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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 sur-
rounded by a similar stimulus [1–3]. The source of
this surround suppression is partially known. In
mouse, local horizontal integration by somatostatin-
expressing interneuronscontributes tosurroundsup-
pression [4]. In primates, however, surroundsuppres-
sion 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 suppres-
sion [5, 6]. Silencing higher visual areas indeed
decreased surround suppression in the awake pri-
mate by increasing responses to large stimuli [7, 8],
althoughnotunder anesthesia [9, 10]. In smallermam-
mals, 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 sur-
round suppression. To determine whether higher vi-
sual areas contribute to V1 surround suppression,
even when this is not necessary for fast processing,
we inhibited theareas lateral toV1, particularly the lat-
eromedial area (LM), a possible homolog of primate
V2 [13], while recording in V1 of awake and anesthe-
tized mice. We found that part of the surround sup-
pression depends on activity from lateral visual areas
in the awake, but not anesthetized, mouse. Inhibiting
the lateral visual areas specifically increased re-
sponses in V1 to large stimuli. We present a model
C

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 chan-

nelrhodopsin-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 neu-

ral activity in the lateromedial area (LM) close to the injection

site by 74% (n = 66; median reduction in firing rate under anes-

thesia; Wilcoxon signed-rank test; p < 0.001; Figures 1B, S1A,

and S1B), whereas it did not affect eyemovementsmeasured 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), rostro-

lateral (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 be-

tween 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 possi-

bility 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
urrent Biology 29, 1–8, December 16, 2019 ª 2019 Elsevier Ltd. 1

mailto:p.roelfsema@nin.knaw.nl
mailto:m.self@nin.knaw.nl
mailto:heimel@nin.knaw.nl
https://doi.org/10.1016/j.cub.2019.10.037


0

4

Off OnM L

Laminar probe ***A

D

B

GAD-2 Cre mice Fi
rin

g 
r a

te
 (H

z)

b

ChR2-YFP
V1

V1

Allen Mouse Brain Atlas ChR2-YFP expression

0.1

0.3

1

3

10

0.1

0.3

1

3

10

Ev
ok

ed
 R

es
po

ns
e 

(H
z)

*****

*** *** ** *

LVA V1

G Laser on
Laser off

Distance to border (mm)

Mouse 1 Mouse 2

C

E

F

V1V1V1

-2
Distance V1 border (mm)

0

0.2

0.4

0.6

0.8

1

0 2

-2
Distance V1 border (mm)

0

0.2

0.4

0.6

0.8

1

0 2

H

-2

-1

0

1
-2

-1

0

� 
lo

g(
R

es
po

ns
e 

)

Deep
Superficial

LVA V1
Penetration location

Border

* ***

* ** ** *

* **

* ** **0.6 0.90 LVA V1
Distance to border (mm)

0.6 0.90

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 themedian 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-of-

Gaussians (ROG) model, and surround suppression was quanti-

fied 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 signed-

rank 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 signif-

icant 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

averagenormalized 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 stim-

ulus properties that are optimal for all units because tuning prop-

erties typically differ between adjacent neurons in themouse.We

therefore examined whether the effect observed may differ be-

tween 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 reduc-

tion 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
(H) The data from the electrode penetrations in (G) split into the deeper (red) andm

assigning any channel that was deeper/more superficial than the median depth

difference in the log10 firing rate between the laser on and laser off conditions (e.g.

mark significant differences in log10 firing rate for the deep (red) or superficial (gre
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 sug-

gests that activity in LVA generally contributes to surround sup-

pression 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 inves-

tigated 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 suppres-

sion (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 in-

hibited (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 suppres-

sion, we examined the effect of the laser on the different param-

eters 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 in-

hibiting 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 reduc-

tion in excitatory gain of 16.9% (Figure 3B; Wilcoxon signed-

rank 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 corre-

lated across cells (Figure 3D; Pearson’s r = 0.69; p < 0.001)

with themajority 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-express-

ing (SOM) inhibitory neurons were shown to have strong

response to large stimuli and were implicated in mediating sur-

round suppression in running animals [4]. Our experiments, how-

ever, were in awake, stationary animals, when SOM interneurons

show surround suppression and smaller responses to large stim-

uli [14] (Figure S3). In this condition, there is no evidence sug-

gesting 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 con-

ditions (Figure 3E). For the largest sized stimuli, our best estimate
ore superficial (green) recording contacts. The recording contacts were split by

of the contacts to the deep/superficial compartment. The y axis indicates the

, a value of�1 indicates that the laser reduced the firing rate by 90%). Asterisks

en) 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) andmulti-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.
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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 inhibi-

tion from LVA to V1, but this is weak compared to the excitation

[18]. It is perhaps not directly intuitive how there can be larger re-

ductions in inhibitory gain than in excitatory gain when LVAs were

inhibited. A suppressive effect of feedback for large stimuli, how-

ever, could occur if inhibitory neurons respond in a supra-linear



Gi Laser off

G
i L

as
er

 o
n

Laser effect:
n = 57, p < 0.001

Ge Laser off

G
e L

as
er

 o
n

Laser effect:
n = 57, p < 0.001

�Ge (%)

�G
i (

%
)

A B C

N
or

m
al

iz
ed

 S
pi

ke
 R

at
e

Optimal Size Largest Size

Time (s)

Laser off
Laser on

D E

2 9
838

Full model 
Restricted 

Laser off 

Size (degrees)

N
or

m
al

iz
ed

 S
pi

ke
 R

at
e Awake

Laser on 

Laser off

Laser

0 20 40 60 80 100 120
0

0.2

0.4

0.6

0.8

-100 -50 0 50 100
-100

0

100

50

-50

{ {

-0.4 0 0.4

0

0.4

0.8

1.2

-0.4 0 0.4

Latency = 92ms

Time (s)

Laser

1   10  100 
1   

10  

100 

0.1 1   10  100 

0.1 

1   

10  

100 

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.
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fashion to the extra excitation from LVA feedback, although excit-

atory neurons respond sub-linearly. A previous model imple-

mented 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 expla-

nation 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 neu-

rons 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 amore 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 popu-

lations but is caused by inhibition that excitatory neurons receive

from inhibitory neurons within V1, even in the absence of feed-

back. 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 inhibi-

tory population receives from LVA increases their activity dispro-

portionately (Figure 4E). This increased inhibitory activity cancels

the feedback excitation in excitatory neurons. The model predic-

tion that at higher contrasts inhibitory neurons are more respon-

sive 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 ef-

fects [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

feedforward connections. The strengths of connections within V1 (orange lines) can be freely chosen. The model includes local excitation to inhibitory neurons

and local inhibition to excitatory neurons and connections from neurons representing surrounding receptive fields. All other connections (light gray) are set to their

equivalent connection in the V1 center column. Not shown are the connections from the center column to the surround column, which are set identical to the

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 local-

integrating, 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 themodel 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).
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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

awakemouse, 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 iso-

flurane anesthesia, consistent with previous studies done under

anesthesia [9–11]. Indeed, inhalation anesthetics appear to pref-

erentially reduce top-down input mediated by feedback connec-

tions [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 feed-

back 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 acti-

vating it further away from the recording site has a suppressive

effect during full-field stimulation [31]. Pyramidal neurons, par-

valbumin, 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 inter-

neurons 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 awakemouse, activity in higher visual

areas contributes to surround suppression in V1. This is likely to

bemediated 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 ac-

tivity via the visual thalamus, but inhibiting superior colliculus pri-

marily 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 pat-

terns. 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].
STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d LEAD CONTACT AND MATERIALS AVAILABILITY

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

d METHOD DETAILS
B Electrophysiological methods

B Visual stimuli

B Histological mapping

B Data Analysis

B Two-photon calcium imaging

B Analysis of calcium signals

B Eye position analysis during optogenetic inhibition of

the lateral visual areas

B Model

B Model simulation

B Model parameters

d QUANTIFICATION AND STATISTICAL ANALYSIS

d DATA AND CODE AVAILABILITY
SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.

cub.2019.10.037.
ACKNOWLEDGMENTS

We thank Hadi Saiepour, Mehran Ahmadlou, and Emma Ruimschotel for

assistance. We gratefully acknowledge Vivek Jayaraman, Rex Kerr, Douglas

Kim, Loren Looger, and Karel Svoboda from the GENIE Project, Janelia

Farm Research Campus, Howard Hughes Medical Institute for the GCaMP6

vectors and Josh Huang and his colleagues from the NIH Neuroscience Blue-

print Cre Driver Network for the Sst-IRES-Cremice. J.V. was funded by aMarie

Curie IEF grant. J.V., M.X.C., and J.A.H. were funded by NWO VIDI grant

864.10.010. P.R.R. was funded by ERC advanced grant 39490 ‘‘Cortic_al_

gorithms,’’ NWO-ALW grant 823.02.010, the Human Brain Project (grant

agreement no. 720270 - HBP SGA1), and the Erasmus Mundus Neurotime

Program. C.N.L. received funding from the European Union’s Horizon 2020

Research and Innovation Programme under grant agreement no. 720270

(HBP SGA1).

AUTHOR CONTRIBUTIONS

Conceptualization, J.V., P.R.R., M.W.S., and J.A.H.; Methodology, J.V.,

M.W.S., and J.A.H.; Software, M.X.C., M.W.S., and J.A.H.; Investigation,

J.V., E.H.v.B., M.X.C., J.A.M.L., S.M., L.K., J.S.M., P.T., D.C., M.W.S., and

J.A.H.; Resources, C.N.L., P.R.R., and J.A.H.; Writing – Original Draft,

M.W.S. and J.A.H.; Writing – Review & Editing, J.V., E.H.v.B., M.X.C.,

J.A.M.L., C.N.L., P.R.R., M.W.S., and J.A.H.; Supervision, M.W.S. and

J.A.H.; Funding Acquisition, C.N.L., P.R.R., and J.A.H.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: June 21, 2019

Revised: September 27, 2019

Accepted: October 18, 2019

Published: November 27, 2019

REFERENCES

1. Blakemore, C., and Tobin, E.A. (1972). Lateral inhibition between orienta-

tion detectors in the cat’s visual cortex. Exp. Brain Res. 15, 439–440.

2. Knierim, J.J., and van Essen, D.C. (1992). Neuronal responses to static

texture patterns in area V1 of the alert macaque monkey.

J. Neurophysiol. 67, 961–980.

3. Van den Bergh, G., Zhang, B., Arckens, L., and Chino, Y.M. (2010).

Receptive-field properties of V1 and V2 neurons in mice and macaque

monkeys. J. Comp. Neurol. 518, 2051–2070.

4. Adesnik, H., Bruns, W., Taniguchi, H., Huang, Z.J., and Scanziani, M.

(2012). A neural circuit for spatial summation in visual cortex. Nature

490, 226–231.

5. Bair, W., Cavanaugh, J.R., and Movshon, J.A. (2003). Time course and

time-distance relationships for surround suppression in macaque V1 neu-

rons. J. Neurosci. 23, 7690–7701.

6. Angelucci, A., and Bressloff, P.C. (2006). Contribution of feedforward,

lateral and feedback connections to the classical receptive field center

and extra-classical receptive field surround of primate V1 neurons. Prog.

Brain Res. 154, 93–120.

7. Nassi, J.J., Lomber, S.G., and Born, R.T. (2013). Corticocortical feedback

contributes to surround suppression in V1 of the alert primate. J. Neurosci.

33, 8504–8517.

8. Nurminen, L., Merlin, S., Bijanzadeh, M., Federer, F., and Angelucci, A.

(2018). Top-down feedback controls spatial summation and response

amplitude in primate visual cortex. Nat. Commun. 9, 2281.

9. Sandell, J.H., and Schiller, P.H. (1982). Effect of cooling area 18 on striate

cortex cells in the squirrel monkey. J. Neurophysiol. 48, 38–48.

10. Hup�e, J.M., James, A.C., Girard, P., and Bullier, J. (2001). Response mod-

ulations by static texture surround in area V1 of the macaque monkey do
Current Biology 29, 1–8, December 16, 2019 7

https://doi.org/10.1016/j.cub.2019.10.037
https://doi.org/10.1016/j.cub.2019.10.037
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref1
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref1
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref2
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref2
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref2
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref3
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref3
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref3
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref4
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref4
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref4
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref5
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref5
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref5
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref6
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref6
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref6
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref6
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref7
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref7
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref7
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref8
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref8
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref8
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref9
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref9
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref10
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref10
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref10


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
not depend on feedback connections from V2. J. Neurophysiol. 85,

146–163.

11. Pafundo, D.E., Nicholas, M.A., Zhang, R., and Kuhlman, S.J. (2016). Top-

down-mediated facilitation in the visual cortex is gated by subcortical neu-

romodulation. J. Neurosci. 36, 2904–2914.

12. Huh, C.Y.L., Peach, J.P., Bennett, C., Vega, R.M., and Hestrin, S. (2018).

Feature-specific organization of feedback pathways in mouse visual cor-

tex. Curr. Biol. 28, 114–120.e5.

13. Wang, Q., and Burkhalter, A. (2007). Area map of mouse visual cortex.

J. Comp. Neurol. 502, 339–357.

14. Dipoppa, M., Ranson, A., Krumin, M., Pachitariu, M., Carandini, M., and

Harris, K.D. (2018). Vision and locomotion shape the interactions between

neuron types in mouse visual cortex. Neuron 98, 602–615.e8.

15. Johnson, R.R., and Burkhalter, A. (1996). Microcircuitry of forward and

feedback connections within rat visual cortex. J. Comp. Neurol. 368,

383–398.

16. Gonchar, Y., and Burkhalter, A. (2003). Distinct GABAergic targets of feed-

forward and feedback connections between lower and higher areas of rat

visual cortex. J. Neurosci. 23, 10904–10912.

17. Yang, W., Carrasquillo, Y., Hooks, B.M., Nerbonne, J.M., and Burkhalter,

A. (2013). Distinct balance of excitation and inhibition in an interareal feed-

forward and feedback circuit of mouse visual cortex. J. Neurosci. 33,

17373–17384.

18. D’Souza, R.D., Meier, A.M., Bista, P., Wang, Q., and Burkhalter, A. (2016).

Recruitment of inhibition and excitation across mouse visual cortex de-

pends on the hierarchy of interconnecting areas. eLife 5, 19332.

19. Schwabe, L., Obermayer, K., Angelucci, A., and Bressloff, P.C. (2006). The

role of feedback in shaping the extra-classical receptive field of cortical

neurons: a recurrent network model. J. Neurosci. 26, 9117–9129.

20. Wilson, H.R., and Cowan, J.D. (1972). Excitatory and inhibitory interac-

tions in localized populations of model neurons. Biophys. J. 12, 1–24.

21. Mahn, M., Prigge, M., Ron, S., Levy, R., and Yizhar, O. (2016). Biophysical

constraints of optogenetic inhibition at presynaptic terminals. Nat.

Neurosci. 19, 554–556.

22. Ku, S.W., Lee, U., Noh, G.J., Jun, I.G., and Mashour, G.A. (2011).

Preferential inhibition of frontal-to-parietal feedback connectivity is a

neurophysiologic correlate of general anesthesia in surgical patients.

PLoS ONE 6, e25155.

23. Jordan, D., Ilg, R., Riedl, V., Schorer, A., Grimberg, S., Neufang, S.,

Omerovic, A., Berger, S., Untergehrer, G., Preibisch, C., et al. (2013).

Simultaneous electroencephalographic and functional magnetic reso-

nance imaging indicate impaired cortical top-down processing in associ-

ation with anesthetic-induced unconsciousness. Anesthesiology 119,

1031–1042.

24. Imas, O.A., Ropella, K.M., Wood, J.D., and Hudetz, A.G. (2006). Isoflurane

disrupts anterio-posterior phase synchronization of flash-induced field po-

tentials in the rat. Neurosci. Lett. 402, 216–221.

25. Raz, A., Grady, S.M., Krause, B.M., Uhlrich, D.J., Manning, K.A., and

Banks, M.I. (2014). Preferential effect of isoflurane on top-down vs. bot-

tom-up pathways in sensory cortex. Front. Syst. Neurosci. 8, 191.

26. Makino, H., and Komiyama, T. (2015). Learning enhances the relative

impact of top-down processing in the visual cortex. Nat. Neurosci. 18,

1116–1122.

27. Marques, T., Nguyen, J., Fioreze, G., and Petreanu, L. (2018). The func-

tional organization of cortical feedback inputs to primary visual cortex.

Nat. Neurosci. 21, 757–764.

28. Lamme, V.A.F., Zipser, K., and Spekreijse, H. (1998). Figure-ground activ-

ity in primary visual cortex is suppressed by anesthesia. Proc. Natl. Acad.

Sci. USA 95, 3263–3268.
8 Current Biology 29, 1–8, December 16, 2019
29. Vaiceliunaite, A., Erisken, S., Franzen, F., Katzner, S., and Busse, L. (2013).

Spatial integration in mouse primary visual cortex. J. Neurophysiol. 110,

964–972.

30. Self, M.W., Lorteije, J.A., Vangeneugden, J., van Beest, E.H., Grigore,

M.E., Levelt, C.N., Heimel, J.A., and Roelfsema, P.R. (2014). Orientation-

tuned surround suppression in mouse visual cortex. J. Neurosci. 34,

9290–9304.

31. Zhang, S., Xu, M., Kamigaki, T., Hoang Do, J.P., Chang, W.C., Jenvay, S.,

Miyamichi, K., Luo, L., and Dan, Y. (2014). Selective attention. Long-range

and local circuits for top-down modulation of visual cortex processing.

Science 345, 660–665.

32. Fu, Y., Tucciarone, J.M., Espinosa, J.S., Sheng, N., Darcy, D.P., Nicoll,

R.A., Huang, Z.J., and Stryker, M.P. (2014). A cortical circuit for gain con-

trol by behavioral state. Cell 156, 1139–1152.

33. Roth, M.M., Dahmen, J.C., Muir, D.R., Imhof, F., Martini, F.J., and Hofer,

S.B. (2016). Thalamic nuclei convey diverse contextual information to layer

1 of visual cortex. Nat. Neurosci. 19, 299–307.

34. Ahmadlou, M., Zweifel, L.S., and Heimel, J.A. (2018). Functional modula-

tion of primary visual cortex by the superior colliculus in the mouse. Nat.

Commun. 9, 3895.

35. Wang, Q., Sporns, O., and Burkhalter, A. (2012). Network analysis of cor-

ticocortical connections reveals ventral and dorsal processing streams in

mouse visual cortex. J. Neurosci. 32, 4386–4399.

36. Self, M.W., Peters, J.C., Possel, J.K., Reithler, J., Goebel, R., Ris, P.,

Jeurissen, D., Reddy, L., Claus, S., Baayen, J.C., and Roelfsema, P.R.

(2016). The effects of context and attention on spiking activity in human

early visual cortex. PLoS Biol. 14, e1002420.

37. Quiroga, R.Q., Nadasdy, Z., and Ben-Shaul, Y. (2004). Unsupervised spike

detection and sorting with wavelets and superparamagnetic clustering.

Neural Comput. 16, 1661–1687.

38. Pnevmatikakis, E.A., Soudry, D., Gao, Y., Machado, T.A., Merel, J., Pfau,

D., Reardon, T., Mu, Y., Lacefield, C., Yang,W., et al. (2016). Simultaneous

denoising, deconvolution, and demixing of calcium imaging data. Neuron

89, 285–299.

39. Taniguchi, H., He,M.,Wu, P., Kim, S., Paik, R., Sugino, K., Kvitsiani, D., Fu,

Y., Lu, J., Lin, Y., et al. (2011). A resource of Cre driver lines for genetic tar-

geting of GABAergic neurons in cerebral cortex. Neuron 71, 995–1013.

40. Sceniak, M.P., Hawken, M.J., and Shapley, R. (2001). Visual spatial char-

acterization of macaque V1 neurons. J. Neurophysiol. 85, 1873–1887.

41. Chen, T.W., Wardill, T.J., Sun, Y., Pulver, S.R., Renninger, S.L., Baohan,

A., Schreiter, E.R., Kerr, R.A., Orger, M.B., Jayaraman, V., et al. (2013).

Ultrasensitive fluorescent proteins for imaging neuronal activity. Nature

499, 295–300.

42. Hippenmeyer, S., Vrieseling, E., Sigrist, M., Portmann, T., Laengle, C.,

Ladle, D.R., and Arber, S. (2005). A developmental switch in the response

of DRG neurons to ETS transcription factor signaling. PLoS Biol. 3, e159.

43. Madisen, L., Zwingman, T.A., Sunkin, S.M., Oh, S.W., Zariwala, H.A., Gu,

H., Ng, L.L., Palmiter, R.D., Hawrylycz, M.J., Jones, A.R., et al. (2010). A

robust and high-throughput Cre reporting and characterization system

for the whole mouse brain. Nat. Neurosci. 13, 133–140.

44. Montijn, J.S., Goltstein, P.M., and Pennartz, C.M. (2015). Mouse V1 pop-

ulation correlates of visual detection rely on heterogeneity within neuronal

response patterns. eLife 4, e10163.

45. Ahmadlou, M., Tafreshiha, A., and Heimel, J.A. (2017). Visual cortex limits

pop-out in the superior colliculus of awake mice. Cereb. Cortex 27, 5772–

5783.

46. Ermentrout, B. (1988). Neural networks as spatio-temporal pattern-form-

ing systems. Rep. Prog. Phys. 61, 353–430.

http://refhub.elsevier.com/S0960-9822(19)31377-6/sref10
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref10
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref11
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref11
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref11
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref12
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref12
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref12
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref13
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref13
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref14
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref14
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref14
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref15
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref15
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref15
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref16
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref16
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref16
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref17
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref17
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref17
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref17
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref18
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref18
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref18
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref19
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref19
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref19
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref20
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref20
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref21
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref21
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref21
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref22
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref22
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref22
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref22
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref23
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref23
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref23
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref23
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref23
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref23
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref24
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref24
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref24
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref25
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref25
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref25
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref26
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref26
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref26
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref27
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref27
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref27
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref28
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref28
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref28
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref29
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref29
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref29
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref30
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref30
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref30
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref30
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref31
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref31
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref31
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref31
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref32
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref32
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref32
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref33
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref33
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref33
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref34
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref34
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref34
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref35
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref35
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref35
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref36
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref36
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref36
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref36
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref37
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref37
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref37
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref38
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref38
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref38
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref38
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref39
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref39
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref39
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref40
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref40
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref41
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref41
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref41
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref41
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref42
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref42
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref42
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref43
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref43
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref43
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref43
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref44
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref44
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref44
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref45
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref45
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref45
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref46
http://refhub.elsevier.com/S0960-9822(19)31377-6/sref46


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
STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and Virus Strains

AAV2/9.EF1a.DIO.hChR2(H134R)-

YFP.WPRE.hGh

University of Pennsylvania Gene

Therapy Program Vector Core

Addgene 20298

AAV9-CAG.DIO.GCaMP6f.WPRE University of Pennsylvania Gene

Therapy Program Vector Core

Addgene 100835-AAV9

AAV1-CaMKII-stGtACR2-FusionREd Addgene Addgene 105669-AAV1,

RRID:Addgene_105669

Chemicals, Peptides, and Recombinant Proteins

DiI Sigma-Aldrich Cat#468495; CAS: 41085-99-8

Optibond FL Primer Kerr N/A

Oregon Green 488 BAPTA-1 AM ThermoFisher Scientific Cat#O6807

Silicon oil (~10 mPa.s viscosity) DC200 Sigma-Aldrich Cat# 85411

Terramycin ophthalmic ointment Zoetis N/A

Tetric Evoflow dental cement Ivoclar vivadent N/A

Vectashield Mounting Medium Vector Laboratories Cat# H-1000; RRID:AB_2336789

Vectashield Mounting Medium with DAPI Vector Laboratories Cat# H-1200; RRID:AB_2336790

Deposited Data

Allen Mouse Brain Atlas Allen Institute http://api.brain-map.org/api/v2/

structure_graph_download/1.json

Experimental Models: Organisms/Strains

Mouse: Gad2tm2(cre)Zjh/J The Jackson Laboratory Stock #010802

Mouse: Ssttm2.1(cre)Zjh/J The Jackson Laboratory Stock #13044

Mouse: B6;129P2-Pvalbtm1(cre)Arbr/J The Jackson Laboratory Stock #008069

Mouse: Ai9: B6.Cg-Gt(ROSA)

26Sortm9(CAG-tdTomato)Hze/J

The Jackson Laboratory Stock #007909

Software and Algorithms

MATLAB The MathWorks http://www.mathworks.com

Wave_Clus [37] https://github.com/csn-le/wave_clus;

RRID:SCR_016101

Cogent 2000 Wellcome Department of Imaging

Neuroscience, UCL

http://www.vislab.ucl.ac.uk/cogent_2000.php;

RRID:SCR_015672

Tool for aligning slices to Allen Mouse Atlas This paper https://github.com/heimel/InVivoTools

CaImAn calcium imaging analysis tools [38] https://github.com/flatironinstitute/CaImAn

Model simulation MATLAB code This paper http://github.com/heimel/

vangeneugden_et_al_2018

Other

Silicon electrodes A1x16-10mm-100-413 Neuronexus N/A
LEAD CONTACT AND MATERIALS AVAILABILITY

This study did not generate new unique reagents. Further information and requests for resources and reagents should be directed to

and will be fulfilled by the Lead Contact, J. Alexander Heimel (heimel@nin.knaw.nl).

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).

Micewere SPF housed in a 12 h/12 h dark/light cycle with access to food andwater 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 trans-

verse 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 mag-

net and screws, the scalp was retracted under isoflurane anesthesia after topical lidocaine application.We placed themouse 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 oncewewere sure that themousewas 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 in-

serted the electrode twicemore at the original recording location in V1 tomark the track to be detected after slicing. For several mice,

the electrode was dyed with DiI to visualize the track. In twomice wemade 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, 100mg/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 theWellcomeDepartment 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, con-

tacts 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:

RðqÞ = C+Rp$e

�
�

angoriðq�qprefÞ2
2s2

�
;
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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 cho-

sen 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 re-

anesthetized 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 transfec-

tion 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 cross-

ings 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

functionwas 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]:

RðxÞ =
�

Ge

�
fWe

ðxÞ � fWe
ð�xÞ�

1+Gi

�
fWi

ðxÞ � fWi
ð�xÞ�

�2

(1)

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, andF is the cumulative normal distribution with a standard deviationW,whichwas 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).
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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 gainsmodel: blocking LVA is assumed to affect thewidths of the inhibitory and excitatory fieldswithout 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)

whereRfitmaxwas the estimated evoked firing rate to the grating size that gave themaximal 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. Size-

tuning 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 lin-

early 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 200Hz. TheMUAe signal was down-sampled to 763Hz 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., 26.2ms) slidingwindow.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 up-

permost contacts, and took the maximum value over the entire trial as our statistic, Zs, which was high during trials on which move-

ment 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
e4 Current Biology 29, 1–8.e1–e7, December 16, 2019



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
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 immobi-

lization 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. Wemade 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 16Xwater 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 non-

descanned 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 recep-

tive-fieldmapping stimulus consisting of 4white 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 theDF/F signal for each of themwith the CaImAn pipeline for non-negativematrix 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 recep-

tive-field of each ROI by fitting the average response to each luminance check, R(x,y), with a 2D circular Gaussianwith 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:

Rðx; yÞ = A:e
�
�
ðx�rfxÞ2

2s2
+
ðy�rfyÞ2

2s2

�

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)GP5.17Dkimmice, aged between two and six months. We implanted themice with a head-fixation bar under iso-

flurane 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 customwritten software. We removed trials during which the pupil was not tracked or lost due to e.g., groom-

ing (this removed approximately 8%of trials). The eye-position showed a typical pattern for mice in which the eye wasmost often at a

resting position, but the mice occasionally made rapid eye-movements away from this position. To determine whether the eye-po-

sition 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 themaximumEuclidean distance and compared trials with andwithout 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 laser-

on 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
dt

= � rP +gPfðiP � tPÞ

where P is an index representing the population (E,I,F,J) and rP is the population firing rate, tP 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:

fðxÞ =
�
0; for x < 0
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 inhi-

bition, 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 = wERrR �wEIrI +wEFrF +wESErSE �wESIrSI
iI = wIRrR +wIErE +wIFrF +wISErSE

The connections strengths are all denoted by wAB where A indicates the receiving population and B the sending population. The in-

puts to the populations in LVA are modeled assuming only feedforward excitation from the V1 E population and local interactions:

iF = wFErE �wFJrJ
iJ = wJErE +wJFrF

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 excit-

atory 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 customMATLAB 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 55mswas estimated from the cutoff of a linear fit to the experimentally
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measured spike onset. The stimulus onset width 100ms was an arbitrary choice whichmakes 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 5ms 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 feed-

forward 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 pro-

ducing 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- andmulti-unit data or treating them separately, as specified in the

Results, except for Figure 2Cwhere statistics acrossmice 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 usedWilcoxon 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, andwas 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 themodel simulation is available at https://github.com/heimel/vangeneugden_et_al_2018. The code formatching 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 (y-

axis) 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. 


	CURBIO15927_annotate.pdf
	Activity in Lateral Visual Areas Contributes to Surround Suppression in Awake Mouse V1
	Results
	Optogenetic Inhibition of Activity in Lateral Visual Areas
	Inactivating LVA Increased V1 Response to Large Stimuli
	Inactivating LVA Reduced Inhibitory Gain in V1
	Model for the Suppressive Effect of Feedback

	Discussion
	Supplemental Information
	Acknowledgments
	Author Contributions
	Declaration of Interests
	References
	STAR★Methods
	Key Resources Table
	Lead Contact and Materials Availability
	Experimental Model and Subject Details
	Method Details
	Electrophysiological methods
	Visual stimuli
	Histological mapping
	Data Analysis
	Two-photon calcium imaging
	Analysis of calcium signals
	Eye position analysis during optogenetic inhibition of the lateral visual areas
	Model
	Model simulation
	Model parameters

	Quantification and Statistical Analysis
	Data and Code Availability




