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Abstract 27 

 Neurons in the visual system integrate over a wide range of spatial scales. This 28 

diversity is thought to enable both local and global computations. To understand how 29 

spatial information is encoded across the mouse visual system, we use two-photon 30 

imaging to measure receptive fields and size-tuning in primary visual cortex (V1) and 31 

three downstream higher visual areas (HVAs: LM (lateromedial), AL (anterolateral) and 32 

PM (posteromedial)) in mice of both sexes. Neurons in PM, in comparison to V1 or the 33 

other HVAs have significantly larger receptive field sizes and less surround 34 

suppression, independent of stimulus eccentricity or contrast. To understand how this 35 

specialization of receptive fields arises in the HVAs, we measured the spatial properties 36 

of V1 inputs to each area. Spatial integration of V1 axons was remarkably similar across 37 

areas, and significantly different from the tuning of neurons in their target HVAs. Thus, 38 

unlike other visual features studied in this system, specialization of spatial integration in 39 

PM cannot be explained by specific projections from V1 to the HVAs. Further, the 40 

differences in receptive field properties could not be explained by differences in 41 

convergence of V1 inputs to the HVAs. Instead, our data suggests that distinct inputs 42 

from other areas or connectivity within PM may support the area’s unique ability to 43 

encode global features of the visual scene, whereas V1, LM and AL may be more 44 

specialized for processing local features. 45 

 46 

Significance Statement 47 

 Surround suppression is a common feature of visual processing whereby large 48 

stimuli are less effective at driving neuronal responses than smaller stimuli. This is 49 

thought to enhance efficiency in the population code and enable higher-order 50 

processing of visual information, such as figure-ground segregation. However, this 51 

comes at the expense of global computations. Here we find that surround suppression 52 

is not equally represented across mouse visual areas: primary visual cortex has 53 

substantially more surround suppression than higher visual areas, and one higher area 54 

has significantly less suppression than two others examined, suggesting that these 55 

areas have distinct functional roles. Thus, we have identified a novel dimension of 56 
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specialization in the mouse visual cortex that may enable both local and global 57 

computations. 58 

 59 

Introduction  60 

Hierarchical and parallel processing are two major organizing principles of 61 

sensory systems (Ungerleider and Mishkin, 1982; Felleman and Van Essen, 1991; 62 

Goodale and Milner, 1992; Nassi and Callaway, 2009). Together, these principles 63 

support an increase in both the specialization and generalization of receptive fields 64 

along feed-forward sensory processing pathways (Zeki, 1978; Kobatake and Tanaka, 65 

1994). Specialization within an area both 1) enables better discrimination of selected 66 

features and 2) allows for a distinct set of computations to be performed across areas. 67 

In comparison, generalization is thought to allow for invariant representations of 68 

selected features amid variation in other parameters (e.g. position, size, or viewing 69 

angle (Riesenhuber and Poggio, 2002)). Thus, the transformations that occur along the 70 

visual hierarchy mediate increases in both selectivity and tolerance of receptive fields to 71 

support higher-level perception (Rust et al., 2006; DiCarlo et al., 2012). 72 

Our ultimate goal is to determine the circuit mechanisms that support such 73 

transformations of receptive fields across visual areas. The mouse is a useful model for 74 

studying such mechanisms, and as in humans and non-human primates, mice have an 75 

array of higher visual areas (HVAs) that each form their own representation of the visual 76 

field (Wang and Burkhalter, 2007; Garrett et al., 2014; Glickfeld and Olsen, 2017). Also 77 

like primates, the functional properties of the neurons in the HVAs are more specialized 78 

for encoding specific visual features than the population of neurons in V1 (Andermann 79 

et al., 2011; Marshel et al., 2011; Roth et al., 2012). The differing tuning preferences of 80 

neurons in each of the HVAs, along with their unique patterns of connectivity with each 81 

other and downstream targets, suggest a division into ventral and dorsal streams (Wang 82 

et al., 2012; Smith et al., 2017; Han et al., 2018). However, as of yet, very little evidence 83 

for increasing generalization has been identified in the HVAs of the mouse (Juavinett 84 

and Callaway, 2015). Thus, in order for the mouse to be a useful model for 85 

understanding the diversity of mechanisms that underlie the transformations of 86 
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receptive fields, we need a more complete understanding of the types of 87 

transformations that occur. 88 

The scale of spatial integration is an important determinant of higher-order 89 

representations in the visual system. Receptive field size typically increases along the 90 

visual hierarchy (Dräger, 1975; Wang and Burkhalter, 2007; Vermaercke et al., 2014). 91 

Larger receptive fields are thought to be necessary for the generation of position- and 92 

size-invariant responses (Rust and DiCarlo, 2010; Tafazoli et al., 2017). Yet, the 93 

responses of neurons to stimuli of different sizes is not simply defined by their receptive 94 

field size. Interactions in the extra-classical receptive field often drive suppression of 95 

responses to larger stimuli and generate size tuning (Hubel and Wiesel, 1968; 96 

DeAngelis et al., 1994; Angelucci et al., 2017). Suppression of responses by larger 97 

stimuli may support the generation of receptive fields specialized for local computations 98 

such as identification of boundaries or objects (Knierim and van Essen, 1992; Kapadia 99 

et al., 1995; Lamme, 1995; Nothdurft et al., 2000; Coen-Cagli et al., 2012). Conversely, 100 

integration across large spatial scales might enable generalization of feature 101 

representation across sizes. In addition, the weaker surround suppression in the dorsal 102 

stream of non-human primates has been proposed to support specialization of these 103 

areas for encoding global motion and optic flow (Tanaka et al., 1986; Born and Tootell, 104 

1992). Thus, investigating how size is encoded across the HVAs may reveal 105 

transformations that could support both generalization and specialization of receptive 106 

fields in the visual system. 107 

To investigate how size is encoded in the mouse visual system, we used two-108 

photon calcium imaging to measure receptive field diameter and size tuning in 109 

populations of layer 2/3 neurons in V1 and three HVAs that receive the strongest direct 110 

input from V1: lateromedial (LM), anterolateral (AL) and posteromedial (PM). Similar to 111 

previous observations, we find that diameters of receptive fields in the HVAs are larger 112 

than in V1, and larger in PM than in AL or LM. Neurons in PM also had larger preferred 113 

sizes and much less surround suppression than was observed in the other three areas. 114 

These differences in preferred size and degree of suppression were conserved across 115 

stimulus contrasts and could not be explained by target-specific projections from V1. 116 

This suggests that there may be fundamental differences in connectivity and the 117 
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recruitment of normalization mechanisms across the HVAs. Moreover, the unique 118 

encoding of size in PM, compared to LM and AL, demonstrates that it is poised to 119 

transform signals into increasingly general representations of the external world. 120 

 121 

Methods 122 

Animals. All animal procedures conformed to standards set forth by the NIH, and were 123 

approved by the IACUC at Duke University. 17 mice (both sexes; 2-12 months old; 124 

singly and group housed (1-4 in a cage) under a regular 12-h light/dark cycle; primarily 125 

C57/B6J background (Jackson Labs #000664) with up to 50% CBA/CaJ (Jackson Labs 126 

#000654)) were used in this study. Ai93 (tm93.1(tetO-GCaMP6f)Hze, Jackson Labs 127 

#024103; n = 4) and Ai94 (tm94.1(tetO-GCaMP6s)Hze, Jackson Labs #024104; n = 8) 128 

were crossed to EMX1-IRES-Cre (Jackson Labs #005628) and CaMK2a-tTA (Jackson 129 

Labs #003010) to enable constitutive GCaMP6 expression for cell body imaging. In 130 

order to decrease the likelihood of seizures (Steinmetz et al., 2017), transgenic mice 131 

were fed a diet of Doxycycline chow (200 mg/mL) (from onset of pregnancy until 132 

postnatal day 45 (P45)) to suppress calcium indicator expression during development. 133 

 134 

Cranial Window Implant and Viral Injection Surgeries. Cranial window surgeries 135 

were performed on mice older than P45 (Goldey et al., 2014). Animals were 136 

administered dexamethasone (3.2 mg/kg, s.c.) and meloxicam (2.5 mg/kg, s.c.) 2-6 137 

hours prior to surgery, and anesthetized with ketamine (200 mg/kg, i.p.), xylazine (30 138 

mg/kg, i.p.) and isoflurane (1.2-2% in 100% O2) at the time of surgery. A custom 139 

titanium headpost was cemented to the skull with Metabond (Parkell) and a 5 mm 140 

craniotomy (coordinates from lambda: 3.10mm lateral, 1.64mm anterior) was fit with a 141 

custom-made glass window (an 8-mm coverslip bonded to two 5-mm coverslips 142 

(Warner no. 1) with refractive index-matched adhesive (Norland no. 71)) using 143 

Metabond. After surgery, animals were given buprenorphine (0.05 mg/kg) and cefazolin 144 

(50 mg/kg) for 48 hours.  145 

Mice were allowed to recover for at least 7 days post-surgery before beginning 146 

habituation to head restraint. Habituation to head restraint increased in duration from 15 147 

min to >2 h over 1-2 weeks. After habituation and retinotopic mapping, wild-type mice 148 
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used for axon imaging experiments (n = 5) were injected with virus to express 149 

GCaMP6s selectively in V1 neurons. Dexamethasone was administered at least 2 h 150 

before surgery and animals were anesthetized with isoflurane (1.2-2% in 100% O2). The 151 

cranial window was removed and a glass micropipette was filled with virus 152 

(AAV1.Syn.GCaMP6s.WPRE.SV40, 6.18x1013 (UPenn)), mounted on a Hamilton 153 

syringe, and lowered into the brain. 100 nL of virus was injected at 250 and 450 μm 154 

below the pia (100 nL/min); the pipette was left in the brain for an additional 10 minutes 155 

to allow the virus to infuse into the tissue. Following injection, a new coverslip was 156 

sealed in place. Imaging experiments were conducted 6-24 weeks following injection to 157 

allow for sufficient expression.  158 

   159 

Visual Stimulation. Visual stimuli were presented on a 144-Hz LCD monitor (Asus) 160 

calibrated with an i1 Display Pro (X-rite). The monitor was positioned 21 cm from the 161 

contralateral and at a 30° angle relative to the body axis and effort was made to position 162 

the mice at a similar angle and position relative to the monitor for all sessions. 163 

Presentation of rightward-drifting, vertical, sine-wave gratings alternated with periods of 164 

uniform mean luminance (60 cd/m2) and was controlled with MWorks software 165 

(http://mworks-project.org).  166 

For widefield imaging of retinotopy to identify V1 and the HVAs, 30° diameter 167 

sinusoidal Gabors (spatial frequency (SF): 0.1 cycles per degree (cpd); temporal 168 

frequency (TF): 2 cycles per second (Hz)) were presented in a 3x3 grid with 15-20° 169 

spacing (Figure 1A) for 5 s with 5 s inter-trial interval (ITI) for GCaMP imaging or 10 s 170 

with a 10s ITI for autofluorescence imaging.  171 

For all two-photon (2P) imaging experiments, the gratings were circularly-172 

apertured and the SF and TF of the stimuli were tailored to the tuning of the neurons in 173 

that area: V1: 0.1 cpd and 2 Hz; LM and AL: 0.04 cpd and 6 Hz; PM: 0.16 cpd and 1 Hz 174 

(Andermann et al., 2011; Marshel et al., 2011). When imaging axons in the HVAs, V1 175 

stimulus parameters were used independent of target area for more direct comparison 176 

with V1 cell bodies. When measuring the spatial receptive fields of neurons, we 177 

presented vertical drifting gratings in a 7x7 evenly spaced grid (Figure 2A) and varied 178 

the diameter and spacing of the stimuli according to area: V1: 10° diameter, 5° spacing; 179 
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LM, AL and PM: 20° diameter, 10° spacing. We chose this stimulus-triggered method of 180 

measuring receptive fields for two reasons. First, in preliminary experiments we found 181 

that 10° stimuli did not reliably drive neurons in PM suggesting that noise-based 182 

methods for characterizing spatial receptive fields might not be efficient in the HVAs. 183 

Indeed, a recent study found that only 10% of neurons in PM were responsive to sparse 184 

noise stimuli (de Vries et al., 2018). Second, this protocol enabled rapid online analysis 185 

of the position that most effectively activated the imaged population to guide the choice 186 

of stimulus position used in the subsequent size-tuning and contrast-sensitivity imaging 187 

session. Notably, this method gave comparable results to the receptive field sizes for 188 

HVAs in the literature (Wang and Burkhalter, 2007).  189 

Despite effort to have the receptive fields, and therefore the stimulus, centered 190 

on the monitor, in some cases, parts of the larger stimuli were cut off on the edges; 191 

however, there was no significant difference in the deviation of stimulus from the center 192 

of the monitor across areas (absolute distance from center: V1- 3.7±3.7 deg; LM- 193 

6.2±4.3 deg; AL- 4.9±5.1 deg; PM- 4.7±5.8 deg; Kruskal-Wallis test: p=0.542), and thus 194 

the effective visual stimulus size should be comparable across areas. For most size-195 

tuning experiments we examined 8 sizes (5, 7.5, 11.25, 16.88, 23.31, 37.97, 56.95, and 196 

85.43°) and 4 contrasts (0.1, 0.2, 0.4 and 0.8); in a subset of experiments (when 197 

imaging V1 axons in the HVAs and in the subset of experiments in PM in which we 198 

monitored eye position and locomotion) we used only the highest contrast (0.8). All 199 

stimuli during 2P imaging were presented for 1 s with a 3 s ITI, and all stimulus 200 

conditions were randomly interleaved and repeated at least 10 times. 201 

 202 

Widefield and two-photon imaging. Retinotopic maps of V1 and the HVAs (Figure 203 

1B) were generated using widefield imaging of either intrinsic autofluorescence (in wild-204 

type mice used for axon imaging) or GCaMP (in Ai93 or Ai94 mice) signals. The brain 205 

was illuminated with blue light (473 nm LED (Thorlabs) with a 462 ± 15 nm bandpass 206 

filter (Edmund Optics)), and emitted light was measured through a 500 nm longpass (for 207 

autofluorescence) or a 520 ± 18 nm bandpass filter (for GCaMP). Images were 208 

collected using a CCD camera (Rolera EMC-2, Qimaging) at 2 Hz through a 5x air 209 

immersion objective (0.14 numerical aperture (NA), Mitutoyo), using Micromanager 210 
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acquisition software (NIH). Images were analyzed in ImageJ (NIH) to measure changes 211 

in fluorescence (dF/F; F is the average of all frames) in response to presentation of 212 

stimuli in each of 9 positions. We then averaged across elevations to generate an 213 

azimuth map, and across azimuths to generate an elevation map (Figure 1B) to identify 214 

locations of retinotopic reversals characteristic of primary visual cortex (V1) and the 215 

higher visual areas (Wang and Burkhalter, 2007; Andermann et al., 2011). Vasculature 216 

landmarks were then used to identify targeted sites for 2P imaging or viral injections 217 

(Figure 1C-D). In particular, we aimed to target the part of the visual field within each 218 

area corresponding to the center of the monitor (in these pseudo-color maps we 219 

targeted locations labelled green for both azimuth and elevation). This enabled us to 220 

have very similar eccentricities of receptive fields across areas, and avoided imaging 221 

extremely nasal or peripheral visual field regions. In LM and AL, this corresponds to a 222 

central location far from the boundaries with neighboring areas, while in PM, this 223 

corresponds to a more anterior position closer to the border with AM. However, since 224 

the visual stimulus is in the monocular zone, it is unlikely that cells in AM that were 225 

included in fields of view of PM were activated by the visual stimuli. Importantly, in 226 

control experiments using Fourier analysis and gradient inversion (in which we 227 

presented a 5 deg white bar moving at 9 deg/s in each of the four cardinal directions, 228 

and extracted the phase-modulated signal) we found a good match with our event-229 

based approach for area-identification.   230 

 2P images of neurons and axons in the visual cortex were collected using a 231 

microscope controlled by Scanbox software (Neurolabware). Excitation light (920 nm) 232 

from a Mai Tai eHP DeepSee laser (Newport) was directed into a modulator (Conoptics) 233 

and raster scanned onto the brain with a resonant galvanometer (8 kHz, Cambridge 234 

Technology) through a 16X (0.8 NA, Nikon) water immersion lens. Average power at the 235 

surface of the brain was 30-50 mW. Frames were collected at 15.5 Hz for a field of view 236 

(FOV) of approximately 605 x 340 μm for cell bodies and 500 x 300 μm for axons. 237 

Emitted photons were directed through a green filter (510 ± 42 nm band filter 238 

(Semrock)) onto GaAsP photomultipliers (H10770B-40, Hamamatsu). For cell bodies, 239 

images were captured at a plane 250 ± 50 μm below the pia (range 200-300 μm; n = 9 240 

mice, 52 FOV (V1: 18; LM: 9; AL: 10; PM: 15)); for axons, images were 150 μm below 241 
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the pia (LM: 4 mice, 4 FOV; AL: 3 mice, 3 FOV; PM: 4 mice, 7 FOV). Frame signals 242 

from the scan mirrors were used to trigger visual stimulus presentation for reliable 243 

alignment with collection. 244 

 245 

Locomotion and pupil tracking. During imaging sessions, mice were head restrained 246 

while allowed to freely run on a circular disc (InnoWheel, VWR). In a subset of sessions 247 

(n=6 PM and 7 axon imaging sessions), locomotion was monitored with a digital 248 

encoder (US Digital, H5-32-NE-S) at 10 Hz. Pupil position was also monitored in a 249 

subset of sessions (n=6 PM). Partially scattered infrared light from the two-photon 250 

excitation was emitted from the pupil and either reflected with a hot-mirror (45º AOI, 251 

Edmund optics), or directly collected with a Genie Nano CMOS (Teledyne DALSA) 252 

camera using a long-pass filter (695 nm) at the imaging frame rate.  253 

 254 

Data Analysis 255 

All 2P imaging data was analyzed using custom code written in MATLAB (Mathworks). 256 

 257 

Registration and segmentation. Image stacks from each imaging session were 258 

registered for x-y motion to the same stable reference image selected out of several 259 

500-frame-average images, using Fourier domain subpixel 2D rigid body registration. 260 

The same reference image was used for registration across multiple experiments in a 261 

single recording session.  262 

Cell bodies were manually segmented from a filtered (3x3 pixel median filter) 263 

image of the average dF/F during the 1 s of stimulus presentation (where F is the 264 

average of the last 1 second of the ITI) for each stimulus presented during the fine 265 

receptive field mapping experiment. Fluorescence time courses were generated by 266 

averaging all pixels in a cell mask. Neuropil signals were removed by first selecting a 267 

shell around each neuron (excluding neighboring neurons), estimating the neuropil 268 

scaling factor (by maximizing the skew of the resulting subtraction), and removing this 269 

component from each cell’s time course. Visually evoked responses were measured as 270 

the average dF/F during a 1 s window around the peak response (window was selected 271 
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separately for each experiment to account for variability in response latencies and 272 

indicator kinetics) where F is the average of the 1 s preceding the stimulus. 273 

Axons were automatically segmented from the filtered, average dF/F images 274 

acquired during the fine receptive field mapping. Single pixels were identified as the 275 

center of an axonal bouton if they met the following criteria: 1) was the brightest pixel of 276 

the closest eight neighboring pixels, 2) had a dF/F of at least 0.05, and 3) was 277 

significantly responsive to at least two stimulus positions. Masks for each bouton 278 

included the single pixel plus the eight surrounding pixels. Neighboring boutons could 279 

be no less than 5 pixels from center to center, so that there were no pixels included in 280 

more than one bouton. The same approach as for cell bodies was used to extract time 281 

courses and measure single trial responses, except no neuropil subtraction was 282 

performed on the boutons. In the case that there were one or two retrogradely labeled 283 

cell bodies in the HVAs, the area around the cell body was blanked for segmentation; in 284 

the case that there were more than two cell bodies, the experiment was discarded. 285 

Following segmentation, the same analyses were performed on both cells and 286 

boutons unless otherwise stated. For both cells and boutons, the masks found in the 287 

retinotopy experiment were applied to the images collected during the size-tuning 288 

experiment. 289 

 290 

Fitting Spatial Receptive Fields (RFs). The retinotopic organization of single cells and 291 

boutons was assessed by measuring the average dF/F response to each of 49 stimulus 292 

positions (7x7 grid). These data were fit by least-squares regression with a 2-293 

dimensional Gaussian model:  294 

= ∗ ( ) ∗ ( )
 

where R is dF/F response, Az is stimulus azimuth, El is stimulus elevation, A is 295 

Gaussian amplitude, Az0 is RF center in azimuth, El0 is RF center in elevation, σAz is 296 

standard deviation of RF in azimuth, σEl is standard deviation of RF in elevation. 297 

Receptive field diameter was calculated as full-width at half-maximum (FWHM) of the 298 

geometric mean in each dimension of the Gaussian fit. 299 
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Quality and consistency of fit were assessed by resampling trials with 300 

replacement 500 times. Only cells with 95% of the RF center estimates within one step 301 

size in each dimension from the RF center fit using all of the data were included in 302 

further analysis. Additionally, cells for which the RF center estimates were within 1 303 

degree of the edge of the grid were discarded. In the case that there were more than 304 

2000 boutons in a field of view that were not on the edge, only boutons for which the r2 305 

of the original fit was greater than 0.5 were assessed with the resampling analysis. For 306 

cell bodies, 1877/7107 in V1, 832/2745 in LM, 1003/2613 in AL, and 711/2902 in PM 307 

passed our criteria for inclusion; for V1 boutons, 3243/12581 in LM, 3815/12551 in AL, 308 

and 5083/19349 in PM passed our criteria for inclusion. 309 

The receptive fields of neurons imaged in PM were slightly more lateral than 310 

those in V1, LM and AL (RF azimuth relative to the center of the monitor - V1: 4.5°±7.2°, 311 

n=1877 cells; LM: 3.9°±14.5°, n=832; AL: 3.7°±15.7°, n=1003; PM: 8.1°±114.8°, n=711; 312 

Kruskal-Wallis test: p<0.001; with post-hoc Tukey tests: V1-LM: p=0.90; V1-AL: p=0.11; 313 

LM-AL: p=0.58; all comparisons with PM p<0.001). However, when comparing cells with 314 

similar eccentricity, we still identify a difference in RF size across areas (two-way 315 

ANOVA, with 10° bins for eccentricity: main effect of area: p<0.001; n=3792 cells). 316 

 317 

Estimating Cortical Magnification. For each FOV, a 2D linear polynomial surface was 318 

used to fit RF centroid positions of all well-fit cells. For every fit, an F-test was 319 

performed comparing the fits to a null model defined by the uniform mean of azimuth or 320 

elevation. Only FOVs with both azimuth and elevation fits having an F-test of p<0.05 321 

were included to determine the mean magnification (in μm/deg), defined as the inverse 322 

of the geometric mean of azimuth and elevation fit slopes. 323 

 324 

Aggregate Receptive Field Model. Aggregate receptive fields were constructed by 325 

randomly seeding aggregation centers within the FOV. Boutons within a 150 μm radius 326 

from the seed were sampled randomly to simulate the spatial integration of a dendritic 327 

arbor (Marques et al., 2018). The aggregate receptive field was modelled by two 328 

methods. The first model is based on Marques et al. (2018), in which the aggregate was 329 

defined as the sum overlapping area of all selected bouton RFs, where the area for 330 
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each bouton was an ellipse defining its FWHM. Since this method dramatically 331 

overestimated the RF size of neurons in the HVAs, we used a second summative model 332 

using the 2D Gaussian fits for each bouton RF, normalized to its respective maximum 333 

dF/F value, then summed across all chosen boutons with equal weights. The aggregate 334 

RF area was then defined as the total area in visual space with a response greater than 335 

half of the maximum value. Approximate RF diameter was defined as the square root of 336 

the aggregate RF area after dividing by pi. 337 

 338 

Fitting Size-Tuning Curves. Neurons that were well-fit for spatial receptive field were 339 

subsequently fit for size. There are two major modes of responses to stimuli of 340 

increasing size that are typically observed in the visual cortex (Sceniak et al., 1999): 341 

one of a saturating response up to some size and remaining active at larger sizes (non-342 

suppressed cell), and one of a peak response and declining response at larger sizes 343 

(suppressed cell). Thus, each cell was fit both with a saturating, single sigmoid (SS 344 

model): 345 = 11 + ( ) 
and with a suppressed, difference of sigmoids (DOS model): 346  = 11 + ( ) − 11 + ( ) 
where R is dF/F response, x is stimulus size, Ae is excitatory sigmoid amplitude, ke is 347 

excitatory sigmoid steepness, xe is excitatory sigmoid center, Ai is inhibitory sigmoid 348 

amplitude, ki is inhibitory sigmoid steepness, and xi is inhibitory sigmoid center. Some 349 

parameters were constrained when fitting these models. In both models, Ae>0 and xe>0 350 

ensured a positive excitatory response centered at a size above zero. In the DOS 351 

model, ke>ki and xe<xi ensured the second inhibitory sigmoid was less steep than and 352 

centered at a larger size than the excitatory sigmoid, to represent the larger size and 353 

spatial offset of the surround field. Initial guesses for sigmoid amplitudes and center 354 

were set based on the amplitude and size of the peak response across all sizes. The 355 

DOS model is highly similar to an integral of difference of Gaussian model (another 356 

commonly used model for fitting size-tuning curves), sharing a sigmoidal shape and the 357 
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same number of free parameters, and was chosen to better fit the saturating curves 358 

seen in PM. 359 

For each cell, size-tuning curves at each contrast condition were individually fit 360 

with both models using a least-squares regression method with an additional 361 

smoothness penalty to prevent overfitting of data. A sequential F-test was used to 362 

assess if the additional parameters of the DOS fit was significantly improved from the 363 

SS fit. If the fit passed the F-test, the cell was designated suppressed (or DOS); 364 

otherwise, the cell was non-suppressed (or SS). For the SS model, preferred size was 365 

defined as the size at which 90% saturation is reached; for the DOS model, preferred 366 

size is the size that generates the peak response. In the SS model, suppression index 367 

(SI) is 0; in the DOS model, SI was defined as: 368 = −  
 

Where RMaxSize is the amplitude of the response to the largest stimulus, and RPrefSize is 369 

the amplitude of the response at the preferred size. 370 

Quality and consistency of fits were again assessed by bootstrapping over 500 371 

shuffles in the highest contrast condition, examining that the preferred size estimates 372 

remain within one octave (ratio of 2) in either direction from the unshuffled fit, and that at 373 

least 50% of fits were designated by sequential F-test as the same model as the 374 

unshuffled fit, otherwise discarding that cell from analysis. Additionally, boutons that 375 

were not significantly modulated across sizes (according to a one-way ANOVA) were 376 

discarded from analysis. For cell bodies, 1136/1877 in V1, 446/832 in LM, 486/1003 in 377 

AL, and 351/711 in PM passed our criteria for inclusion; for V1 boutons, 2244/3243 in 378 

LM, 1869/3815 in AL, and 1514/5083 in PM passed our criteria for inclusion.  379 

Cells were also filtered from analysis based on the distance of the cell’s receptive 380 

field center (as measured from the fit) to the center of the visual stimulus position used 381 

for the size-tuning experiment. Cutoffs for the maximum distance were chosen 382 

separately based on 50% of mean receptive field diameter in each area, rounding to the 383 

nearest degree: 6° for V1 (and V1 axons in HVAs), 10° for LM and AL, and 15° for PM. 384 

For cell bodies, 453/1136 in V1, 109/446 in LM, 147/486 in AL, and 169/351 in PM fell 385 

within the cutoff ranges; for V1 boutons, 1253/2244 in LM, 1389/1869 in AL, and 386 
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894/1514 in PM fell within the cutoff ranges. Additional comparisons were performed 387 

using a matched cutoff of 10° for cell bodies in all areas: 831/1136 in V1, 109/446 in LM, 388 

147/486 in AL, and 82/351 in PM fell within the matched cutoff range. 389 

For analyses of size-tuning parameters across all four contrast conditions, cell 390 

bodies were selected based of the goodness-of-fit at the lowest contrast condition, in 391 

order to eliminate cells with noisy size-tuning curves at low contrasts. This was 392 

achieved by requiring r2 of the designated size-tuning model fit at the lowest contrast to 393 

be greater than 0.2. We note this requirement potentially introduces a bias for cells with 394 

lower C50 than the larger population for which we measured contrast-response functions 395 

(Figure 4). For cell bodies, 140/453 in V1, 51/109 in LM, 49/147 in AL, and 82/169 in 396 

PM passed our criteria for inclusion for size-tuning across contrasts. 397 

 398 

Fitting Contrast Response Functions. Contrast responses were extracted from the size-399 

tuning curve fits in each contrast condition at the preferred size of the highest contrast 400 

condition. These data were fit with a Naka-Rushton hyperbolic function: 401 = ( + ) 

where R is dF/F response, C is stimulus contrast, n is exponent of power function 402 

(constrained >0), and C50 is contrast of half-max response. We considered only cells 403 

with good fits by requiring r2 of the contrast-response model fit to be greater than 0.5. 404 

For cell bodies, 372/453 in V1, 84/109 in LM, 130/147 in AL, and 134/169 in PM passed 405 

our criteria for inclusion. 406 

 407 

Locomotion. Running trials were defined as having an average speed of at least 2 cm/s 408 

during the stimulus presentation. In the size tuning experiments, the mice ran on a 409 

minority of trials (5.0±2.3%, range 0-25.5%, n = 13 sessions, 6 mice), and there was no 410 

significant relationship between the stimulus size and the likelihood of running (p=0.82, 411 

one-way ANOVA). 412 

 413 

Pupil tracking. Pupil position was extracted from each frame using the native MATLAB 414 

function imfindcircles, and converted to degrees of visual angle with a 1:25 degrees to 415 
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μm scale (Park et al., 2012). Average pupil position was quantified for each stimulus 416 

presentation during a subset of both the fine receptive field mapping and size tuning 417 

experiments when imaging area PM. The variability of eye position across trials was 418 

small (standard deviation: 2.5°±0.87°, n=6 sessions, 3 mice) and did not depend on 419 

stimulus size (p=0.99, one-way ANOVA). Removing trials with large deviations in eye 420 

position (pupil >5° from mean - 23.9±4.1% trials, range 18.0-29.8%, n=6 sessions, 3 421 

mice) did not significantly affect measures of receptive field diameter (FWHM - all trials: 422 

33.5°±10.7°; trials <5° from median: 33.2°±10.6°; n = 184 cells, 3 mice; p=0.085; paired 423 

t-test, one-tailed), preferred size (all trials: 35.4°±17.5°; trials <5° from median: 424 

37.4°±19.5°; n = 52 cells, 3 mice; p=0.106; paired t-test, one-tailed) or SI (all trials: 425 

0.54±0.41; trials <5° from median: 0.51±0.43; n = 52 cells, 3 mice; p=0.068; paired t-426 

test, one-tailed).  427 

 428 

Experimental Design and Statistical Analysis. Data were tested for normality using a 429 

Lilliefors test. None of the receptive field parameters were normally distributed; thus we 430 

used the Wilcoxon rank sum and Kruskal-Wallis tests (with post-hoc Tukey tests) for 431 

two- and multiple-sample statistics, respectively. However, in the cases where we were 432 

interested in the relationship between two variables, we used a two-way ANOVA which 433 

has been shown to be robust to non-normality (Driscoll, 1996). All p-values less than 434 

0.001 are reported as p<0.001. Sample sizes were not predetermined by statistical 435 

methods, but our sample sizes of the neurons and animals are similar to other studies. 436 

The numbers of cells, animals or experiments are provided in the corresponding text, 437 

figures and figure legends. All error values in the text are standard deviation (STD) 438 

unless otherwise specified. Data collection and analysis were not performed blind to 439 

experimental conditions, but all visual presentation conditions were randomized.  440 

 441 

Data and code availability. All relevant data and code will be made available upon 442 

reasonable request. 443 
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 457 

Results 458 

Visual Cortical Areas Have Distinct Receptive Field Sizes 459 

 To examine the representation of size in V1 and the HVAs, we first characterized 460 

the spatial receptive fields of neurons in these areas. Using widefield calcium imaging in 461 

awake mice transgenically expressing the calcium indicator GCaMP6 in pyramidal cells 462 

(GCaMP6f: n=7 and GCaMP6s: n=2), we generated retinotopic maps of visual cortex 463 

(Figure 1A-B). V1 and the HVAs were designated based on previously established 464 

HVA maps (Wang and Burkhalter, 2007; Andermann et al., 2011). We then used these 465 

maps to target our two-photon (2P) imaging experiments to a region corresponding to 466 

the center of the monitor in each area of interest, as well as to inform the approximate 467 

position of spatial receptive fields for those neurons (Figure 1C-D). 468 

Using cellular-resolution 2P imaging, we examined the spatial receptive field 469 

organization of pyramidal cells in layer 2/3 (L2/3) of V1 and three of its most densely 470 

innervated and best-characterized target cortical areas: LM, AL, and PM (Andermann et 471 

al., 2011; Marshel et al., 2011; Wang et al., 2011). To measure receptive fields, we 472 

presented small drifting gratings in a 7x7 grid (see Methods; Figure 2A-B). Averaged 473 

responses to the 49 stimulus positions were fit with a 2-dimensional Gaussian function 474 

to model the cell’s receptive field diameter and position in retinotopic space (Figure 2B-475 

C). These experiments revealed differences in receptive fields across V1 and the HVAs. 476 

Consistent with previous studies (Wang and Burkhalter, 2007), receptive field sizes in 477 
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V1 were significantly smaller than in all of the other areas (full-width at half-max 478 

(FWHM: mean ± STD)- 12.5°±4.3°, n=1877 cells, 9 mice; Kruskal-Wallis test: p<0.001; 479 

with post-hoc Tukey tests: all comparisons with V1: p<0.001; Figure 2D). Of the HVAs, 480 

LM and AL were intermediate in RF size, and were not significantly different from each 481 

other (LM: 20.5°±7.6°, n=832 cells, 9 mice; AL: 19.6°±7.1°, n=1003 cells, 9 mice; post-482 

hoc Tukey test: LM-AL: p=0.14). Finally, the receptive fields of neurons in PM were 483 

significantly larger than those in both AL and LM (30.1°±8.5°, n=711 cells, 9 mice; post-484 

hoc Tukey tests: all comparisons with PM: p<0.001). Thus, we find a general increase in 485 

receptive field size from L2/3 of V1 to L2/3 of the HVAs, consistent with an increase in 486 

generalization in the HVAs. Further, we find a difference across areas, consistent with a 487 

specialization of the function of the HVAs.  488 

The differences in RF size may be accounted for by differences in the amount of 489 

cortical territory in each area that is devoted to a given visual region of space. For 490 

instance, larger receptive fields might be needed if a smaller number of cells represent 491 

the same region of visual space. To assess the spatial distribution of RFs in each area, 492 

we measured the relationship between the RF distance and cortical distance for all pairs 493 

of neurons within each field of view. The RFs of neighboring cells are much closer in 494 

visual space in V1 than in the HVAs, consistent with a higher magnification in V1 (two-495 

way ANOVA: main effect of cortical distance: p<0.001; main effect of area: p<0.001; 496 

interaction: p<0.001; Figure 2E; (Garrett et al., 2014)). However, this relationship is 497 

remarkably similar across HVAs, although there is a small but significant interaction 498 

where cortically distant cells in PM have more distant RFs than those in LM or AL (two-499 

way ANOVA on HVAs only- main effect of cortical distance: p<0.001; main effect of 500 

area: p=0.36; interaction: p<0.01). To more directly estimate cortical magnification, we 501 

also fit a 2D plane to each field of view to determine the spatial gradient of RF azimuth 502 

or elevation. Again, we find a higher magnification in V1 and no significant differences 503 

among HVAs (cortical magnification (μm/deg) - V1: 26.7+/-2.9, n=17 FOV; LM: 11.2+/-504 

4.0, n=8; AL: 12.1+/-3.3, n=8; PM: 11.0+/-1.7, n=6; Kruskal-Wallis test: p<0.001; with 505 

post-hoc Tukey tests: all comparisons with V1: p<0.005; LM-AL: p=0.93; LM-PM: 506 

p=0.98; AL-PM: p=1.00). Thus, the increase in RF size in PM, relative to LM and AL, is 507 

not accompanied by a commensurate decrease in cortical magnification.   508 
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 509 

Visual Cortical Areas Have Distinct Preferred Sizes and Surround Suppression 510 

 To further investigate spatial integration in V1 and the HVAs, we measured single 511 

neuron responses to stimuli of varying diameter and contrast (Figure 3A). We first 512 

addressed size tuning of neurons at the highest contrast used (0.8). Since size tuning is 513 

sensitive to how well the stimulus is centered on the receptive field, we only examined 514 

neurons with well-fit receptive fields close to the center of the size-tuning stimulus 515 

(within 50% of the mean receptive field diameter in each area). Size-tuning curves lie 516 

along a continuum which can be described by either a single sigmoid (SS), where 517 

responses are monotonically increasing or saturating, or a difference of sigmoids 518 

(DOS), in which responses initially increase but then are suppressed at larger sizes 519 

(Sceniak et al., 1999). Thus, we fit all cells with both models and used a sequential F-520 

test to statistically determine if the DOS model was significantly better than the SS 521 

model (Figure 3B-C). This analysis revealed significant differences in the average size 522 

tuning curves of neurons across areas (two-way ANOVA: main effect of area: p<0.001, 523 

interaction of area and size: p<0.001; Figure 3D).  524 

Differences in size tuning across visual areas were related to a number of tuning 525 

features of the population. First, the prevalence of suppressed cells was significantly 526 

different across areas. The highest fraction of suppressed cells was in V1, the lowest 527 

was in PM, and there was an intermediate fraction in LM and AL (Fraction suppressed 528 

cells (mean ± standard error of proportion (SEP)) - V1: 0.985±0.006, n=453 cells; LM: 529 

0.936±0.024, n=109 cells; AL: 0.904±0.024, n=147 cells; PM: 0.633±0.037, n=169 cells; 530 

Chi-squared test: p<0.001; Figure 3E). Second, the amount of suppression, measured 531 

as the suppression index (SI), was significantly different across areas. Neurons in V1 532 

had the highest SI, PM had the lowest SI, and LM and AL were not statistically different 533 

from each other (SI - V1: 0.87±0.18; LM: 0.79±0.27; AL: 0.75±0.30; PM: 0.48±0.40; 534 

Kruskal-Wallis test: p<0.001; with post-hoc Tukey tests: all comparisons except V1-LM 535 

and LM-AL: p<0.001; V1-LM: p<0.05; LM-AL: p=0.74; Figure 3F). Thus, we find 536 

significant differences in spatial integration across higher visual areas. 537 

The difference in spatial integration across visual areas could not be explained 538 

by features of our experiments or analysis. First, the difference in SI was not sensitive to 539 
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our inclusion criteria: the differences observed above remained present if we used a 540 

constant RF-center cutoff in all areas (SI with 10º cutoff - V1: 0.85±0.20, n=831 cells; 541 

LM: 0.79±0.27, n=109; AL: 0.75±0.30, n=147; PM: 0.58±0.40, n=82; Kruskal-Wallis test: 542 

p<0.001; with post-hoc Tukey tests: V1-LM: p=0.09; V1-AL: p<0.001; V1-PM: p<0.001; 543 

LM-AL: p=0.72; LM-PM: p<0.05; AL-PM: p=0.09; Figure 3G). Second, this difference 544 

could not be explained by effects of locomotion or eye movements. In a subset of 545 

sessions imaging PM we included only trials where the mouse was stationary (a 546 

behavioral state that should maximize the degree of surround suppression (Ayaz et al., 547 

2013)) or the eye position was stable, and found that neurons in PM still had relatively 548 

little surround suppression (SI in PM - stationary: 0.53±0.42; pupil <5° from mean: 549 

0.51±0.43; n=52 cells, 3 mice; Figure 3G). Third, differences in SI were not due to 550 

differences in the eccentricity of receptive field centers across experiments. PM still had 551 

a lower SI than V1, LM and AL when matching for RF eccentricity (two-way ANOVA 552 

with 10° bins for eccentricity: main effect of area: p<0.001; Figure 3H). Thus, 553 

differences in SI across areas is robust to our experimental and analysis conditions. 554 

There were also significant differences across areas in the preferred size of 555 

neurons. The preferred size of neurons in V1 was significantly smaller than those in the 556 

HVAs (preferred size - V1: 11.7°±7.0°; Kruskal-Wallis test: p<0.001; with post-hoc 557 

Tukey tests: all comparisons with V1: p<0.001; Figure 3I). Within HVAs, the preferred 558 

size of neurons in LM and AL were not significantly different from each other, but were 559 

both significantly smaller than the neurons in PM (LM: 21.0°±11.9°; AL: 23.2°±12.1°; 560 

PM: 30.6°±16.5°; post-hoc Tukey tests: LM-AL: p=0.40; LM-PM: p<0.001; AL-PM: 561 

p<0.05). Thus, these data suggest that PM has a unique representation of stimulus size 562 

compared to V1, LM and AL, and therefore may be specialized for processing global 563 

features of the visual scene. 564 

 565 

Contrast sensitivity of neurons is similar across areas 566 

 There is a strong relationship between surround suppression and stimulus 567 

contrast (DeAngelis et al., 1994; Levitt and Lund, 1997; Sengpiel et al., 1997; Sceniak 568 

et al., 1999). Thus, we next explored whether the differences in size tuning that we 569 

observed across areas could be explained by differences in contrast sensitivity. We 570 
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identified cells that were well-fit for size, and extrapolated contrast-response functions 571 

from the fits at the preferred size at the highest contrast (Figure 4A-B). The average 572 

contrast response functions across areas were similar, with no significant differences in 573 

the effect of contrast across areas (two-way ANOVA: main effect of area: p=0.08; 574 

interaction of area and contrast: p=0.20; n=720 cells; Figure 4C). We then fit each cell’s 575 

contrast response with a with the Naka-Rushton function to measure the contrast at 576 

50% response (C50). Again, the C50 was similar across areas, with no significant 577 

differences between areas (C50 - V1: 0.29±0.16, n=372 cells; LM: 0.28±0.16, n=84; AL: 578 

0.33±0.18, n=130; PM: 0.30±0.16, n=134; Kruskal-Wallis test: p=0.26; Figure 4D). 579 

When these contrast-response functions were constructed at the same size (20º) across 580 

neurons, instead of at each cell’s preferred size, there were still no significant 581 

differences in the contrast response functions (two-way ANOVA: main effect of area: 582 

p=0.06; interaction of area and contrast: p=0.44; n=559 cells) or C50 (Kruskal-Wallis 583 

test: p=0.07) across areas. Thus, we conclude that if there are differences in contrast 584 

sensitivity across areas, they are minimal and potentially dependent on the differences 585 

in size tuning across areas. 586 

 As expected, we observed a strong effect of contrast on visual responses (two-587 

way ANOVA: main effect of contrast for all areas: p<0.001; V1: n=140 cells; LM: n=49; 588 

AL: n=51; PM: n=82). However, we find a relatively weak, though significant, 589 

dependence of size-tuning on stimulus contrast (interaction of size and contrast for all 590 

areas: p<0.001; Figure 5A), demonstrating that there is minimal contrast-dependence 591 

of size-tuning. There was a similar proportion of suppressed cells at high and low 592 

contrast (0.1 vs 0.8 – Chi-squared tests: V1: p=0.62; LM: p=0.46; AL: p=0.11; PM: 593 

p=0.43; Figure 5B). We also find no significant contrast-dependence of SI (two-way 594 

ANOVA: main effect of contrast: p=0.84; interaction of contrast and area: p=0.74; 595 

Figure 5C), nor preferred size (two-way ANOVA: main effect of contrast: p=0.54; 596 

interaction of contrast and area: p=0.92; Figure 5D). Importantly, however, the lowest-597 

contrast data still reflected significant differences in size tuning across areas (Fraction 598 

suppressed - Chi-squared test: p<0.001; SI - Kruskal-Wallis test: p<0.001; with post-hoc 599 

Tukey tests: all comparisons except V1-LM and LM-AL: p<0.001; V1-LM: p<0.05; LM-600 

AL: p=0.36; preferred size - Kruskal-Wallis test: p<0.001; with post-hoc Tukey tests: all 601 
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comparisons except LM-AL and AL-PM: p<0.001; LM-AL: p=0.24; AL-PM: p=0.13). 602 

Thus, neurons in V1 have narrower spatial integration and neurons in PM have broader 603 

integration, independent of stimulus contrast. 604 

 605 

Differences in spatial integration in the HVAs are not inherited from V1 606 

 Our experiments have revealed that neurons in the HVAs integrate over a much 607 

larger visual field than neurons in V1. In addition, we find that there is specialization 608 

among the HVAs where PM integrates more broadly than AL and LM. To test whether 609 

these differences can be explained by functionally specific projections to the HVAs, we 610 

virally expressed GCaMP6s in V1 neurons (Figure 6A-B), and used 2P imaging to 611 

measure the functional properties of V1 inputs to LM, AL and PM (Figure 6C; (Glickfeld 612 

et al., 2013)). Since the viral expression labels neurons across all layers of V1, this also 613 

allows us to determine whether the HVAs receive inputs from weakly suppressed V1 614 

neurons in any layer (including those that we did not image in our L2/3 cell body 615 

imaging experiments). For these experiments, we used a similar set of stimuli as when 616 

imaging cell bodies: first, using a dense presentation of stimuli in 49 different positions 617 

to measure receptive field organization (Figure 6D-F); and second, varying stimulus 618 

size (at a contrast of 0.8) to measure the preferred size and SI (Figure 7).  619 

Receptive fields of V1 axons in the HVAs were similarly sized, though 620 

significantly different, across areas (FWHM - LM: 20.0°±4.6°, n=3243 boutons, 4 mice; 621 

AL: 18.5°±3.2°, n=3815 boutons, 3 mice; PM: 17.9°±4.3°, n=5083 boutons, 4 mice; 622 

Kruskal-Wallis test: p<0.001; with post-hoc Tukey tests: all comparisons: p<0.001; 623 

Figure 6G). The receptive field diameter of V1 axons in the HVAs was significantly 624 

larger than the receptive field size of neurons in L2/3 of V1 (Kruskal-Wallis test: 625 

p<0.001; with post-hoc Tukey tests: all comparisons with V1: p<0.001), perhaps due to 626 

the inclusion of axons from deeper layers in V1 where neurons have larger receptive 627 

fields (Niell and Stryker, 2008). In fact, only in PM did the imaged neurons have 628 

significantly larger receptive fields than the V1 boutons coming into that area (one-tailed 629 

Wilcoxon rank-sum tests: LM: p=0.99; AL: p=0.29; PM: p<0.001). Together, this 630 

suggests that there is relatively little specificity for receptive field size in the projections 631 

to the HVAs. Moreover, the increase in receptive field size between L2/3 of V1 and LM 632 
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and AL may partly be explained by computations within V1 (since these axons arise 633 

from all layers in V1), while the increase in receptive field size in PM requires the 634 

convergence of multiple V1 axons or local computations within PM. 635 

To examine whether there may be differences in convergence of V1 axons in the 636 

HVAs, we measured the relationship between the distribution of V1 boutons in cortical 637 

space and their RF locations in the HVAs. If there were more convergence in an area, 638 

then we would expect that boutons close in cortical space might be farther apart in 639 

visual space. While inter-bouton RF distances were indeed dependent on cortical 640 

distance (main effect of cortical distance: p<0.001), we found no significant differences 641 

in either the RF distance across areas (main effect of area: p=0.76) or the interaction 642 

between the cortical and RF distances across areas (interaction: p=0.12; Figure 6H). 643 

Thus, there do not seem to be any strong differences in convergence of V1 inputs to the 644 

HVAs.  645 

 To understand whether any differences in RF size or convergence of V1 inputs to 646 

the HVAs could account for the differences in receptive field size of neurons in the 647 

HVAs, we simulated the summation of V1 inputs across a dendritic arbor us to construct 648 

an aggregate receptive field for individual neurons in each HVA (Marques et al., 2018). 649 

We first used the approach of Marques et al. (2018), modeling aggregate receptive field 650 

as the union of the ellipses that define the FWHM of each bouton’s receptive field. In 651 

particular, we aggregated groups of boutons within 300 μm of each other in the same 652 

field of view as these may potentially converge on the same dendritic arbor. Using this 653 

model, simulated HVA neurons were similar across areas (aggregate RF approximate 654 

diameter (FWHM) using 30 sampled boutons (95% CI [LL, UL]) - LM: [27.6°, 42.5°]; AL: 655 

[25.3°, 41.7°]; PM: [26.3°, 47.2°]; Figure 6I). However, this approach dramatically 656 

overestimated the size of the average measured RFs in all areas (Figure 6I, arrows).  657 

To better capture the nature of summation of V1 inputs in the HVAs, we modified 658 

this model to sum the 2D Gaussian fits for each bouton (instead of homogenous 659 

ellipses). We found that aggregate RFs were again similar across areas (aggregate RF 660 

approximate diameter (FWHM) using 30 sampled boutons (95% CI [LL, UL]): LM: 661 

[15.8°, 24.1°]; AL: [18.5°, 24.0°]; PM: [16.4°, 24.3°]; Figure 6I). Moreover, this model 662 

closely estimated the cell body RF sizes in LM and AL (i.e. the 95% CI includes the 663 
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empirically observed mean RF area) yet underestimated that value in PM. This 664 

demonstrates that the same model of convergence of V1 inputs cannot account for the 665 

differences in RF sizes observed in LM, AL and PM. Instead, this data suggests that 666 

there may be area-specific differences in other inputs or local circuitry, potentially 667 

related to the differences in size tuning we also observe in PM. 668 

To address whether the differences in surround suppression in the HVAs could 669 

be explained by specific projections to the HVAs, we again fit SS and DOS models to 670 

the responses of axons in the HVAs to stimuli of increasing size (Figure 7A-C). 671 

Projections from V1 to the HVAs had relatively similar, although significantly different, 672 

fractions of suppressed boutons (LM: 0.994±0.002 (mean±SEP), n=1253 boutons; AL: 673 

0.993±0.002, n=1389 boutons; PM: 0.979±0.005, n=894 boutons; Chi-squared test: 674 

p<0.005; Figure 7D), degree of surround suppression (SI - LM: 0.83±0.14; AL: 675 

0.78±0.16; PM: 0.96±0.23; Kruskal-Wallis test: p<0.001; with post-hoc Tukey tests: all 676 

comparisons: p<0.001; Figure 7E), and preferred size (LM: 10.3°±5.3°; AL: 11.2°±6.0°; 677 

PM: 9.4°±5.1°; Kruskal-Wallis test: p<0.001; with post-hoc Tukey tests: LM-AL: p=0.28; 678 

all comparisons with PM: p<0.001; Figure 7F). The fraction of suppressed boutons in 679 

the HVAs was similar to the cell bodies imaged in V1 (Chi-squared test: p=0.339), and 680 

significantly higher than the cell bodies imaged in their respective areas (Chi-squared 681 

tests for all areas: p<0.001). Moreover, the preferred size was smaller and the degree of 682 

suppression was greater in V1 boutons than in the cell bodies in their target areas (one-683 

tailed Wilcoxon rank-sum tests: preferred size - all areas: p<0.001; SI - LM: p=0.067; 684 

AL: p<0.005; PM: p<0.001). Thus, we find that the inputs to the HVAs undergo a similar 685 

degree of surround suppression, and less surround suppression than the neurons in the 686 

target areas, suggesting that there may be distinct mechanisms of spatial integration 687 

within the HVAs, and especially in PM.  688 

 689 

Discussion 690 

 Like primates, mice have multiple higher-order visual cortical areas (HVAs) that 691 

likely serve specialized roles in visual processing (Glickfeld and Olsen, 2017). However, 692 

as yet, little is known about the specific features encoded in each area, and therefore 693 

what function each area might serve. Here, we used two-photon calcium imaging to 694 
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determine how stimulus size and contrast are encoded in neurons in V1 and three 695 

HVAs: LM, AL and PM.  696 

We observed a number of differences in the receptive field properties of neurons 697 

in V1 and the HVAs. For instance, we found that receptive field diameter was 698 

significantly larger in the HVAs than in V1, and larger in PM than in AL or LM. This is 699 

consistent with electrophysiological measurements made from these areas (Dräger, 700 

1975; Wang and Burkhalter, 2007) and the increase in receptive field size along the 701 

visual hierarchy of non-human primates (Baker et al., 1981). The increase in receptive 702 

field size may be a consequence of the decrease in cortical magnification in the HVAs 703 

(Garrett et al., 2014), requiring increased convergence. However, while we see a 704 

decrease in cortical magnification from V1 to the HVAs, the magnification within the 705 

HVAs was very similar. Furthermore, there do not seem to be clear differences in 706 

convergence of V1 inputs in PM relative to LM and AL, and the model of aggregate 707 

receptive fields in the HVAs that best estimated the mean size in LM and AL, 708 

underestimated the size in PM. This suggests that differences convergence and RF size 709 

of V1 inputs do not support the larger receptive field size in PM, and this instead may be 710 

due to differences in inputs from other areas (e.g. other higher order cortical or thalamic 711 

areas) or local recurrent circuitry. 712 

Consistent with differences in local and feedback circuits, we also observed 713 

major differences in how these areas encode size information. Neurons in V1 were 714 

much more likely to be suppressed by large stimuli than neurons in any of the three 715 

HVAs. Among HVAs, PM had significantly fewer suppressed cells than either LM or AL. 716 

Even at the highest contrast, around 40% of cells in PM were better fit by a model that 717 

had no suppression at large sizes. Interestingly, there were very few non-suppressed 718 

inputs from V1 to any of the HVAs. This suggests that the differences in encoding of 719 

size cannot simply be inherited from V1. Furthermore, even if convergence could 720 

explain some of the increased RF receptive field size in PM, if surround mechanisms in 721 

PM were similar to those in V1, then one would still expect this to be countered by local 722 

suppression within PM at the largest sizes. Thus, the mechanism through which PM 723 

becomes sensitive to larger stimuli must also be mediated by differences in other 724 

sources of input or local connectivity. 725 
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In V1, somatostatin expressing interneurons are thought to pool excitatory inputs 726 

over long ranges and thereby mediate surround suppression (Adesnik et al., 2012; 727 

Dipoppa et al., 2018). However, anatomical data suggests that there are actually fewer 728 

somatostatin cells in V1 than in PM, and similar densities in PM, LM and AL (Kim et al., 729 

2017), though these experiments did not resolve different subclasses of somatostatin 730 

cells that may be preferentially recruited by larger stimuli. It is also possible that there 731 

are differences in the strength and structure of local connectivity, or the cell-types that 732 

support surround suppression, within these areas. Future experiments will be necessary 733 

to reveal whether surround suppression is the only form of normalization reduced in PM, 734 

or whether other forms of normalization, such as cross-orientation suppression, are also 735 

less pronounced. 736 

In other species, surround suppression has been observed to persist or even 737 

increase along the visual hierarchy (Hubel and Wiesel, 1965; Schein and Desimone, 738 

1990). Surround suppression has been suggested to be important for mediating 739 

computations involving salience, pop-out, or figure-ground segregation (Knierim and 740 

van Essen, 1992; Kapadia et al., 1995; Lamme, 1995; Nothdurft et al., 2000; Coen-741 

Cagli et al., 2012). While AL and LM undergo less surround suppression than V1, there 742 

is still substantial suppression in these areas. This is consistent with the proposed 743 

participation of LM in the ventral visual stream and object recognition (Wang et al., 744 

2011) and may support a role for AL in local motion signals (Andermann et al., 2011; 745 

Tohmi et al., 2014).  746 

In comparison, the weaker surround suppression in PM may support specialized 747 

encoding of global motion signals or responses to larger, looming stimuli. The weak 748 

surround suppression observed in PM is analogous to that seen in the non-human 749 

primate dorsal stream areas, MT and MST. These areas are responsible for encoding of 750 

optic flow and other global motion signals (Zeki, 1978; Duffy and Wurtz, 1991; Liu and 751 

Pack, 2017), which likely benefit from weaker surround suppression (Tanaka et al., 752 

1986; Born and Tootell, 1992). Further, similar to what was observed in MT, around half 753 

of neurons in PM lack surround suppression. The diversity of spatial scales over which 754 

neurons in PM integrate visual input raises the interesting possibility that multiple 755 

functional subpopulations exist within this area. These populations could enable parallel 756 
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processing of both local and global computations in through functionally segregated 757 

networks. 758 

 Taken together, our data reveal a novel dimension for specialization of function in 759 

the HVAs. All HVAs demonstrated an increase surround suppression compared to V1, 760 

but this specialization cannot depend on specific connectivity between V1 and the 761 

HVAs, as V1 inputs are suppressed compared to cells in each HVA. Furthermore, PM 762 

appears to be unique in its representation of size among the three HVAs examined. The 763 

larger receptive fields and weaker surround suppression in PM may support an increase 764 

in generalization by allowing for position invariance of visual responses and integration 765 

of global motion signals. We propose the pattern of spatial integration in each HVA 766 

arises due to unique connectivity among local circuits and cell types. Revealing the 767 

circuit mechanisms underlying the decrease in surround suppression will not only 768 

support our understanding of hierarchical transformations but also clarify the 769 

mechanisms of cortical normalization by which surround suppression occurs. 770 

 771 
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 932 

Figure Legends 933 

 934 

Figure 1. Targeting higher visual areas for two-photon imaging. A. Schematic of 935 

rough retinotopic mapping experiments. Under widefield fluorescence microscopy, mice 936 

were presented 30º diameter Gabor gratings at one of 9 positions in a 3x3 grid. B. 937 

Pseudo-colored retinotopic maps showing changes in fluorescence (dF/F) in response 938 

to stimuli across three azimuths (left) or elevations (right) for an example mouse. White 939 

squares show fields of view acquired from V1, LM, AL and PM during two-photon 940 

imaging. Note that the fields of view target the green area that corresponds to a 941 

retinotopic location centered on the monitor. C. Alignment and overlay of average fields 942 
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of view from two-photon imaging sessions on vasculature map collected with single-943 

photon fluorescence from the example mouse in B. D. Mean intensity images of fields of 944 

view from two-photon imaging sessions. 945 

 946 

Figure 2. Retinotopic mapping of V1 and HVAs reveals differences in receptive 947 

field size across areas. A. Schematic of fine receptive field mapping experiments. 948 

Under 2-photon fluorescent microscopy, mice were presented circularly-apertured 949 

gratings at one of 49 positions in a 7x7 grid. B. Top, average dF/F time-courses for two 950 

example cells in response to stimuli in each of the 49 positions. Bottom, average 951 

responses (left; value is the maximum dF/F) and 2-dimensional gaussian fits (right; 952 

contour is 1 sigma) for the cells above. C. Receptive field (RF) center azimuth (left) and 953 

elevation (right) for all cells in an example V1 field of view. D. Summary of RF size (half-954 

width at half-max (HWHM)) for all neurons in each area. E. Summary of the average 955 

inter-RF distance for all pairs of well-fit cells within each field of view as a function of 956 

distance in cortical space. Error is SEM across fields of view within each area. 957 

 958 

Figure 3. Size is encoded differently across visual cortical areas. A. Schematic of 959 

size-tuning experiments. During 2P imaging, gratings of varying size are presented at a 960 

fixed position. B. Single trial responses (black dots) to stimuli of varying size fit with a 961 

single sigmoid (blue) and a difference of sigmoids (DOS, red) for an example cell. If the 962 

SS is the better fit then, the suppression index (SI) is zero; if the DOS is the better fit, 963 

then the SI is equal to the ratio of the difference between the dF/F at the preferred size 964 

and the largest size to the dF/F at the preferred size. C. Average dF/F responses and 965 

best fit for an example cell in each area. Cell in LM is the cell in B. Error is ± SEM 966 

across trials. D. Average responses to each size stimulus across all well-fit cells in each 967 

area within 50% of the FWHM for that area. Error is ± STD across cells. E. Proportion of 968 

cells best fit by an SS (blue) or DOS (red). Error is ± SEP across cells. F. Summary of 969 

SI by area. Violins are kernel density estimators; thick bars are mean. G. Summary of 970 

suppression index in PM when using the same criteria as in LM/AL for RF distance from 971 

the stimulus (top), trials in which the mouse was stationary (middle), trials in which the 972 
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pupil position was consistent (bottom). H.  SI as a function of RF eccentricity for all 973 

areas. Error is ± SEM across cells. I. Summary of preferred size by area.  974 

 975 

Figure 4. Contrast sensitivity is similar across areas. A. Schematic of size-by-976 

contrast-tuning experiments. During 2P imaging, mice are presented circularly-977 

apertured gratings of variable size and contrast at a fixed position. B. Contrast-response 978 

extraction in an example cell. Response values at the cell’s preferred size (red line and 979 

circles, found at the highest contrast) were extracted from size-tuning curves across 980 

four contrasts (gray curves). Inset- contrast response function for this cell fit with the 981 

Naka-Rushton equation. Vertical line is C50. C. Summary of averaged normalized 982 

contrast response functions at the preferred size across areas. Error is ± SEM across 983 

cells. Fits are of average contrast response measures. D. Summary of C50 for all cells in 984 

each area. 985 

  986 

Figure 5. Differences in size tuning in V1 and the HVAs is conserved across 987 

contrasts. A. Average responses of all cells in each area to each size for all contrasts. 988 

Error is ± SEM across cells. B. Proportion of cells best fit by an SS (blue) or DOS (red) 989 

for each contrast in each area. Error is ± SEP across cells. 10% vs 80% contrast p>0.05 990 

for all areas. C. Summary of suppression index as a function of contrast in each area. 991 

Error is ± SEM across cells. D. Same as C, for preferred size. 992 

 993 

Figure 6. Receptive field size of V1 inputs to the HVAs is similar across areas. A. 994 

Schematic of widefield imaging stimulus and setup. B. Pseudo-color image of changes 995 

in fluorescence (dF/F) in axonal projections from V1 to the HVAs in response to stimuli 996 

of different azimuth (same conventions as Figure 1B) for an example mouse. Inset: 997 

Raw fluorescence (F) image of the injection site in V1. C. Average fluorescence image 998 

of an example field of view from the region of interest in B (rectangle in AL). D. 999 

Schematic of fine receptive field mapping stimulus for 2P imaging. E. Average 1000 

fluorescence (dF/F) traces (top) and RF with fit (bottom, same conventions as Figure 1001 

2B) for two example cells from the field of view in C. F. RF center azimuth (left) and 1002 

elevation (right) for all V1 boutons in the field of view in C. G. Summary of RF size for 1003 
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V1 boutons in each higher visual area. H. Summary of the average inter-RF distance for 1004 

all pairs of well-fit boutons within each field of view as a function of distance in cortical 1005 

space. Error is SEM across fields of view within each area. I. Summary of the 1006 

approximate FWHM of modeled aggregate receptive fields as a function of the number 1007 

of boutons sampled, when summing either ellipses (dashed) or 2D Gaussians (solid) as 1008 

a template for RF size. Arrows indicate the average FWHM of RFs within each HVA. 1009 

 1010 

Figure 7. Size tuning of V1 inputs to the HVAs is similar across areas. A. 1011 

Schematic of stimulus protocol for size tuning experiments. B. Example single trial 1012 

(black) responses to stimuli of varying size for a single cell (same conventions as in 1013 

Figure 3B). C. Average normalized dF/F for all well-fit boutons in each area. Error is ± 1014 

STD across cells. D. Proportion of boutons best fit by an SS (blue) or DOS (red) for 1015 

each contrast in each area. Error is ± SEP across cells. E. Summary of suppression 1016 

index for all well-fit boutons in each area. F. Same as E, for preferred size.  1017 
















