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SUMMARY

Neuronal response to sensory stimuli depends on the
context. The response in primary visual cortex (V1),
for instance, is reduced when a stimulus is surrounded by a similar stimulus [1–3]. The source of
this surround suppression is partially known. In
mouse, local horizontal integration by somatostatinexpressing interneurons contributes to surround suppression [4]. In primates, however, surround suppression arises too quickly to come from local horizontal
integration alone, and myelinated axons from higher
visual areas, where cells have larger receptive fields,
are thought to provide additional surround suppression [5, 6]. Silencing higher visual areas indeed
decreased surround suppression in the awake primate by increasing responses to large stimuli [7, 8],
although not under anesthesia [9, 10]. In smaller mammals, like mice, fast surround suppression could be
possible without feedback. Recent studies revealed
a small reduction in V1 responses when silencing
higher areas [11, 12] but have not investigated surround suppression. To determine whether higher visual areas contribute to V1 surround suppression,
even when this is not necessary for fast processing,
we inhibited the areas lateral to V1, particularly the lateromedial area (LM), a possible homolog of primate
V2 [13], while recording in V1 of awake and anesthetized mice. We found that part of the surround suppression depends on activity from lateral visual areas
in the awake, but not anesthetized, mouse. Inhibiting
the lateral visual areas specifically increased responses in V1 to large stimuli. We present a model

explaining how excitatory feedback to V1 can have
these suppressive effects for large stimuli.
RESULTS
Optogenetic Inhibition of Activity in Lateral Visual Areas
We injected a cre-dependent viral vector into the lateral visual
areas (LVAs) of 9 GAD2-cre mice causing expression of channelrhodopsin-2-YFP (ChR2-YFP) in GABAergic neurons so
the area could be inhibited with a blue laser (Figure 1A).
Activation of the inhibitory neurons reduced visually driven neural activity in the lateromedial area (LM) close to the injection
site by 74% (n = 66; median reduction in firing rate under anesthesia; Wilcoxon signed-rank test; p < 0.001; Figures 1B, S1A,
and S1B), whereas it did not affect eye movements measured in
separate sessions (Figures S1C–S1E). Histological analysis
showed that expression of ChR2-YFP did not intrude much
into area primary visual cortex (V1) and was almost entirely
restricted to lateral visual areas bordering V1, in particular
LM, but also included parts of visual anterolateral (AL), rostrolateral (RL), and laterointermediate (LI) areas and sometimes
parts of more lateral areas, such as auditory cortex (Figures
1C–1F). We confirmed that V1 activity was not directly affected
by the laser by making a series of electrode penetrations between the viral injection sites in the LVA and the recording
site in V1. Suppression of activity was largely restricted to
recording sites outside V1 (Figures 1G and 1H). Placing the
laser-coupled fiber directly above LM restricted the reduction
of activity mostly to LM, although we do not exclude the possibility of an influence on areas AL, RL, and LI [13].
Inactivating LVA Increased V1 Response to Large
Stimuli
In each animal, we recorded single- and multi-unit activity in V1
using multichannel electrodes, first under isoflurane anesthesia
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Figure 1. Optogenetic Inhibition of Activity in Lateral Visual Areas
(A) A Cre-dependent viral vector encoding ChR2-YFP (yellow) was injected in the lateral visual areas (LVAs) in GAD2-Cre mice. We recorded in V1 in awake and
anesthetized mice while LM was targeted with blue light.
(B) Activating GAD2+ cells by light reduced the median firing rate of the response in LM to checkerboard stimuli across units. Error bars show ± SEM. ***p < 0.001;
60 units; Wilcoxon test. See also Figure S1.
(C) Example experiment showing the spread of the virus. Green is false color overlay of YFP fluorescence. The Allen Mouse Brain Atlas (AMBA) with cortical areas
marked in black is overlaid. Spread was into lateral extrastriate areas, occasionally including auditory cortex. Scale bar is 2 mm.
(D) Examples showing the spatial spread of expression. Upper panels show the mouse for which expression came closest to V1. Left panels: top views of the
AMBA in black, V1 with green outline, and LVA in yellow are shown. Red lines indicate the section plane for the center panels. Middle panels: Nissl-stained slices
through the AMBA are shown. Green line (computer generated) demarcates V1. Blue lines indicate the gray-white matter boundary that was used for alignment.
Right panel: fluorescence image illustrating the expression of the ChR2-YFP with outlines from the AMBA overlaid is shown. Yellow arrowheads indicate
fluorescence of V1 electrode track. No fluorescent cell bodies were visible in V1.
(E) Fluorescence profiles for slices through V1 and injection site (8 mice).
(F) Mean and SD of fluorescence profiles shown in (E).
(G) In two mice, a series of electrode penetrations were made between the viral injection site and the V1 recording site under anesthesia. Bars show the evoked
spiking responses to full-screen checkerboards with the laser targeted at LM off (black) or on (blue). Asterisks mark penetrations in which the laser significantly
reduced the responses (t test on log-transformed rates; ***p < 0.001; **p < 0.01; *p < 0.05). The laser reduced responses in LVA but had little effect on penetrations
closer to V1. Dashed lines were the putative borders of V1 that were determined by projecting the series of penetrations on a dorsal view of the AMBA (border on
41% of the distance). Error bars show ± SEM.
(legend continued on next page)
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and then in the awake state. Inhibiting LVA had no effect on
spontaneous activity in V1 in either the anesthetized or the
awake state (measured during the pre-stimulus baseline period
200–0 ms; anesthesia: n = 39, 4.2 Hz for laser off to 3.8 Hz
for laser on; awake: n = 57, 7.5 Hz for laser off to 7.2 Hz for laser
on; all p > 0.05). We measured size-tuning curves by presenting
drifting gratings of different sizes. The majority of V1 neurons in
awake animals exhibited surround suppression; the activity
increased up to an optimal size and was suppressed at larger
sizes (Figure 2A). Size-tuning curves were fit with a ratio-ofGaussians (ROG) model, and surround suppression was quantified by the suppression index (SI) (see STAR Methods; an SI of
0 corresponds to no suppression, whereas an SI of 1 indicates
that responses at the largest size were reduced to spontaneous
levels). In the example V1 units in Figure 2A, inhibiting LVA in
awake mice by blue light caused a release of suppression at
large sizes (blue lines). Across the population of 57 single- and
multi-unit V1 sites that were well fit by the ROG model, inhibiting
LVA reduced the amount of surround suppression: SI decreased
from 0.56 to 0.33 under blue light (medians; Wilcoxon signedrank test; n = 57; p < 0.001; Figure 2B). This result was consistent
across animals, with 7 out of 9 showing a reduction in SI in the
laser-on condition (Figure 2C), and the reduction in SI was significant across animals (Wilcoxon signed-rank test; n = 9; p = 0.03).
We replicated this result with an index that did not rely on the
ROG model (SInf; see STAR Methods) so that we could include
all well-driven cells (n = 90 units). Inhibiting LVA also decreased
SInf from 0.57 to 0.37 (Wilcoxon signed-rank; p = 0.002). The
average normalized size-tuning curves across all sites (Figure 2D)
show the effect of inhibiting LVA: a gradually increasing release
of suppression for gratings that were larger than optimal. A
similar result was obtained after peak aligning all the normalized
size-tuning curves to the preferred size of the laser-off condition
before averaging (Figure S2A), indicating that the effect did not
depend on the absolute size preference of the cells. The effect
of inhibiting LVA was similar across the different layers of V1
(Kruskal-Wallis test for deep layers, layer 4, and superficial
layers; c2[2, 54] = 1.68; p = 0.43; Figure 2E). The results contain
a mixture of single units (SUs) and multi-units (MUs) that
comprise signals from multiple neurons that likely have different
tuning properties. Furthermore, it is impossible to choose stimulus properties that are optimal for all units because tuning properties typically differ between adjacent neurons in the mouse. We
therefore examined whether the effect observed may differ between SUs and MUs and between well-driven and poorly driven
cells. The reduction in SI was significant for both SUs and MUs
(Wilcoxon signed-rank test; SU: n = 23, p = 0.006; MU: n = 34,
p < 0.001; Figure S2B), and we observed no correlation between
the strength of the reduction in SI and the maximum evoked
response of the unit, either for SUs or MUs (SU: Pearson’s r =
0.20, p = 0.36; MU: r = 0.13, p = 0.46). Furthermore, the reduction in SI was significant for units that were tested close to their
preferred orientation (±22.5 from preferred; n = 12; SI changed
from 0.45 to 0.34; Wilcoxon signed-rank test; p = 0.02) as well as

those that were tested away from their preferred orientation
(greater than 22.5 from preferred; n = 10; SI changed from
0.57 to 0.30; Wilcoxon signed-rank test; p = 0.002). This suggests that activity in LVA generally contributes to surround suppression across neurons with different tuning properties.
Previously, different effects of silencing higher visual areas on
V1 responses were reported. Studies in awake monkeys found
increased responses to large stimuli [7, 8], although studies in
anesthetized mice and monkeys found no change or a reduction
of visual responses in V1 [9–11]. For this reason, we also investigated the effect of inhibiting LVA on V1 activity under isoflurane
anesthesia in the same mice used for awake recordings. Under
anesthesia, inhibiting LVA had no effect on surround suppression (Figure 2F; n = 39; Wilcoxon signed-rank test; p = 0.12).
There was also no effect on spontaneous (t test; p = 0.07) or
maximum evoked rates (t test; p = 0.43). The size-tuning curves
were similar, regardless of whether LVA was optogenetically inhibited (Figure 2G), indicating that activity in LVA does not shape
size tuning in V1 in anesthetized mice.
Inactivating LVA Reduced Inhibitory Gain in V1
To examine how inhibiting LVA decreased surround suppression, we examined the effect of the laser on the different parameters of the ROG model. We refit the data of individual units with
three different restricted versions of the ROG model (STAR
Methods). We found that the ‘‘constant sizes’’ model, in which inhibiting LVA only affected the excitatory and inhibitory gains and
not the center and surround widths, provided the optimal fit as
assessed by the median adjusted R2 value (Figure 3A; full model:
adj. R2 = 0.49; constant sizes model: adj. R2 = 0.51; constant
gains model: adj. R2 = 0.43 [significantly lower than constant
sizes model; signed-rank test; p = 0.01]; equal gains model:
adj. R2 = 0.41 [significantly lower than constant sizes model;
signed-rank test; p < 0.001]). Inhibiting LVA produced a reduction in excitatory gain of 16.9% (Figure 3B; Wilcoxon signedrank test; p < 0.001) and a much larger reduction in inhibitory
gain of 62.2% (Figure 3C; Wilcoxon signed-rank test; p <
0.001). The effects of excitatory and inhibitory gain were correlated across cells (Figure 3D; Pearson’s r = 0.69; p < 0.001)
with the majority of units showing a reduction in both gain factors
(Figure 3D; 38 out of 57).
The relatively larger reduction of inhibition could be explained
if inhibitory neurons preferentially respond to feedback from LVA
for large stimuli. Previously, in particular, somatostatin-expressing (SOM) inhibitory neurons were shown to have strong
response to large stimuli and were implicated in mediating surround suppression in running animals [4]. Our experiments, however, were in awake, stationary animals, when SOM interneurons
show surround suppression and smaller responses to large stimuli [14] (Figure S3). In this condition, there is no evidence suggesting a specific role for SOM neurons in surround suppression
or preferentially receiving feedback. We also examined the time
course of the difference between the laser-on and laser-off conditions (Figure 3E). For the largest sized stimuli, our best estimate

(H) The data from the electrode penetrations in (G) split into the deeper (red) and more superficial (green) recording contacts. The recording contacts were split by
assigning any channel that was deeper/more superficial than the median depth of the contacts to the deep/superficial compartment. The y axis indicates the
difference in the log10 firing rate between the laser on and laser off conditions (e.g., a value of 1 indicates that the laser reduced the firing rate by 90%). Asterisks
mark significant differences in log10 firing rate for the deep (red) or superficial (green) recording sites: *p < 0.05; **p < 0.01; ***p < 0.001. Error bars show ± SEM.
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Figure 2. Inhibiting LVA Reduces Surround Suppression in Awake V1
(A) Examples of size tuning in V1 with a ratio-of-Gaussians model fit for three single units from three awake mice in the laser-off (black) and laser-on (blue)
conditions. Inhibiting LVA reduced the level of surround suppression while having no consistent effect on the overall activity level. The spontaneous rate was
measured during the pre-stimulus baseline of the laser off condition. Error bars show mean ± SEM.
(B) SI values from single units (triangles) and multi-units (circles) for the laser-off and laser-on conditions. Red symbols are the examples shown in (A). SI was lower
during laser-on (p < 0.001; Wilcoxon test across units).
(C) SI values across the 9 mice; the median SI values were taken across units of the same animal. The difference in SI was significant across animals (Wilcoxon
test; p = 0.03).
(D) Average size-tuning curves normalized to the laser-off condition per unit. Error bars show ± SEM. Inhibiting LVA enhanced responses for the largest stimuli are
shown (***p < 0.001; Wilcoxon test). See also Figure S2.
(E) SI split by laminar compartment of the unit. There was no significant difference in the effect of inhibiting LVA across the layers. Error bars show ± SEM.
(F) Inhibiting LVA under anesthesia produced no changes in SI. Error bars show ± SEM.
(G) Normalized size-tuning curves under anesthesia. Fits are of a ratio-of-Gaussians model. Error bars show ± SEM.

of the latency of the modulation by inhibiting LVA was 92 ±
57 ms, compared to a visual latency of 51 ± 5 ms.
Model for the Suppressive Effect of Feedback
Feedback connections from higher visual areas to V1 are almost
exclusively glutamatergic and primarily target excitatory neurons
[15] and, only to a smaller degree, GABAergic neurons, in
4 Current Biology 29, 1–8, December 16, 2019

particular, parvalbumin-expressing interneurons [16, 17]. These
feedback-receiving interneurons may provide disynaptic inhibition from LVA to V1, but this is weak compared to the excitation
[18]. It is perhaps not directly intuitive how there can be larger reductions in inhibitory gain than in excitatory gain when LVAs were
inhibited. A suppressive effect of feedback for large stimuli, however, could occur if inhibitory neurons respond in a supra-linear
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Figure 3. Inactivating LVA Reduced Inhibitory Gain in V1
(A) Average size-tuning curves normalized to the laser-off condition per unit (as in Figure 2D). A restricted version of the ratio-of-Gaussians model in which
inhibiting LVA only affected excitatory and inhibitory gain provided the optimal fit to the data (dashed line) is shown. Error bars show ± SEM.
(B) Laser-induced changes in the excitatory-gain parameter of the restricted model. Triangles are single units; circles are multi-units.
(C) Changes in the inhibitory gain parameter. See also Figure S3.
(D) The changes in excitatory gain and inhibitory gain were highly correlated across units. The majority of units (38 units) fell in the lower-left quadrant
(both excitatory gain and inhibitory gain reduced by inhibiting LVA). Two outliers are indicated by the curly braces.
(E) Average normalized peri-stimulus time histograms (PSTHs) for the optimal stimulus size (left) and averaged across the two largest sizes (right). On laser-on
trials, laser turned on 0.5 s before stimulus onset. Shaded regions show ± SEM.

fashion to the extra excitation from LVA feedback, although excitatory neurons respond sub-linearly. A previous model implemented this by assuming a high threshold for inhibitory neurons
and could account for the suppressive effect of feedback [19].
That model, however, does not fit recent data that interneurons
of all types respond to stimuli that are smaller than the optimal
size of the stimuli for pyramidal neurons [14]. An alternative explanation is that the difference in response to the extra excitation
from LVA feedback in inhibitory and excitatory connections purely
results from network interactions. Indeed, even a simplified
network model with excitatory and inhibitory populations in V1
and LVA, obeying Wilson-Cowan-type equations [20] and with
connectivity shown in Figure 4A, can show this behavior without
inhibitory feedback, without stronger feedback to inhibitory neurons in V1, and without different response functions or firing
thresholds for excitatory and inhibitory neurons (Figures 4B, 4C,
and S4A–S4E). In this model, at high contrast, excitatory neurons
are in a more saturated state than inhibitory neurons, meaning that
they are less susceptible to changes in input (Figure 4D). This is
not caused by differences in intrinsic properties of the cell populations but is caused by inhibition that excitatory neurons receive
from inhibitory neurons within V1, even in the absence of feedback. The effect of this is that excitatory feedback causes a

disproportionately greater increase in activity in inhibitory neurons
than in excitatory ones. The small extra excitation that the inhibitory population receives from LVA increases their activity disproportionately (Figure 4E). This increased inhibitory activity cancels
the feedback excitation in excitatory neurons. The model prediction that at higher contrasts inhibitory neurons are more responsive to increasing contrast than excitatory neurons is observed
experimentally for parvalbumin interneurons (Figures S4F
and S4G).
DISCUSSION
We found that inhibiting lateral visual areas in awake mice
reduced the suppression of V1 responses to large visual stimuli.
Earlier work in anesthetized animals (monkeys, cats, and mice)
[9–11] and running mice [12] showed that activity in higher order
visual areas has no or a predominantly facilitatory effect on the
level of activity elicited by stimuli in V1. By contrast, a study in
awake monkeys demonstrated that silencing areas V2 and V3
by cooling increased V1 responses to large stimuli, implying
that activity in higher visual areas can also exert suppressive effects [7]. The same effect was also found in a recent study where
feedback from V2 to V1 was inactivated optogenetically [8]. The
Current Biology 29, 1–8, December 16, 2019 5
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(A) Population rate model with excitatory feedforward connections from the lateral geniculate nucleus (LGN) to V1 and from V1 to LVA and excitatory feedback
connections from LVA to V1. The inter-areal connections are equal in strength to excitatory and inhibitory neurons. Feedback connections are half the strength of
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reverse connections.
(B) Example time evolution of activity of V1 excitatory potential in response to a visual stimulus presented from time 0 for an instance of the model with only localintegrating, wide-projecting inhibitory neurons. See also Figure S4.
(C) Suppression indices from the example model used for (B) match the experimental data.
(D) Example contrast tuning curve of the responses of the excitatory population computed for the model used for (B) for an optimal size stimulus without feedback.
See also Figure S4.
(E) Example time evolution of the activity of the V1 inhibitory population of the model used for (B).

latter study, however, expressed Archaerhodopsin in synaptic
boutons where the effect of photostimulation could be enhanced
release rather than reduced release [21]. We found that, in the
awake mouse, reduction of LVA activity reduced the suppressive
influence on V1 activity and caused an increase in activity elicited
by larger stimuli. This suppressive effect disappeared under isoflurane anesthesia, consistent with previous studies done under
anesthesia [9–11]. Indeed, inhalation anesthetics appear to preferentially reduce top-down input mediated by feedback connections [22–25] and anesthesia can completely silence boutons of
intracortical (retrosplenial) connections to V1 [26], although LVA
axons to V1 continue to show activity under anesthesia [27]. At
the same time, anesthesia reduces surround suppression in V1
[4, 28–30].
The suppressive effect of activity in higher visual areas in
awake animals is counter-intuitive, given that feedback from
higher visual areas to V1 is mainly glutamatergic [15] and not
preferentially targeted to inhibitory neurons. Our simple model
shows how this can be explained by the cancellation of the feedback excitation to excitatory neurons by the increased activity of
inhibitory neurons. This does not require stronger feedback to
inhibitory neurons but only that the inhibitory neurons are in a
regime where they are more responsive to additional excitation.
There are alternative models. Similar in spirit is a model with a
wide-integrating, local projecting inhibitory population that only
is activated when center and surround are both stimulated
[8, 19]. Both models assume that the receptive fields of the
6 Current Biology 29, 1–8, December 16, 2019

neurons in the LVA match those of the neurons to which they
project. In the mouse, most of the boutons transmitting input
from LM match the receptive field center of the recipient area
in V1 [27], but we do not know whether the distribution widths
are dependent on the type of recipient neuron. Different types
of neurons in V1 have different dendritic tree widths and sample
inputs over areas of different size. Therefore, an alternative
explanation of the suppressive effects of activity in higher visual
areas for large stimuli could be that the feedback connections
target a spatially much more widely distributed set of inhibitory
neurons than excitatory neurons or specifically target inhibitory
neurons that are widely projecting to pyramidal neurons. Our
ROG analysis, however, suggested that inhibiting LVA did not
change the widths of the excitation and inhibition. Furthermore,
there are no anatomical data yet to suggest that the projection is
organized like this. For connections from the cingulate area in the
frontal cortex to V1, it has been shown that activating feedback
directly at the V1 recording site has a facilitatory effect and activating it further away from the recording site has a suppressive
effect during full-field stimulation [31]. Pyramidal neurons, parvalbumin, somatostatin, and VIP-expressing inhibitory neurons
all receive direct input from the cingulate cortex [31], but the
disinhibition of pyramidal cell responses caused by VIP [32]
was only seen close to where feedback axons were stimulated.
The inhibition caused by parvalbumin and somatostatin interneurons was observed over a broader region. Whether these
differences were the effect of differences in the anatomical
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spatial scales of feedback innervation or of the spatial scale of
connections of these different types of neurons within V1 is still
unclear.
We conclude that, in the awake mouse, activity in higher visual
areas contributes to surround suppression in V1. This is likely to
be mediated by the direct feedback connections from LVA to V1,
but there are also indirect routes for activity in LVA to influence
V1. We cannot exclude a role for the glutamatergic input that
V1 receives from more frontal cortical areas [31] and from the
lateral posterior nucleus (LP) [33], which both receive LVA input.
Superior colliculus also receives LVA input and influences V1 activity via the visual thalamus, but inhibiting superior colliculus primarily reduces responses to optimally sized stimuli [34] rather
than increasing the response to large stimuli. Therefore, this
pathway is not likely to mediate the effects we observe.
Recently, in primate, feedback projections from V2 to V1 were
optogenetically inhibited. This increased V1 responses to larger
stimuli as observed in our study [8]. Our optogenetic inhibition
was targeted to LM, the putative homolog of primate V2 [13],
but extended into other lateral visual areas. In mouse, different
higher visual areas send differently tuned signals back to V1
[12], but apart from the connection density [35], there are
currently no known differences in their feedback projection patterns. Both our model and a previous explanation of the
measured effect of feedback [19] do not require any specific
connectivity. It is therefore likely that our findings would also
apply if it would be possible to inhibit area LM specifically. The
similarity of our findings in mouse with the primate data makes
it probable that the same feedback mechanism contributes to
surround suppression in monkeys and humans, who show very
similar surround modulation in visual cortex [36].
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
We used 9 male transgenic 3-5 month old Gad2-IRES-Cre mice [39] (Gad2tm2(cre)Zjh/J, JAX Stock # 010802, Jackson Laboratory).
Mice were SPF housed in a 12 h/12 h dark/light cycle with access to food and water ad libitum. All experimental procedures complied
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with the National Institutes of Health Guide for Care and Use of Laboratory Animals, and were approved by the institutional animal
care and use committee of the Royal Netherlands Academy of Arts and Sciences.
METHOD DETAILS
Electrophysiological methods
In a single surgery we attached a head-post used to fixate the head of the mouse in the set-up and injected a virus. Anesthesia was
induced and maintained with isoflurane gas anesthesia, 5% and 1%–2% respectively. An incision was made in the scalp, the skin
above the skull was retracted and a small craniotomy at the coordinates 4.1 mm lateral to the midline and 1.4 mm in front of transverse sinus was made using a manual rotary motion of a small 29 g syringe, leaving the dura intact. Delivery of the viral vector, AAV2/
9.EF1a.DIO.hChR2(H134R)-YFP.WPRE.hGh (UPenn Viral Vector Core), was performed using a Drummond Nanoject volume injector
at five different cortical depths, injecting between 23 nL and 34.5 nL equally spread across layers. In a piloting series of experiments,
we had determined that this injection transfected the visual areas lateral to V1, without transfected cell bodies in V1. A head-post was
affixed using dental cement at the location of the coronal suture above the bregma midpoint. The head-post consisted of a small
magnet, allowing easy and stress-free initial fixation of the mouse, and there were 2 screw holes for later complete immobilization
of the head of the mouse. The scalp was sutured and antibacterial pomade was applied along the head-post and sutures. The full
procedure lasted approximately 3-4 hours. During surgery, eyes were constantly covered and kept moist with ophthalmic ointment
(Terramycin). During surgery, body temperature was maintained using a feedback regulated heating pad. After surgery, the mice
were solitary housed.
At least three weeks after the surgery, we recorded neural activity from areas V1 and LM. After gentle head fixation using the magnet and screws, the scalp was retracted under isoflurane anesthesia after topical lidocaine application. We placed the mouse in a soft
plastic tube cut in half and fixed over the body (to minimize movement artifacts when it woke up during a later phase of the
experiment, see below). A reference wire (Ag/AgCl) was inserted between the skull and the dura just behind lambda while a ground
electrode was inserted under the skin. A craniotomy with radius < 0.5 mm was performed at 0.4 mm anterior of lambda and 2.9 mm
lateral to the midline. We recorded simultaneously from every layer of primary visual cortex using a 16 contact laminar electrode
(Neuronexus A1x16-10mm-100-413, contacts spaced 100 mm apart). Electrical signals from each of the contacts were amplified
and digitized at 24.4 KHz (Tucker-Davis Technologies). Neural recordings were first made from V1 under isoflurane anesthesia for
approximately 3-4 hours after which the mouse was allowed to wake up in the experimental set-up while maintaining head fixation.
The electrode was kept at the same location. Recordings were only continued once we were sure that the mouse was fully awake and
moving its front paws deliberately and we waited for a minimum of 60 minutes after cessation of isoflurane. After approximately 2
hours of awake recordings, we again induced isoflurane anesthesia and measured the optogenetic effect in area LM. Finally, we inserted the electrode twice more at the original recording location in V1 to mark the track to be detected after slicing. For several mice,
the electrode was dyed with DiI to visualize the track. In two mice we made a series of penetrations between the recording sites in LM
and V1 to measure the extent of the optogenetic inactivation. These penetrations were performed under anesthesia after completion
of the awake recordings in V1. Activation of channelrhodopsin-2 was achieved by shining blue light of 473 nm through an optic-fiber
(multimode 200-mm core, approximately 2 mW at the tip of the fiber) coupled to a DPSS laser (model MBL-FN-473 100 mW) targeted
at area LM. The experiments were concluded by transcardial perfusion with saline and brain fixative (4% paraformaldehyde (PFA) in
phosphate buffered saline (PBS)) after a lethal bolus injection of a barbiturate (Nembutal, 100 mg/kg i.p.). The brain was fixated for 2h
in PFA at 4 C before storing it in PBS solution for later histology.
Visual stimuli
This experiment was realized using Cogent Graphics developed by John Romaya at the LON at the Wellcome Department of Imaging
Neuroscience. Stimuli were shown using a gamma-corrected PLUS U2-X1130 DLP projector on a back-projection screen 15 cm in
front of the mouse (mean luminance 40 cd.m-2). Recording started under anesthesia, with a flickering checkerboard presented with
and without laser stimulation to ensure that we did not have light-induced recording artifacts. The checkerboard patterns were also
used to assess the depth of each electrode contact using current source density analysis as previously described [30]. We identified
the layer 5/layer 4 boundary in the current source density profile and assigned contacts below this boundary to the deep layers, contacts between 0 and 0.1 mm from the boundary were assigned to layer 4 and contacts above this were assigned to the superficial
layers. Next, the receptive field of every recording site was mapped with four simultaneously presented wide bright squares
(about 10 wide) shown for 200 ms at each point of a grid covering the entire screen (136 x 102 ). We continued by showing a series
of full contrast sinusoidal gratings of 0.08 cpd drifting at 24 deg/s (which drive V1 neurons well) in a circular patch of 25 degrees,
centered at the median receptive field center of neurons recorded at the different sites of the probe. The directions of the gratings
were randomly chosen from 12 evenly spaced directions. The preferred orientation of each unit was assessed by fitting a circular
Gaussian using non-linear least-squares fitting in MATLAB as follows:


2
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Where R(q) is the average response for orientation q, C is the offset, Rp is the response to the preferred orientation, angori(x) = min
(abs(x), abs(x-180), abs(x+180)) wraps angular differences to the interval 0 to 90 , and s is the standard deviation of the Gaussian.
If the majority of the recording sites responded most to one particular direction, we selected this direction for the next test, otherwise
we chose upward motion. We also calculated a measure of tuning strength OI as:
OI =

Pref  Orth
Pref + Orth

Where Pref was the average response to the orientation which produced the maximal response and Orth was the response to the
orthogonal orientation. For the analysis in which we divided units according to how well their preferred orientation matched the chosen orientation we only included units with an OI of greater than 0.11 (i.e., at least 25% difference in firing-rate between preferred and
orthogonal). We next showed gratings drifting in the selected direction in a circular aperture of 9 different sizes, ranging from 10 to
110 degrees. All grating presentations were separated by a 1 s inter-trial interval with a gray screen of mean luminance. Trials with
(laser-on) and without optogenetic stimulation were randomly intermixed. During laser-on trials, the laser was switched on at 0.5 s
relative to stimulus onset and remained on until 0.1 s after stimulus offset. Each condition was repeated at least 10 times. After this
sequence of stimuli, the anesthesia was discontinued and the same visual stimuli were shown once more. Finally, the mouse was reanesthetized and we measured visual responses in the transfected area LM using a 100% contrast checkerboard stimulus both with
and without blue light to determine the efficiency of our optogenetic inhibition. In two mice, we also used this approach to map the
spatial extent of the optogenetic effect in a series of equally spaced electrode penetrations on a line between the LM injection site and
the main V1 recording location.
Histological mapping
The brains were sliced in a direction intermediate between sagittal and coronal so that we could visualize the locus of viral transfection in LVA and the V1 recording site in the same slices of 50 mm thickness. The slices were mounted on slides with Vectashield
mounting solution with or without Dapi. The fluorescence of the eYFP fused to the ChR2 in the slices was imaged on a Zeiss Axioplan
2 fluorescence microscope. We matched the slices as close as possible to the Allen Mouse Brain Atlas (http://help.brain-map.org/
display/mousebrain/API#API-DownloadAtlas). To this aim, we developed a MATLAB tool to slice the 3D Allen Mouse Brain Atlas in
any possible vertical plane, and compared this to the imaged slices. We made the tool available online (allenatlas.m in the https://
github.com/heimel/InVivoTools repository). Specifically, we used the outline of the brain, the cortex (and the hippocampus for the
DAPI-stained sections) to align the slices with the voxel-by-voxel annotation of the atlas (http://api.brain-map.org/api/v2/
structure_graph_download/1.json) and to determine the lateral boundary of V1. Next, we computed the average of the fluorescence
near the V1 border across the cortical layers. For this computation, we manually blocked the diI fluorescence left by the electrode.
The mean fluorescence profile tangential along the cortical surface was normalized per slice between the maximum and minimum
fluorescence in the cortex in that slice.
Data Analysis
Single- and multi-unit activity was measured by first band-pass filtering the signal between 500-5000 Hz with a second-order online
digital Butterworth filter. The resulting signal was thresholded at 4 times the standard deviation of the noise level and threshold crossings were detected and timestamped. Small segments of raw data (30 samples at 24.4 KHz) were stored around each threshold
crossing. The resulting waveforms were sorted using WaveClus [37]. Each cluster was visually inspected and was assigned to be
a single- or multi-unit on the basis of the average wave-shape, its standard-deviation and the inter-spike interval histogram (total
(awake) = 163 units, 81 multi-units, 82 single-units, total (anesthetized) = 151 units, 80 multi-units, 71 single-units). Peri-stimulus
time histograms (PSTHs) were calculated by binning the spike-times from each trial into 1.3 ms bins. The resulting histograms
were convolved with a Gaussian density function with a standard deviation of 3.9 ms and an integral of 1. The resulting spike-density
function was converted into firing-rate (Hz) and stored for later analysis. We calculated the evoked response as the average firing-rate
in a time-window from 50-500 ms post-stimulus onset after subtracting the spontaneous firing-rate (calculated in a window from
200 to 0 ms in the conditions without optogenetic stimulation). We removed units from the analysis that were not visually driven
(maximum evoked rate < 1 Hz, 55 units removed). For the remaining units we calculated the average response to each stimulus
size to construct size-tuning curves. These curves were fit with a ratio-of-Gaussians model, which provides a good fit to size-tuning
data [40]:
 2


Ge fWe ðxÞ  fWe ðxÞ


(1)
RðxÞ =
1 + Gi fWi ðxÞ  fWi ðxÞ
The four free parameters: Ge, Gi, Wi and We are the gains and widths of the excitatory center and inhibitory surround, respectively,
R(x) is the fitted response, and F is the cumulative normal distribution with a standard deviation W, which was evaluated at the point x,
the size of the grating in degrees. We also fit three nested models to the laser-on data in which certain parameters were held to be
those fitted to the laser-off condition:
Equal gains model: blocking LVA is considered to produce an equal effect on both excitatory and inhibitory gains
(1 free parameter).
Current Biology 29, 1–8.e1–e7, December 16, 2019 e3

Please cite this article in press as: Vangeneugden et al., Activity in Lateral Visual Areas Contributes to Surround Suppression in Awake Mouse V1,
Current Biology (2019), https://doi.org/10.1016/j.cub.2019.10.037

Constant sizes model: blocking LVA is assumed to affect both the excitatory and inhibitory gains with no effect on the width
parameter (2 free parameters).
Constant gains model: blocking LVA is assumed to affect the widths of the inhibitory and excitatory fields without affecting the gain
parameter (2 free parameters).
The nested models were compared to the full model using the adjusted R2 value that reduces R2 depending on the number of free
parameters in the model. The optimal model was chosen as that with the highest adjusted R2 value.
Based on the fits of the full model with four free parameters, we calculated the surround suppression index (SI) as:
SI =

Rfitmax  Rlarge
Rfitmax

(2)

where Rfitmax was the estimated evoked firing rate to the grating size that gave the maximal response (estimated from the fitted curve)
and Rlarge was the fitted response to the largest grating shown. We only included units that were well fit by the ratio-of-Gaussians
model (R2 greater than 0.25 for both the laser-on and laser-off conditions) and, because we were primarily interested in the
effects of inhibiting LVA on the strength of surround suppression, we only included units which had a suppression index larger
than zero (SI > 0) for both the laser-on and laser-off conditions. We also excluded units whose RF was not well-centered on the visual
stimulus, i.e., units with RFs farther away from the center of the visual stimulus than 6 degrees. After applying these criteria, we
included 57 units in the awake state, and 39 in the anesthetized state. To ensure that these inclusion criteria did not bias our results
we also generated a surround-suppression index that was not based on fitting the ratio-of-Gaussians model as:
SInf =

Rmax  Rlarge
Rmax

(3)

where Rmax was the maximal response of the neurons at any size and Rlarge was the response to the largest grating shown. For this
analysis we included all cells that had an evoked rate above 1 Hz and a non-negative evoked response to the largest size stimuli and a
well-centered RF (n = 90 in awake state, n = 90 in the anesthetized state).
To construct average size-tuning curves across units (Figures 2D, 2G, and 3A) we first normalized the responses of each unit by
dividing by the maximum response of the laser-off condition. The stimulus sizes shown varied across recordings so we first binned
the stimulus sizes into 7 bins (bin boundaries: 5 , 15 , 25 , 35 , 50 , 70 , 90 , 125 ) before averaging the normalized responses. Sizetuning curves were fit to the average responses across cells as describe above. Size-normalized tuning curves (Figure S2A) were
constructed by aligning the data to the size that produced the maximum response in the laser-off condition. The data were then linearly interpolated onto a grid spaced from 5 to 120 degrees in one degree steps and averaged across neurons. The resulting curves
were clipped at the points where less than 70% of units were contributing to the tuning curve. To construct average PSTHs across
units (Figure 3E) we first normalized the average PSTHs for each cell, at each size, by subtracting the spontaneous rate and dividing
by the maximum evoked response across all sizes (Rmax). We then averaged PSTHs elicited by the preferred size of each recording
site (Figure 3E, left) and those elicited by the two largest gratings (Figure 3E, right). The latency of the difference between the laser-on
and laser-off condition for the supra-optimally sized stimuli was estimated by subtracting the laser-off from the laser-on condition and
taking the cumulative sum of the difference. The resulting time-course was fit with two straight lines, one to account for any baseline
offsets and one to fit the increase in modulation. The free parameters were the slope of the two lines and the intersection point. The
time-point at which the two lines intersected was taken as the latency. The standard-error of the latency estimate was estimated by
resampling the individual units with replacement 1000 times and repeating the process described above. We also fit the visual
response latency by using the same procedure on the laser-off condition for the supra-optimally sized stimuli.
We removed trials containing movement artifacts. To detect these artifacts, we calculated the envelope of multi-unit activity
(MUAe) for each electrode contact. This signal has the advantage that no threshold is required and it can therefore be measured
even for sites with little spiking activity. MUAe was calculated by taking the absolute value of the band-passed raw data
(500-5000 Hz) and then low-pass filtering the resulting signal below 200 Hz. The MUAe signal was down-sampled to 763 Hz for further
analysis. For each trial we standardized the MUAe signal from each electrode contact by taking the z-score, the z-score was then
smoothed temporally with a 20-sample (i.e., 26.2 ms) sliding window. Movement artifacts could clearly be observed as periods where
the z-score was strongly positive (as MUAe can only be positive) across many electrode sites simultaneously, even those outside the
brain. We therefore summed the z-scores vertically across the different contacts of the electrode, excluding the lowermost and uppermost contacts, and took the maximum value over the entire trial as our statistic, Zs, which was high during trials on which movement occurred. The distribution of Zs across trials was a skewed Gaussian with a long positive tail. We fit the distribution with a
Gaussian function (to capture the main body of the distribution) and removed trials with Zs values of more than 5 standard deviations
above the mean. We applied this procedure to both the awake and the anesthetized data. The mean number of trials removed by this
procedure was 32 per mouse for the awake data and 9 for the anesthetized data.
Two-photon calcium imaging
For size-tuning measurements of somatostatin-expressing interneurons, we carried out experiments with SOM-IRES-Cre animals
[39] (JAX Stock #13044, Jackson Laboratory) injected with a vector encoding for GCamp6f (AAV9-CAG.DIO.GCaMP6f.WPRE,
UPenn Viral Vector Core) [41] to allow us to image the activity of somatostatin-expressing interneurons. The mice were between
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2-6 months old, weighed between 20 and 35 g and included both sexes. The animals were anesthetized as described above. An
incision in the skin was made in anteroposterior axis, and the skin was gently pulled lateral, exposing the area of the skull above
the cortex and the area posterior to lambda. For labeling V1, a small craniotomy was performed over the center of right V1
(0.5 mm anterior to lambda and 2.5 mm lateral from the midline). We slowly injected 200-300 nL of the AAV vector at 20 nL per
min. distributed across two depths (400 mm, and 200 mm from the pial surface), as described above. The craniotomy was sealed
and the skin was sutured. After two weeks of recovery, the animals underwent a second surgery to implant a head-ring for immobilization and a cranial window to allow imaging of neuronal activity. An incision in the skin was made in anteroposterior axis, and the
skin was gently pulled lateral, exposing the area of the skull above the cortex and the area posterior to lambda. The bone of the target
area was cleaned by removing remaining tissue with blunt dissection and briefly applying H2O2 after which dental primer was applied
(Kerr Optibond). A circular metal ring was fixed on the skull with light-cured dental cement, centered on the visual cortex of the right
hemisphere parallel to the imaging plane. We made a circular craniotomy with a diameter of 4-5 mm centered on V1 (0.5 mm anterior
to lambda and 2.5 mm lateral from the midline). We carefully thinned the bone along the outer diameter of the craniotomy and slowly
lifted the bone flap without damaging the dura, which was kept moist with warm aCSF or saline (aCSF solution: 125 NaCl, 10 HEPES,
5 KCl, 2 MgSO4, 2 CaCl2 and 10 Glucose, in mM). We filled the space above the dura with silicon oil (10 mPa.s viscosity, DC 200,
Fluka Analytical, UK) and then closed the craniotomy with a double layered glass coverslip (100 mm thickness), with the outer glass
resting on the skull, which was fixed with dental cement (Vivadent Tetric Evoflow). After two weeks of recovery, we habituated the
mice to head immobilization while they could run on a running belt under the two-photon microscope (Neurolabware) with a
15.7 Hz frame rate. We imaged V1 (512x796 pixels) through a 16X water immersion objective (Nikon, NA 0.80) at 1.7X zoom at a depth
of 120-300 mm. A Ti-Sapphire pulsed laser (MaiTai, Spectra Physics) was tuned to 920 nm for delivering excitation light and two nondescanned PMTs with filters optimized for GFP and RFP (Semrock BrightLine FF01-520/70, FF01-625/90 and FF555-Di03 dichroic)
were used for light collection.
We presented visual stimuli to the left eye of the mouse, placing a gamma-corrected 23-inch Dell U2414Hb LCD screen with
1920x1080 pixels and a refresh rate of 60 Hz, placed at an angle of 30 and a distance of 12 cm from the eye. We first ran a receptive-field mapping stimulus consisting of 4 white checks presented at random locations (10 check size on a grid ranging from 60 to
60 azimuth and 30 to 50 elevation) on a black background. We collected at least 12 stimulus repeats at each location on the
grid. We used drifting sine-wave gratings similar to those used for the electrophysiological recordings (8 cycles per deg, drift speed
24 deg.s-1), shown through apertures of 9 different sizes (corrected for flat-screen distortion, diameters: 5 ,10 ,
16 ,21 ,26 ,32 ,43 ,60 ,64 ) centered on the average receptive field location of the neurons under study (see below) drifting in
two different directions (45 and 135 ). We imaged the calcium responses during 30 repeats of each size.
For contrast-tuning measurements of parvalbumin-positive and negative cells we used heterozygous offspring of PV-IRES-Cre
driver mice (JAX Stock #008069, Jackson Laboratory) [42] crossed with Ai9 loxP-tdTomato reporter mice (JAX Stock #007909,
Jackson Laboratory) [43] as previously described [44]. In brief, mice were anesthetized with isoflurane and a small craniotomy above
V1 was made through which Oregon Green BAPTA-1 AM was injected. After sealing the craniotomy with a cover glass, the animals
woke up and imaging began.
Analysis of calcium signals
To place the grating stimuli used for measuring the size-tuning curve we performed a quick online analysis of the RF mapping stimuli
in which the fluorescence signal was averaged over a manually defined region-of-interest. For each presentation of the checks, the
fluorescence signal was averaged over a time-window from 0.1-0.5 s after stimulus onset. For offline analyses, we used CaImAn for
pre-processing [38]. We performed rigid motion correction to remove small shifts in the data due to motion of the animal. This was
followed by the extraction of ROIs and the DF/F signal for each of them with the CaImAn pipeline for non-negative matrix factorization.
We inspected fitted ROIs using custom written software to ensure that we only selected cell bodies. The resulting DF/F signal was
high-pass filtered at 0.02 Hz to remove slow drifts. The response to each stimulus was then calculated as the difference between the
average DF/F from 0.1 - 0.5 s after stimulus onset and the pre-stimulus baseline response (0.3 to 0 s). We first estimated the receptive-field of each ROI by fitting the average response to each luminance check, R(x,y), with a 2D circular Gaussian with parameters: rfx
and rfy being the center of the receptive-field and s, being the standard deviation of the Gaussian, and A being a gain factor, using
non-linear multi-dimensional minimization:

2

ðyrfy Þ
ðxrfx Þ2

+
2
2
2s
2s
Rðx; yÞ = A:e
For the analysis of the size-tuning data, we excluded any ROI for which the Euclidean distance between the RF center and the center
of the grating was more than 5 degrees. We divided trials into ‘running’ and ‘non-running’ by taking the z-score of the average speed
of the mouse on the linear track across trials and thresholding these at a value of zero. Size-tuning curves were constructed
separately for running and non-running trials and were fit in an identical fashion to the electrophysiology data.
Eye position analysis during optogenetic inhibition of the lateral visual areas
We did not record eye-positions in the main group of animals, but tracking the pupil of other mice on the same setup showed no
correlation of the movement to these visual stimuli [45]. To determine whether the eye-position may have varied during optogenetic
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inhibition of the LVAs we recorded eye-position in a separate group of animals. In these animals, we also used a blue-laser to
inhibit the LVAs while the animals viewed grating stimuli for a different experiment. We tracked the eye-movements of five male
Tg(Thy1-GCaMP6f)GP5.17Dkim mice, aged between two and six months. We implanted the mice with a head-fixation bar under isoflurane anesthesia, and injected AAV1-CaMKII-stGtACR2-FusionRed (Addgene viral prep #105669-AAV1) encoding a cell-specific,
light-gated chloride channel in cortical higher visual areas, so that exposure to blue light inhibited activity in higher visual areas. The
mice were head-fixed on a linear treadmill, allowing them to run or sit according to their preference while passively viewing visual
stimuli. We inhibited neural activity in higher visual areas on a randomized 50% of trials. We monitored pupil movements and size
under infrared light with a zoom lens (M118-FM50, Tamron, Cologne, Germany) coupled to a camera (DALSA GENIE-HM640,
Stemmer Imaging) and custom written software. We removed trials during which the pupil was not tracked or lost due to e.g., grooming (this removed approximately 8% of trials). The eye-position showed a typical pattern for mice in which the eye was most often at a
resting position, but the mice occasionally made rapid eye-movements away from this position. To determine whether the eye-position varied on laser-on versus laser-off trials we calculated the mean Euclidean distance of the eye from the resting eye position for
each trial (from 0.2 to 0.6 s relative to stimulus onset, the duration of the laser; the stimulus duration was 0.5 s). We normalized each
session to the maximum Euclidean distance and compared trials with and without optogenetic inhibition using a two-sample t test for
each session (10 sessions total, all sessions p > 0.05). We then assessed whether there was an overall effect of optogenetic inhibition
on eye movements across the population of recording sessions by taking the mean difference in Euclidean distance between laseron and laser-off trials for each session and testing against a null hypothesis of no difference in eye-position using a one sample t test,
which was not significant (p = 0.52).
Model
A population model was constructed with an excitatory pyramidal population (E) and an inhibitory population (I) in V1, and an
excitatory (F) and inhibitory (J) population in the lateral visual areas. The feedback in the model is retinotopic [27]. The dynamics
of the population activities are prescribed by a version of the Wilson-Cowan Equations [20]:
tP

drP
=  rP + gP fðiP  tP Þ
dt

where P is an index representing the population (E,I,F,J) and rP is the population firing rate, t P a time constant, gP a transfer function
constant, iP the population’s input and tP a threshold current. These equations can provide a reasonable description of the population
firing rates of spiking models [46]. We use the same non-linear neural transfer function f for transforming synaptic input into firing rate
for all populations, the threshold square function:

0; for x < 0
fðxÞ =
x2 ; for xR0
The inputs to the V1 populations are coming from the relay cells in the dLGN, with rates given by rR , local cross-excitation and inhibition, feedback excitatory input from the F population in LVA, and inputs from surrounding V1 excitatory and inhibitory populations
(SE and SI), with rates given by rSE and rSI respectively:
iE = wER rR  wEI rI + wEF rF + wESE rSE  wESI rSI

iI = wIR rR + wIE rE + wIF rF + wISE rSE
The connections strengths are all denoted by wAB where A indicates the receiving population and B the sending population. The inputs to the populations in LVA are modeled assuming only feedforward excitation from the V1 E population and local interactions:
iF = wFE rE  wFJ rJ

iJ = wJE rE + wJF rF
The variable wFE indicates the weight of the connection from the V1 excitatory population E to the LVA excitatory population F.
We only consider an optimal size and a largest size stimulus. The optimal size stimulus is considered to be presented in the center
of the receptive field of the V1 population E and I, and not evoking activity in neighboring V1 populations, i.e., rSE = 0 and rSI = 0 for the
optimal stimulus. The largest size stimulus includes the optimal size stimulus, but also activates surrounding V1 populations of excitatory and inhibitory neurons. To reduce the complexity of the model, the activity of these surrounding populations evoked by the
largest size are assumed to be equal to the center population, i.e., rSE = rE and rSI = rI for the large stimulus.
Model simulation
Model simulation was done with custom MATLAB scripts implementing a one-step Euler-forward algorithm with 1 ms time step. The
relay cell activity was taken to be 0 until 55 ms after stimulus onset, and then linearly increase in 100 ms to the contrast level and
remain at that level 0.5 s after stimulus onset. The onset time of 55 ms was estimated from the cutoff of a linear fit to the experimentally
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measured spike onset. The stimulus onset width 100 ms was an arbitrary choice which makes the transient stimulus response similar
in appearance to the experimental data. Both parameters have no influence on the stationary state responses. The time constants for
excitatory and inhibitory potential were set to 60 ms and 5 ms and were inspired by previous models. As long as the network reaches
a stationary state, this state is independent of the choice of these parameters. The model was run for 0.5 s. The population activities
for the last 0.25 s were averaged to compute the stationary state responses and the surround suppression index. For computing the
surround suppression index, the stimulus contrast was set to 1.
Model parameters
All feedforward weights in the model are set to 1, i.e., wER = wIR = wFE = wJE = 1. Feedback weights are set at half the level of the feedforward weights, i.e., wEF = wIF = 0:5. To reduce the number of free parameters, the local interaction weights and transfer function
constants in LVA were taken to match their equivalents in V1, i.e., wFJ = wEI ; wJF = wIE ; gF = gE ; gJ = gI . Threshold currents were set
to 0. The V1 transfer function parameters gE and gI were chosen such that the E and I activity for the optimal size stimulus
(with active feedback) was 1. The remaining five parameters wEI ; wESE ; wESI ; wIE ; wISE were found by minimizing a cost function.
This cost function was the sum of the squared difference between experimental and simulated surround suppression indices, the
squared difference between center response with and without feedback, the squared difference of the pyramidal response to center
stimulus without feedback and 1 (to normalize the results), the squared standard error in time of the pyramidal response (to punish
oscillatory behavior), the squared response for a zero contrast stimulus (to punish high spontaneous rates), and contributions to
ensure that only positive weights are optimal. Parameter search was done with an automated Nelder-Mead simplex direct search
(MATLAB fminsearch) and an exhaustive search of the parameter space that minimized a cost function. The cost function landscape
appeared to have few local minima and finding a zero cost solution was either possible relatively quickly or not at all. Two further
constrained models were also investigated. One without long-range inhibition from the surround population, i.e., wESI = 0, and one
without long-range excitation from the surround population to the inhibitory population, i.e., wISE = 0. The parameters used for producing Figure 4 were wISE = 0; wIE = 0:491; wEI = 1:14; wESI = 0:62; wESE = 0:18; gE = 245; gI = 8:07.
QUANTIFICATION AND STATISTICAL ANALYSIS
All statistics were performed across units, either combining single- and multi-unit data or treating them separately, as specified in the
Results, except for Figure 2C where statistics across mice are shown. The exact values of n are given in the text of the Results section.
The maximum-evoked and spontaneous firing-rates of the units varied over two orders of magnitude. We therefore transformed this
data by taking the logarithm of the firing-rate. Evoked and spontaneous rates in different conditions were compared across units
using paired t tests on the log-transformed firing-rates. For analyses of SI and SInf we used non-parametric statistics as these indices
are bounded ratios. We report median values and used Wilcoxon signed-rank tests to test for differences in these ratios across units.
Standard errors were estimated by bootstrapping. The significance of differences between normalized responses (Figure 2D) were
estimated using Wilcoxon signed-rank tests for each bin. The original number of mice for these experiments was requested before
the start, and was estimated based on previous experiences and pilot data from anesthetized animals not included in this study. Later
two additional mice were added in response to a reviewer question.
DATA AND CODE AVAILABILITY
The code for the model simulation is available at https://github.com/heimel/vangeneugden_et_al_2018. The code for matching slices
to the Allen Brain Atlas can be found online as allenatlas.m in the https://github.com/heimel/InVivoTools repository. The datasets
generated during and/or analyzed during the current study are available from the corresponding author on reasonable request.
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Figure S1. Effect of light on activity in LM. Related to Figure 1.
A) Responses from neurons recorded in LM in response to a checkerboard pattern with the laser on (yaxis) or off (x-axis). The majority of cells showed a strong reduction in response with the laser on. B)
The minority of cells that showed an enhanced activity in the laser-on condition have a narrower action
potential than cells that were suppressed. This is probably due to the large fraction of fast-spiking
interneurons in the GAD2-cre transfected cells, known to have action potentials of shorter duration. C)
We tracked the eye-movements of 5 mice using an infra-red camera while presenting visual stimuli and
inhibiting higher visual areas optogenetically in 50% of trials. D) Mean horizontal and vertical eye
position on trials without (grey crosses) and with (blue crosses) optogenetic inhibition of higher visual
areas (grey crosses) relative to the resting position (origin) of the eye during one example session. E)
Histogram of the normalized distance of the eye from the resting position on trials without optogenetic
manipulation (grey histogram) and trials with optogenetic intervention (inverted blue histogram) for 10
recording sessions in 5 mice. Optogenetic inhibition of higher visual areas did not affect eye movements
in any session (all p > 0.05, two-sample t-test) nor did it have an overall effect on eye movements across
the population of recording sessions (p = 0.52, one-sample t-test of slopes).

Figure S2. Surround suppression is reduced, regardless of preferred size or unit separation.
Related to Figure 2.
A) Averaged size-tuning curves aligned to the size that evoked the maximum response in the laser-off
condition in awake mice. Shaded regions are +/- SEM. B) Data for single-units (SU) and multi-units
(MU) shown separately, the effect was significant in both groups (Wilcoxon test, *** = p < 0.001, ** = p
< 0.001). Error-bars show +/- SEM.

Figure S3. Locomotion modulates size tuning in somatostatin interneurons. Related to Figure 3.
A) Example of locomotor activity. Running speed is shown by the grey line and clearly divides into
periods of running and non-running (red line). B) Example image of the variance of the GCaMP6f signal
in SOM+ cells at a single optical depth during a recording. C) The three panels show fluorescence
responses from three example SOM+ cells to drifting gratings of different sizes which were fit with a
ratio-of-Gaussians model. Running (red points) and stationary data (black points) was fitted separately.
Surround-suppression was clearly observable in the stationary data. D) Running strongly reduced the
median SI from 0.59 to 0.2 (71 cells) and many cells lost their size-tuning when the animal was running.
E) Running also increased the overall maximum activity level across cells.

Figure S4. Model ranges matching the experimental data. Related to Figure 4.
A) Response of LVA excitatory and inhibitory population F and J, and V1 population E and I for model
parameters used in Figure 4. B) Dynamics of LVA activity for the same parameters with and without
feedback. C-D) A range of model parameters match experimental suppression indices and relative
responses. The four other connection strength parameters are plotted as a function of the connection
strength from the excitatory population representing the surround to the inhibitory population (𝑤𝐼𝑆𝐸 ). All
parameter combinations on the lines fit the data. Parameter 𝑤𝐴𝐵 indicates the strength of the connection
from population 𝐵 to 𝐴. With increasing surround excitation to the inhibitory population (𝑤𝐼𝑆𝐸 ), the weight
of surround inhibition to excitatory neurons (𝑤𝐸𝑆𝐼 ) needed to match the experimental data decreases
and the surround excitation to excitatory neurons (𝑤𝐸𝑆𝐸 ) increases. E) Model results obtained with a
sigmoid transfer function (inset) can also fit the experimental data. Parameters for this plot were 𝑤𝐸𝑅 =
4.9, 𝑡𝐸 = 10.0, 𝑡𝐼 = 12.5, 𝑤𝐼𝐸 = 1.8, 𝑤𝐸𝐼 = 2.8, 𝑤𝐸𝑆𝐼 = 51, 𝑤𝐸𝑆𝐸 = 2.9. F) Example contrast response
curves for E and I population in model used for Figure 4C-4E with feedback. G) Mean parvalbumin (PV)
+ (red) and PV- (black) contrast response measured with calcium imaging in PV-cre mice. Lines are
Naka-Rushton fits. Normalization was done for each cell individually, and then for the populations at
100% contrast. When contrast increases from 50% to 100%, PV+ neurons increase their response by
21%. PV-negative neurons increase their response by only 5.1% (difference in area under curve, **: p
= 0.005, t-test with 205 non-PV cells and 28 PV cells). Error bars indicate mean and SEM.

