in
212  enhanced perceptual accuracy

a. b. C. d.
. - 00.04 cpd. e ok
2 Ss =101 2 0.16 cpd: 1 -
3) o = sokok -
E é Fkk *k E g =
o 84 o (TIE)
1] © Py g_-g
2 =g o £
> = 3 T c
2 T3 = )
(3] g Q © =
g_ o S g 2045
9] o a @ o £
2 broad range [45°] L, @ » £
= o 0 =0
] & g £g
3 R 3 g °
%) 1S x ©
] S
£ z -5 0
8 0.04 0.16 5 45 5 45
Central Spatial Orientation Bandwidth [°] Orientation Bandwidth [°]
Frequency [cpd.]
e f. g. h
= o00°
55 =101 go0° 1
3 o
= = 9
8 84 o 58
I g EE IE=
5 23 E 58
= o o =
< g g & @05
& broad range [0.4 cpd.] o, ® TE
5 = 20 25
S g g 32
£ E ( & Sk
5 © °
g £’ ; & ¥
&) S X %
z -5 0
0 90 0.004 0.4 0.004 0.4
Central Orientation [°] Spatial Frequency Spatial Frequency
Bandwidth [cpd.] Bandwidth [cpd.]

213
214  Figure 3. Increasing orientation bandwidth improves stimulus discriminability in V1 neurons

215 (a) Example field of view of an experiment with the central spatial frequency of 0.16 cpd. and narrow or broad
216 orientation bandwidth. Clearly visible are increased cell numbers with broad orientation bandwidth. Stimulus illus-
217 trated at the bottom left of the plane, scale bar 100um. (b) Number of responsive cells to broad orientation band-
218  width (45°) with either 0.04 cpd. or 0.16 cpd. spatial frequency, normalized by the respective number of cells re-
219 sponding to the lowest orientation bandwidth (5°). Data for 0.04 cpd. are the same as in Figure 1 and shown here
220 for reference as a box plot. Stars show Bonferroni corrected significance for one-sided Wilcoxon rank sum test
221 against 1 (n = 18 sessions). (¢) Mean response amplitude for all responsive neurons to each orientation band-
222  width and central 0.16 cpd. spatial frequency. (Blue raincloud plots, n = 2202 responsive neurons). Boxplot
223  shows responses to 0.04 cpd. for comparison (same as in Fig. 1g). (d) Discriminability between neural responses
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224 to 0.04 cpd. or 0.16 cpd. Central spatial frequency for narrow and broad orientation bandwidth. (n = 2202 neu-
225 rons.) Stars in panels ¢ and d show Bonferroni-corrected significance from two-sided Wilcoxon signed rank test.
226 (e) Example field of view of an experiment with 90° central orientation and narrow or broad frequency bandwidth.
227 Increasing frequency bandwidth did not increase the number of responsive neurons and response patterns were
228 largely similar across different stimuli. (f-i) Same as panels (b-d) but for narrow and broad frequency bandwidth
229 and 0° and 90° central orientation.

230 Spatial frequency perception is enhanced by broader orientation bandwidth

231 Our results show that neural responses in V1 are enhanced when increasing orientation bandwidth,
232 which also increased the neuronal discriminability of these broadband visual stimuli. To assess if
233 increased neuronal discriminability also results in enhanced visual perception, we trained mice to
234 perform a visual discrimination task in a custom-build touchscreen chamber® (Fig. 4a). Here, mice
235 had to discriminate between motion clouds by touching one of the two presented stimuli on a touch-
236  sensitive screen and were rewarded when choosing the target stimulus. For two groups of mice (6
237 mice each), motion clouds either differed in their central spatial frequency (0.04 cpd. target versus
238 0.16 cpd. non-target; Fig. 4b, left) or central orientation (0° target versus 90° non-target; Fig. 4b,
239 right). In addition, we again varied the orientation or frequency bandwidth of the presented motion
240 clouds, to test their impact on discrimination performance. As in our earlier experiments, the
241  bandwidth was only altered for the stimulus parameter that was not tested in the discrimination task to
242 avoid any ambiguity. In the orientation discrimination task, we thus varied spatial frequency bandwidth

243 while varying orientation bandwidth during spatial frequency discrimination (Fig. 4b).

244  Animals in both groups reliably learned to perform either the orientation or spatial frequency
245 discrimination task and achieved comparable expert performance above 80% correct trials (Fig. 4c).
246 Increasing the orientation bandwidth also improved spatial frequency discrimination performance
247  (narrow (5°): 77.02 + 0.02% correct, mid range (25°): 77.63 + 0.02% correct, broad (45°): 82.78 +
248 0.01% correct, mean + s.e.m., n = 46 sessions), demonstrating that broad orientation bandwidth not
249 only improved neural response discriminability but directly enhanced spatial frequency perception.
250 Conversely, increasing spatial frequency bandwidth did not further improve orientation discrimination
251 performance and even showed a trend towards reduced performance with higher frequency
252  bandwidth (Fig. 4d).

253  These findings clearly show that the observed changes in V1 responses translate into corresponding
254 changes in visual perception, with the greatest discrimination performance observed for broad
255 orientation bandwidths. A possible reason for the unchanged discrimination performance across
256  spatial frequency bandwidths could be that perceptual changes are only visible near the frequency
257 discrimination threshold, where even small perceptual variations can effectively impact behavior. We
258 therefore further tested different spatial frequency bandwidths over a larger range of orientation
259 differences. Using a staircase procedure, we dynamically changed the orientation difference between
260 target and non-target stimuli to identify the orientation discrimination threshold for each mouse across
261 individual sessions. However, the obtained discrimination thresholds and psychometric curves were
262 largely similar across frequency bandwidths (Fig. 4e, f) (45.7 degrees * 2.34, 43.93 degrees + 3.12,
263  49.34 degrees * 2.46, mean * s.e.m., at 72.7% orientation discrimination threshold for 0.004, 0.04,
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264 and 0.4 cpd. frequency bandwidth, respectively, n = 18, 23 and 30 sessions), thus arguing against a

265 notable impact of spatial frequency bandwidth on orientation perception.
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268 Figure 4. Increasing orientation bandwidth improves visual perception.

269 (a) lllustration of the visual discrimination task. Mice in a touchscreen chamber select target stimuli to obtain a
270 reward. (b) Example stimuli for the spatial frequency discrimination task with different orientation bandwidths (left)
271 and the orientation discrimination task with different spatial frequency bandwidths (right). (¢) Spatial frequency
272  discrimination performance for different orientation bandwidths. Spatial frequency discrimination performance
273  was significantly higher for a larger orientation bandwidth. (n = 46 sessions.) (d) Same as c¢ for the orientation
274  discrimination with different spatial frequency bandwidths. (n = 17-25 sessions.) (e) Psychometric curves for
275 orientation discrimination performance at different target-distractor orientation differences. Colors show curves for
276  different spatial frequency bandwidths. Increasing spatial frequency bandwidth did not affect maximal
277  performance or discrimination thresholds. The dashed line shows the 72.5% discrimination threshold. (Error bars
278 show standard deviation over 18-30 sessions.) Stars in all panels show Bonferroni-corrected significance from
279  two-sided Wilcoxon signed rank test. (f) Discrimination thresholds for the three spatial frequency bands show no
280 significant differences. (n = 18-30 sessions.)

281 Discussion

282  Natural scenes are composed of broad distributions of edge orientations and spatial frequencies. To
283 test how changes in the bandwidth of these visual features affect neural responses and visual
284  perception we used motion cloud stimuli?®. Presenting motion clouds with comparable broadband
285 features as in natural scenes revealed clear tuning of V1 neurons to specific orientation and spatial
286 frequency bandwidths in awake mice. Moreover, increasing orientation bandwidth also leads to
287 stronger V1 responses, reflected in more responsive neurons and larger response amplitudes. This
288 prominent increase in response strength could be an adaptive mechanism of the visual system to
289 enhance the perception of specific broadband stimuli. Indeed, increasing the orientation bandwidth of
290 visual stimuli also improved the discriminability of neural responses to motion clouds with different
291 central spatial frequencies. Lastly, mice were more accurate in discriminating visual stimuli with broad

292 compared to narrow orientation bandwidth, confirming an enhancement in visual perception.
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293  Together, these results clearly demonstrate that V1 neurons are tuned to specific bandwidths of visual
294 features, with broadband stimuli increasing neural response strength, stimulus discriminability, and
295  visual perception.

296  We found more responding neurons in V1 upon visual stimulus enrichment, which correspondingly led
297 to improved visual perception. This appears to be in contrast to a previous study in humans, showing
298 that increasing the spatiotemporal frequency bandwidth of motion cloud stimuli does not improve
299 speed perception®'. A potential reason for this distinction could be that spatial and temporal frequency
300 directly affect speed estimates®°, thus creating a complex inter-dependency between the enriched
301 visual features and the tested perceptual feature. To avoid this confounding inter-dependency, we
302 separated the enriched visual feature from the perceptual feature, by either increasing orientation
303 bandwidth during spatial frequency discrimination or vice versa. Importantly, this allowed us to isolate
304 the perceptual impact of each visual feature and reveal that only orientation but not spatial frequency
305 bandwidth enrichment increased neural responses and sensory perception. Indeed, the lack of
306 perceptual improvements with spatial frequency enrichment is in line with earlier results in humans?'
307 and strongly suggests that the perceptual effects of rich visual stimuli are selective for specific visual
308 features, such as orientation bandwidth.

309 The reason for the selective increase in neural responses to broadband orientation, but not spatial
310 frequency stimuli is unclear. An intuitive explanation is that broader neural tuning to spatial
311 frequencies compared to orientations?®3°3! might result in an unselective activation of broadly-
312 responding neurons with different spatial frequency bandwidths. However, when we directly
313 compared the tuning of V1 neurons to the same range of orientations and spatial frequencies that we
314 used in our motion cloud stimuli, the tuning width of individual neurons was largely similar for both
315 features (Supplementary Fig. S1). We also observed an equal amount of response specificity for
316 different spatial frequency and orientation bandwidths (Fig. 1g, 2g), further suggesting that differences
317 in neural tuning cannot explain the response preference to broadband orientation stimuli. Instead,
318 increased neural responses to broadband orientations appear to be a specific feature of the visual

319 cortex and could be an adaption to the orientation distributions in natural scenes (Fig. 1a).

320 A potential mechanism that could promote increased responses to broadband orientation stimuli are
321 feedback projections from higher visual areas*4’. Top-down feedback is crucial for the integration of
322 contextual cues beyond the receptive field of V1 neurons and attenuates neural responses to a visual
323 stimulus when it is surrounded by a similar stimulus*®#®4%, Such center-surround suppression
324 emphasizes the differences between a visual stimulus and its background*? and might represent a
325 predictive coding mechanism in which top-down feedback conveys a prediction of incoming visual
326 inputs that is subtracted from V1 responses®®-52. Since the spatial consistency of the stimulus and
327 background is much lower when increasing orientation versus spatial frequency bandwidth, this could
328 result in reduced stimulus predictability of broadband orientation stimuli and in turn reduce surround
329 suppression. Interestingly, broadband orientation stimuli also improved sensory perception, arguing

330 that such a lack of stimulus predictability can improve the representation of visual input features.
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331 Superposition of different oriented gratings has been shown to suppress cortical responses in cat'—,.
332 However, facilitated responses have also been reported in monkey and mouse3-354547 The large
333 variety in cortical responses to multiple superimposed gratings could also be explained by orientation-
334 specific horizontal interactions within V13232 or by a thalamocortical feedforward mechanism3®. Both
335 mechanisms would also explain the particular tuning of V1 neurons to specific orientation and spatial

336 frequency bandwidths that we observed in our study.

337 Earlier work also suggested that a lack of perceptual enhancement for enriched visual stimuli could be
338 due to cortical gain normalization where increased sensory inputs are counter-balanced by divisive
339 local inhibition?'-23. Such gain normalization would predict that an increasing number of responsive
340 neurons should be accompanied by increased local inhibition which reduces the magnitude of neural
341 responses and maintains an equal level of overall response strength across different stimuli“®45%3, In
342 contrast, we found that broadband orientation stimuli not only increased the number of responding
343 neurons but also their response amplitudes (Fig. 1f). This was also the case for the selected neurons
344 that responded to all motion clouds irrespective of their orientation bandwidth, ruling out the possibility
345 that stronger responses were due to a bandwidth-specific sub-population of V1 neurons. Our results
346 therefore argue against cortical gain normalization as a limiting factor for perceptual effects of rich

347  visual stimuli.

348 Natural vision is broadband vision and simple gratings of a single orientation and spatial frequency
349 are rarely present in a natural environment. The visual system is tuned to the statistics of natural
350 inputs®', which is represented in the ability of mice and humans to discriminate fine differences in
351 visual features that are most common in the environment'®2837  Natural scenes also consist of
352 distributions of largely overlapping orientations around areas of interest® (see also Fig. 1a), leading to
353 complex receptive fields of cortical neurons that respond more strongly to visual features when they
354 are embedded in natural scenes instead of random or artificial backgrounds®. Revealing the
355 computational principles of natural scene processing is therefore crucial in order to understand visual
356 processing at large. Our results with broadband orientation motion clouds demonstrate that rich but
357 parametrically-controlled visual stimuli are a promising tool to achieve this goal and reveal how the

358 visual cortex has evolved to perceive our natural environment.
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359 Methods

360 Surgical procedures. Six male and three female C57BL/6J mice aged (16-30) weeks were used for the imaging
361 experiments and twelve male C57BL/6J mice from 8 weeks of age were used for the 2AFC tasks. All mice were
362 kept on a reverse light cycle (light/dark cycle: 12/12 hours). Experiments were carried out according to the
363 German animal protection law and local Ethics committee. Mice were anaesthetized using (1%-2.5%) isoflurane
364 in oxygen and placed in a stereotaxic frame with stabilized and monitored body temperature (37°C). Eye
365 ointment (Bepanthen, Bayer Vital GMBH) was placed on the ipsilateral eye and ophthalmic gel in the
366 contralateral to keep them moisturized but also allow intrinsic imaging to follow. V1 location was confirmed with
367 intrinsic imaging®°. Following a medial incision, the skin was pushed aside and the skull around coordinate-
368 based V1 position (3.5 mm posterior and 2.5 mm lateral from bregma) was carefully thinned. The anaesthetized
369 mouse was then shown moving full field gratings in different orientations on the contralateral side to the imaged
370 cortex. After functionally confirming the V1 location, a 4-mm-wide circular craniotomy was performed over the
371  center of V1. A viral vector (AAV9.Syn.GCaMP6f.WPRE.SV40; Addgene, 1:10 dilution with PBS and mannitol)
372 was then injected through a thin glass pipette with a micropump (UMP-3, World Precision Instruments). After
373 injection, a 4-mm-wide round cover slip was placed inside the window and fixed with dental cement (DE Flowable
374  composite). A metal head-holder was positioned attached with dental cement to allow subsequent head-fixation
375 and imaging in the two-photon microscope setup.

376 Two-photon imaging. Two-Photon imaging was done in a custom-made setup with a resonant-scanning two-
377 photon microscope (CRS 8KHz, Cambridge Technology) and a femtosecond-pulsed Tl: Sapphire laser (Mai Tai
378 Deep See, Spectra-Physics) tuned to 920 nm. Data acquisition and controls were performed the MATLAB-based
379 Scanimage package®. Settings and laser power were kept constant across all mice and experiments.
380 References from the vessel image, intrinsic imaging and injection site referencing were used to define the center
381 of the primary visual cortex. Recordings were made from layer 2/3 of the primary visual cortex at a depth of 250-
382 300 um below the pial surface and 30 Hz frame rate at a pixel resolution of 512x512 pixels. Calcium traces were
383 imaged from all neurons expressing GCamP6f under the synapsin promotor, which could be detected in the field
384  of view.

385 Visual stimulation. Motion cloud stimuli were generated using the Motion Cloud Package?°, and adapted for
386 display via custom written MATLAB scripts (MATLAB R2019b, MathWorks). The package follows a linear
387 generative model for creating dense mixing of localized moving gratings with random positions based on
388 predefined parameters. To ensure that neural responses were not strongly drive by the individual properties of
389 these random phase motion textures, 10 realizations of 150 frames each were generated for each parameter
390 combination. 20 repetitions of each stimulus when then presented for a duration of 5s in a pseudorandom
391 sequence which avoided consecutive display of the same stimulus. Parameter combination and protocols are
392 shown in Table 1. All motion clouds were created with a temporal frequency of 1 Hz, with 5 s stimulus duration
393 and 5 s inter-stimulus interval during which a gray screen was shown. Stimuli were presented at 18 cm distance
394  from the right eye on a gamma-corrected LED-backlit LCD monitor (BenQ XL2420T) placed at a 90° angle.

Central Orientation Central Spatial Spatial Frequency
ORIENTATION [°] Bandwidth [°] Frequency [cpd] Bandwidth [cpd]
Orientation Band 0 ‘ 5 ‘ 25 ‘ 45 ‘ ‘ 0.04 | 0.16 ‘ 0.004
enrichment
Spatial frequency 0 90 3 0.04 0.004 | 0.04 (0.4

Band enrichment

395
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396 Table1. Specific Parameters per each protocol. For the protocol used to investigate the effect of the
397 orientation bandwidth enrichment (orientation protocol, top row), the central orientation (first column) and spatial
398 frequency bandwidth (last column) were kept constant (respectively 0° and 0.04cpd.), but combinations of
399 orientation bandwidth (second column: 5°, 25°, 45°) and central spatial frequency (third column: 0.04 cpd. and
400 0.16 cpd.) were used. This amounted to a total of 6 different stimuli. The same principles were followed for the
401  protocol to investigate the effects of spatial frequency bandwidth enrichment (spatial frequency protocol, bottom
402  row).

403 Touchscreen chamber experiments. Behavioral experiments were performed in a custom-build operant
404  conditioning touchscreen chamber for automatized and standardized animal training®”. All animals performed the
405 experiments under a water restriction regime and received at least 1.5 ml of water per day to maintain their
406 general well-being. They received water ad libitum on the weekends and had access to food ad libitum
407  throughout the experiment. All mice were daily weighted and monitored prior and during the behavioral
408 experiments. In the first phases of pre-training, the animals were habituated to the touchscreen chamber and
409 learned to associate a green light with the availability of a reward. After the animals were able to collect at least
410 one reward per minute, they proceeded to the next phase where they had to first touch the screen to receive a
411  reward, which was still indicated by a green light. Again, after the animals performed the sequence of touching
412  the screen and collecting a reward at least once a minute, they were moved to more specific trainings according
413  to orientation or spatial frequency discrimination. The orientation discrimination task was started with the training
414  for an easy discrimination, where the animals had to discriminate a horizontal (target) from a vertical (distractor)
415  sine-wave grating with a spatial frequency of 0.04 cpd. After the animals reached a performance of 80% correct
416 responses, we proceeded with a staircase procedure. In this staircase procedure, the difficulty level was
417  dynamic. Every correct response was followed by a decrease in orientation difference of 3°, while an incorrect
418 response was followed by an increase in orientation difference of 8°, which led to a target performance of 72,7%.
419  After the animals were able to perform in the staircase procedure, it was possible to obtain one orientation
420 discrimination threshold per session. In randomized sessions, different motion clouds with different spatial
421  frequency bandwidths were used. Per session, there was only one spatial frequency bandwidth used to obtain
422  the characteristics of the adaptive procedure. To compare the different spatial frequency bandwidths all trials with
423  an orientation difference between 40° and 50° were included and averaged over all sessions. The spatial
424  frequency discrimination task followed a similar training regime. After the animals performed sufficient in the
425  pretraining, they were trained to discriminate between to motion clouds of different spatial frequencies. Over the
426  course of pre-training, the animals showed a stable discrimination between 0.04 and 0.16 cpd. after which
427  different orientation bandwidths were introduced. The different orientation bandwidths were used within a
428  session, because no adaptive staircase procedure was used in these experiments.

429 Data analysis: Two-photon imaging data were motion corrected and individual neurons were isolated with the
430 Suite2P package using model-based background subtraction®. The algorithm was used to perform rigid motion
431  correction on the image stack, identify neurons, extract their fluorescence and correct for neuropil contamination.
432  AF/F, traces were produced using the method of Jia et al.5%, skipping the final filtering step. We then computed
433  the median fluorescence during the 5 s stimulus window for each stimulus presentation and subtracted the
434  median fluorescence during the preceding 1 s baseline. To determine if the response a given neuron to a visual
435  stimulus was significantly above baseline we computed the AUC for each stimulus against the baseline and
436 compared its value against a shuffle control, where stimulus and baseline labels were shuffled for each neuron.
437  This was repeated 100 times to create a distribution of shuffled AUC values for each neuron. A neuron was then
438 deemed significantly responsive to a given stimulus if the probability of obtaining the actual AUC from the
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439  shuffled AUC distribution was less than 0.004 (0.05 / 12 to correct for multiple comparison bias). The mean
440 number of responsive cells was normalized for each recording session by the number of neurons that responded
441 to the lowest respective bandwidth. Statistical comparison of the different conditions was done in custom written
442  MATLAB codes, comparing the number of responsive neurons over all recordings and mice. A Kruskal Wallis test
443  was initially performed on all comparisons. For cases with paired comparisons (across experimental sessions),
444  the nonparametric Wilcoxon signed rank test was subsequently performed to calculate significant differences
445  between all compared pairs. For cases with non-paired comparisons (across pooled sessions, e.g. for all
446  neurons), the nonparametric Wilcoxon rank sum test was used. To correct for multiple comparison bias, we
447  performed Bonferroni correction. Plots were generated with the raincloud tool®® and arranged in BioRender.com.
448
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Figure S$1. V1 tuning specificity to orientation and spatial frequency of grating stimuli

(a) Overview of 25 combinations of visual grating stimuli, consisting of 5 different orientations (-45°; -22.5°; 0°;
22.5°; 45°) and spatial frequencies (0.01cpd; 0.02cpd; 0.04cpd; 0.08cpd; 0.16¢cpd). All stimuli were presented as
pseudorandom sequences to 3 awake mice in 6 sessions. (b) Mean response traces of an example V1 neuron for
each stimulus combination. Shaded area is the stimulus duration. (Scale bar: 1s, 20% dF/F). (c) Average response
strength to each stimulus combination for the neuron shown in panel b. (n = XX presentations per stimulus). Clearly
visible is a narrow orientation and spatial frequency tuning. (d) Averaged tuning specificity for all responsive V1
neurons (n = 971 cells). For each neuron, the response matrix was shifted so that the peak orientation and spatial
frequency response was in the center. X- and Y-axes therefore show the distance from the preferred orientation
and spatial frequency, measuring thus the width of the population orientation and spatial frequency tuning within
the presented stimulus range. Paired Wilcoxon sing rank test of the full-width half maximum (FWHM) of a gaussian
fit in the central x axis (for orientation) and y axis (for spatial frequency) showed a small but significant difference
among the two tuning widths FWHM qrientation = 1.76 + 0.04 bins, FWHM spatiai frequency = 1.67 £ 0.04 bins (Wilcoxon
sign rank test, p value = 1.91e-38). This suggests that V1 neurons were slightly less selective for grating
orientations. Importantly, this is the opposite of what would have been expected if the selective increase in neural
responses to broad orientation bandwidth would have been caused by additional recruitment of V1 subpopulations
with very narrow orientation tuning.
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Figure S2. V1 neurons show orientation bandwidth tuning, across different central spatial frequencies.

(a) Venn diagram shows the distribution of neurons that significantly responded to a single or multiple orientation
bandwidths. Shown are percentages for all responsive neurons (1509 out of 4892 neurons in total). (b) Difference
between mean response amplitude versus baseline for each orientation bandwidth. Shown are all neurons that
selectively responded to the narrow-range bandwidth. n = 171 neurons. (¢) Same as in panel b but only for neurons
that selectively responded to the mid-range bandwidth. n = 186 neurons. (d) Same as in panel b but only for
neurons that selectively responded to the broad-range bandwidth. n = 517 neurons. (e-h) Same as in panels a-d
but for the central spatial frequency of 0.16 cpd. Strong tuning to different bandwidths and increased responses to
broadband orientation stimuli were similarly observed as with the central spatial frequency of 0.04 cpd. Respective
cell numbers per respective plot: n = 1428 total out of 4829, n = 197 narrow band preferring, n = 162 mid band

preferring, n = 407 broad band preferring. Stars in all panels show Bonferroni-corrected significance from a two-
sided Wilcoxon signed rank test.
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Figure S3. V1 neurons show orientation bandwidth tuning, spanning across different central orientations.
(a) Venn diagram shows the distribution of neurons that significantly responded to a single or multiple spatial
frequency bandwidths. Shown are percentages for all responsive neurons (679 out of 3185 neurons in total). (b)
Difference between mean response amplitude versus baseline for each spatial frequency bandwidth. Shown are
all neurons that selectively responded to the narrow-range bandwidth. n = 153 neurons. (¢) Same as in panel b but
only for neurons that selectively responded to the mid-range bandwidth. n = 112 neurons. (d) Same as in panel b
but only for neurons that selectively responded to the broad-range bandwidth. n = 160 neurons. (e-h) Same as in
panels a-d but for the central orientation of 90°. High specificity and very little overlap across the three spatial
frequency bands was observed in both cases. Respective cell numbers per respective plot: n =522, n =134, n =
86, n = 123. Stars in all panels show Bonferroni-corrected significance from a two-sided Wilcoxon signed rank test.
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