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A neural circuit for spatial summation in
visual cortex
Hillel Adesnik1{, William Bruns1, Hiroki Taniguchi2, Z. Josh Huang2 & Massimo Scanziani1

The response of cortical neurons to a sensory stimulus is modulated by the context. In the visual cortex, for example,
stimulation of a pyramidal cell’s receptive-field surround can attenuate the cell’s response to a stimulus in the centre of
its receptive field, a phenomenon called surround suppression. Whether cortical circuits contribute to surround
suppression or whether the phenomenon is entirely relayed from earlier stages of visual processing is debated. Here
we show that, in contrast to pyramidal cells, the response of somatostatin-expressing inhibitory neurons (SOMs) in the
superficial layers of the mouse visual cortex increases with stimulation of the receptive-field surround. This difference
results from the preferential excitation of SOMs by horizontal cortical axons. By perturbing the activity of SOMs, we
show that these neurons contribute to pyramidal cells’ surround suppression. These results establish a cortical circuit for
surround suppression and attribute a particular function to a genetically defined type of inhibitory neuron.

Visual stimuli located outside of the classical receptive field of a neuron in visual cortex are unable to elicit spiking, but they may modulate
the neuron’s response to stimuli located in its receptive field1–3.
Surround suppression, a basic operation in visual processing, is a
classical example of this type of modulation4–9 and can be easily
observed when monitoring the firing of a neuron to a stimulus of
increasing size centred on its receptive field (that is, the size tuning
of the neuron): the neuron’s initial increase in firing is followed by a
decrease in firing as the stimulus becomes progressively larger. This
form of suppression has been suggested to contribute to a number of
perceptual effects like pop-out, curvature detection and orientation
discrimination8,10–12. Importantly surround suppression is not only
observed in the cortex but is already present at earlier stages along
the visual hierarchy, namely in the retina13–15 and the thalamus14,16–18.
Thus, although it is likely that at least part of the suppressive surround
observed in the cortex is relayed from earlier stages of visual processing19, some experimental observations and theoretical models suggest
that the cortex is itself capable of contributing to surround suppression20–22. Here we reveal the identity and describe the mechanism of a
cortical circuit that directly contributes to surround suppression in the
superficial layers of the primary visual cortex.

Neuron-type-specific spatial summation
We determined the tuning to the size of a visual stimulus for neurons in
the superficial layers of the primary visual cortex (V1; depth ,100–
350 mm, corresponding approximately to layers 2 and 3 (layer 2/3)) of
mice. Experiments were performed in awake, running animals, as size
tuning was affected by anaesthesia (Supplementary Fig. 1). Mice were
head fixed but otherwise unrestrained and free to run on a passive
circular treadmill. To reduce variability due to differences in behavioural
state, all data presented here were recorded during running events (see
Supplementary Methods).Visual stimuli were composed of circular
patches of drifting gratings at maximal contrast, presented in 6 or 7
different sizes (from 8 to 97 degrees in diameter, Fig. 1a). The size-tuning
curve of isolated units23 (n 5 53; Supplementary Fig. 2), that is, the neuronal firing rate as a function of stimulus size, peaked at 22 6 2 degrees

(preferred size; 6 s.e.m.) and progressively decreased with larger stimuli
(Fig. 1a, d), revealing marked surround suppression24. The mean firing
rates (6 s.e.m.) were 0.47 6 0.11 Hz (at the baseline (FRBL));
3.0 6 1.0 Hz in response to the smallest stimulus (FRSS); 3.1 6 0.3 Hz
in response to the preferred stimulus (FRPS); and 1.0 6 0.2 Hz in response to the largest stimulus (FRLS). The stimulus modulation index
(SMI, computed as (FRPS 2 FRBL)/FRPS) was 0.87 6 0.03. The suppression index, that is, the difference between the peak response and the
response to the largest stimulus, divided by the baseline subtracted peak
response ((FRPS 2 FRLS)/(FRPS 2 FRBL); Fig. 1a) averaged 0.9 6 0.1
(n 5 53; the suppression index was statistically significant in 33 out of
53 units (permutation test); Fig. 1d), indicating substantial suppression
in response to large stimuli. Infrequent eye movements occurring during
running had little effect on the size-tuning curve (Supplementary Fig. 3).
If cortical circuits contribute to surround suppression they may
involve the suppressive action of cortical inhibitory neurons. An
inhibitory neuron lacking surround suppression and whose response
increases with stimulus size would be a good candidate. In cat visual
cortex, for example, fast spiking inhibitory neurons respond with
higher firing rates to large stimuli than to small visual stimuli22. We
carried out targeted loose-patch recordings from inhibitory neurons
in layer 2/3 of V1 in awake, running mice, using two-photon laser
scanning microscopy25 (Fig. 1b, c). Parvalbumin-expressing neurons
(PVs)26, a large class of cortical inhibitory neurons, were visualized in
layer 2/3 by crossing a PV–Cre mouse line with a tdTomato-reporter
line. The size-tuning curve of PVs peaked at 57 6 8 degrees (n 5 11)
and showed marked surround suppression with larger stimuli (suppression index, 0.46 6 0.12, n 5 11; suppression index statistically
significant in 6 out of 11 cells, permutation test (Fig. 1b, e); FRBL,
9 6 2 Hz; FRSS, 27 6 7 Hz; FRPS, 45 6 11 Hz; FRLS, 26 6 8 Hz; SMI,
0.74 6 0.07; recorded PVs showed their characteristic ‘thin’ spike
shapes (Supplementary Fig. 2), confirming the accuracy of our targeting strategy23,27). In contrast to PVs, SOMs, another large class of
cortical inhibitory neurons26 (visualized by crossing a SOM–Cre line with
a tdTomato-reporter line28), completely lacked surround suppression
(suppression index, 0.09 6 0.06; n 5 8; suppression index statistically
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Figure 1 | Differences in spatial summation between three types of neurons
in the visual cortex. a, Top, schematic of the experimental setup. Centre,
response of example unit to visual stimuli of three different sizes (a raster plot
and a peristimulus time histogram (PSTH) are shown). Shaded area behind the
raster plot represents the period of stimulus presentation. Bottom, average sizetuning curve of 53 peak-aligned and normalized single units (6 animals, 11
recording sessions). Grey triangles with dashed lines, baseline firing rate. Inset,
average of the normalized but not peak-aligned 53 size-tuning curves.
SI, suppression index; SMI, stimulus modulation index. b, Top left, schematic
of the experimental setup. Top right, tdTomato-expressing PV (red) with

attached Alexafluor-488-filled recording pipette (green). Center, response of
PV to visual stimuli of three different sizes (a raster plot and a PSTH are
shown). Bottom, average size-tuning curve (n 5 11 peak-aligned and
normalized size-tuning curves; 3 animals). Inset, average of the normalized but
not peak-aligned 11 size-tuning curves. Obj., microscope objective. c, As in
b but for SOMs (n 5 7; 4 animals). d–f, Distribution of SIs (left panels) and of
preferred stimulus sizes (right panels) for single units (d), PVs (e) and SOMs
(f). The SOM and PV data are superimposed onto the single-unit data (grey,
from e) for comparisons. All error bars are s.e.m.

significant in 0 out of 8 cells; permutation test; significantly different
from PVs; P , 0.03, rank sum test; Fig. 1f). The size-tuning curve of
these neurons showed a monotonic increase or saturation in firing rate
with stimulus size (Fig. 1c, f). Although the smallest stimuli were
relatively inefficient in driving SOMs (FRBL, 7 6 2 Hz; FRSS,
5 6 2 Hz), they robustly responded to large stimuli (FRPS, 26 6 2 Hz;
preferred size, 86 6 3 degrees, different from PV, P , 0.015, rank sum
test; SMI, 0.75 6 0.05). These data demonstrate that in V1, spatial
summation can be very different between genetically distinct types
of neurons. Furthermore, these data suggest that SOMs are potential
candidates in the generation of cortical surround suppression.

recorded pyramidal cells (Fig. 2a); in contrast, excitatory charges
generated in PVs were 250 6 39% (n 5 8) of those generated in simultaneously recorded pyramidal cells (Fig. 2b). These results were
corroborated through ChR2-assisted circuit mapping30 (Supplementary Fig. 5). Thus, ascending layer 4 axons provide little excitation to
SOMs. Notably, photostimulation of layer 2/3 pyramidal cells (2 s light
ramp duration) that selectively expressed ChR2 (see methods31) produced substantial excitation of layer 2/3 SOMs (Fig. 2d): the excitation
that SOMs received was in fact significantly larger than that received by
simultaneously recorded pyramidal cells (241 6 85%, n 5 7, P , 0.05;
Fig. 2e; we selectively recorded from pyramidal cells that did not
express ChR2 in order to avoid contamination with photocurrents31).
Furthermore, although photostimulation of horizontal layer 2/3 projections was accompanied by strong disynaptic inhibition in pyramidal
cells, very little inhibition was recorded in SOMs (Fig. 2e; the ratio of
excitation to the sum of excitation and inhibition (E/(E 1 I)) was
0.11 6 0.01 (n 5 10) in pyramidal cells versus 0.59 6 0.06 (n 5 11)
in SOMs; P , 0.05, Fig. 2f). These results show that although layer
2/3 pyramidal cells and PVs receive substantial excitatory drive from
ascending layer 4 axons, the main excitation to layer 2/3 SOMs are
horizontal axons of layer 2/3.

Excitation of SOMs by horizontal axons
In response to the observations above, we examined two fundamental
issues: first, what cortical circuits enable SOMs, in contrast to other
cortical neurons, to be facilitated rather than suppressed by large
stimuli; and second, whether SOMs contribute to size tuning in V1.
The two predominant excitatory inputs to layer 2/3 are vertically
ascending axons from layer 4 and horizontally projecting axons from
layer 2/3. To examine whether SOMs are equally excited by these two
inputs, we recorded from layer 2/3 pyramidal cells, SOMs and PVs in
coronal slices of V1 and selectively photo-activated (light ramp of 2 s
duration; 480 nm light) layer 4 excitatory cells that conditionally
expressed channelrhodopsin 2 (ChR2; Supplementary Fig. 4)29.
Layer 4 photostimulation generated excitatory charges in SOMs that
were only 17 6 5% (6 s.e.m.; n 5 8) of those in simultaneously

Size-dependent excitation of SOMs
To ascertain whether these horizontal axons are indeed responsible
for the size-dependent recruitment of SOMs, we took advantage of the
retinotopic organization of V1 (ref. 32); we reasoned that because
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Figure 2 | SOMs are selectively excited by horizontal cortical projections.
a, Left, schematic of the experimental setup. ChR2 is expressed selectively in
layer 4 (L4) excitatory neurons. Recording electrodes in layer 2/3 (L2/3) target a
SOM and a pyramidal cell (PC). Right, excitatory currents simultaneously
recorded in a SOM and a PC in response to photostimulation of layer 4 with a
ramp of blue light (horizontal blue line). EPSC, excitatory postsynaptic current.
b, Left, schematic of the experimental setup. As in a but whole-cell recording
electrodes in layer 2/3 target a PV and a PC. Right, excitatory currents
simultaneously recorded in a PV and a PC in response to photostimulation of
layer 4 as in a. c, Summary statistics of the excitatory charge (as a fraction of that

simultaneously recorded in the PC) recorded in SOMs (n 5 8) and PVs (n 5 8);
P , 0.05. d, Left, schematic of the experimental setup. As in a except ChR2 is
expressed selectively in PCs of layer 2/3. Right, excitatory currents (red, top
traces) and inhibitory currents (bottom, blue traces) simultaneously recorded
in a SOM and a PC in response to photostimulation of layer 2/3 with a ramp of
blue light. IPSC, inhibitory postsynaptic current. e, Left, summary statistics of
excitatory charge (as a fraction of that simultaneously recorded in the PC)
recorded in SOMs compared to that recorded in layer 2/3 PCs (n 5 7, P , 0.05).
Right, ratio of excitation to inhibition (expressed as E/E 1 I) recorded in SOMs
and PCs (n 5 10, P , 0.05). All error bars are s.e.m.

progressively larger visual stimuli presented in vivo will result in a
progressively larger visually activated area in V1, we could approximate
this expansion of activity by directly photostimulating progressively
larger areas of V1. We carried out loose-patch recordings from SOMs
in coronal slices of V1 expressing ChR2 in layer 2/3 pyramidal cells
(Fig. 3a). The firing rate of SOMs increased as a function of the size of
the light spot (180 to 900 mm), similar to their increase in firing rate
in vivo with increasing visual stimulus size (Fig. 3a, b). Consistent with
the increase in firing rate, the synaptic excitation received by SOMs
increased with increasing light spot size (Fig. 3a, b). If SOM dendrites
were to span areas similar to the largest light-spot diameter, the progressive increase in firing rate with spot size might simply result from the
direct photostimulation of synapses on the dendritic arborization of the
recorded SOM. However, this was not the case because even the smallest
light spot used (180 mm diameter), generating only approximately 25%
of the maximal firing rate, covered more than 95% of the entire SOM
dendritic arborization (Fig. 3b, see Supplementary Methods). Thus, the
increase in SOM firing rate with spot size results from the recruitment of
progressively more distant L2/3 pyramidal cells (Fig. 3b, see methods).
Furthermore, cutting horizontal axons with two vertical cuts through
layer 2/3 on each side of the recorded SOMs (320 6 25 mm (6 s.e.m.)
between cuts, centred on the cell, n 5 10; note that the distance between
the cuts is larger than the horizontal dendritic extent of SOMs) prevented
the increase in firing rate with stimuli larger than the distance between
the two cuts (Supplementary Fig. 6). Thus, by using horizontal layer 2/3
projections as their main excitatory drive, SOMs are recruited as a function of the activated V1 area; that is, they sum activity in visual space.
Is the size-dependent recruitment of SOMs a mechanism that could
contribute to the suppression of pyramidal-cell firing to large stimuli?
We recorded from pyramidal cells in coronal slices of V1 conditionally expressing ChR2 in layer 2/3 (again, we selectively recorded
from pyramidal cells that did not express ChR2). The firing rate of
pyramidal cells was set to approximately 10 Hz by direct-current
injection (Fig. 3c). A small light spot centred around the recorded

pyramidal cell reduced the firing rate, and this suppression became
progressively more pronounced as a larger area of layer 2/3 was activated by increasing the size of the light spot (Fig. 3c). Consistent with
the progressive suppression in firing rate, the inhibition received by
pyramidal cells increased with increasing light-spot size (Fig. 3c,d).
Finally, to establish that the inhibition generated in pyramidal cells
after photo-activation of layer 2/3 (ref. 31) was due to the recruitment
of SOMs33 and not any other interneuron type, we optogenetically
silenced SOMs (see Methods) while monitoring the inhibition in
pyramidal cells during photoactivation of layer 2/3 (Fig. 3e).
Photostimulation of layer 2/3 to activate pyramidal cells generated
strong firing in SOMs and large inhibitory currents in simultaneously
recorded pyramidal cells, consistent with the results reported above
(Fig. 3e). Notably, concomitant optogenetic silencing of SOMs (100%
reduction of firing; n 5 6) strongly reduced the inhibitory currents in
pyramidal cells (80 6 4% reduction (6 s.e.m.); n 5 8, P , 0.05, Fig. 3e, f).
Thus, the stimulus-size-dependent recruitment of SOMs generates
strong inhibition in layer 2/3 pyramidal cells and efficiently suppresses
their firing rate (Fig. 3g).

SOMs contribute to surround suppression
These data provide a plausible mechanism by which SOMs could
contribute to surround suppression of layer 2/3 pyramidal cells
in vivo. Furthermore, under anaesthesia, a situation in which surround
suppression is compromised (see above and Supplementary Fig. 1), the
firing rate of SOMs was reduced tenfold (from 26 6 2 Hz, n 5 8 to
2.7 6 0.4 Hz, n 5 10), much more than that of single units or PVs
(Supplementary Fig. 1). This is consistent with a possible contribution
of SOMs to surround suppression. To test directly for the involvement
of SOMs in surround suppression, we conditionally expressed the
light-sensitive hyperpolarizing opsin archaerhodopsin (Arch)34 in V1
using viral injection of a flexed Arch vector35into SOM-Cre mice
(71 6 2% of cells infected (6 s.e.m.), n 5 4 animals; Fig. 4b and
Methods). Illumination of the cortical surface efficiently reduced the
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Figure 3 | Suppression of pyramidal cells by SOMs as a function of the
activated layer 2/3 area. a, Left, schematic of the experimental setup. ChR2 is
expressed in a fraction of PCs in layer 2/3. Inset, anatomical reconstruction of a
biocytin-filled layer 2/3 SOM (dendrites, orange; axon, grey; top dotted line,
border with layer 1; bottom dotted line, border with layer 4). Right, action
potentials (black traces, top) recorded in the cell-attached mode in a SOM in
response to light-spot sizes of increasing diameter. Bottom, excitatory currents
(red traces) recorded subsequently in the whole-cell voltage-clamp
configuration in the same SOM neuron in response to the same photo-stimuli.
EPSC, excitatory postsynaptic current. b, Summary graph for the spiking
(black; n 5 14) and excitatory charge (red; n 5 6) of SOMs in response to light
spots of five different diameters. Orange, summary statistics of the cumulative
fraction of SOM dendritic arbor length within a sampled horizontal interval
centred on the SOM cell body (n 5 6). Inset, dendrites of the SOM illustrated in
a but scaled to x axis. c, Left, schematic of the experimental setup. As in a but
recording from PC. Right, spiking of PC recorded in current-clamp mode
(black traces) in response to depolarizing current steps while layer 2/3 is photo-

stimulated with increasingly large blue light spots (top), and inhibitory currents
recorded in a PC to the same light stimuli (bottom). IPSC, inhibitory
postsynaptic current. d, Summary graph of the suppression of firing of PCs
(black, n 5 7) and intracellularly recorded inhibitory charge (blue, n 5 6) to
light spots of five different diameters. Photo-hyperpolarizing SOMs (blue
arrow; see e) reduce inhibitory charge in PCs. e, Schematic of the experimental
setup. ChR2 is expressed in a fraction of layer 2/3 PCs and halorhodopsin (halo)
is conditionally expressed in SOMs. Recording electrodes target a SOM and a
PC. Full-field blue light activates layer 2/3 PCs, whereas red light suppress
SOMs. Traces, spikes (black traces, top) recorded in the cell-attached mode in a
SOM and inhibitory currents (blue traces, bottom) simultaneously recorded in
a voltage-clamped PC in response to blue light photo-stimulation (blue bar) of
layer 2/3. Simultaneous illumination with red light (red bar, right panel) to
photo-hyperpolarize SOMs abolishes SOM firing and reduces inhibitory
currents in the PC (see also blue arrow in d). f, Summary graph for
halorhodopsin-mediated reduction of SOM firing (n 5 6) and concomitant
reduction in inhibitory charge in layer 2/3 PCs (n 5 8).

visually evoked activity of Arch-expressing layer 2/3 SOMs (80 6 1%
suppression, n 5 4, P , 0.05; Supplementary Fig. 7). To determine the
impact of SOMs on size tuning in layer 2/3, we performed extracellular
recordings as described above and alternated control trials (visual
stimulus only) with trials in which SOMs were photo-hyperpolarized
(Fig. 4). Photo-hyperpolarization of SOMs significantly reduced surround suppression of layer 2/3 neurons by 30 6 10% (6 s.e.m.; n 5 28,
P , 0.00022, paired signed rank test, Fig. 4c–e; photo-hyperpolarization of SOMs had no significant effect on baseline firing rates,
29 6 17% (6 s.e.m.), n 5 13, P . 0.18). Nearly all units (25 out of
28) showed a decrease in the suppression index (Fig. 4e), and in 10
out of 25 units the decrease was individually significant (P , 0.05
permutation test). The reduction of the suppression index was a result
of SOM photo-hyperpolarization facilitating the response to large
visual stimuli more than to small visual stimuli: the response ratio
(the ratio of the firing rate in the illumination condition divided by
firing rate in the control condition) increased with the size of the
stimulus (Fig. 4f). Although the response to stimuli smaller or equal

to the preferred size was not facilitated (27 6 7% (6 s.e.m.), P . 0.45,
paired signed rank test, n 5 28; FRPS, CTRL 5 4.9 6 1.5 Hz, FRPS, LED
5 4.6 6 1.9 Hz, P . 0.63, paired signed rank test), the response to the
stimuli larger than the preferred size was facilitated by 74 6 19%
(P , 0.0011, paired signed rank test, n 5 28; Fig. 4f). This lack of facilitation of responses to smaller visual stimuli was not due to saturation
(that is, a ceiling effect). In fact, firing rates to stimuli smaller or equal
to the preferred one were consistently facilitated less than similar firing
rates elicited by stimuli larger than the preferred one (Supplementary
Fig. 8). The stronger impact of SOM photo-hyperpolarization on cortical responses to large stimuli is thus consistent with the preferential
activation of SOMs by large stimuli (Fig. 1c). Hence, by inhibiting layer
2/3 neurons as a function of stimulus size, SOMs generate an inhibitory
surround (Fig. 4g).

Discussion
This study describes a cortical circuit that significantly contributes to
surround suppression of layer 2/3 cells, and identifies a specific type of
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against stimulus size relative to peak. Same units as d. Inset, the same ratio
without subtracting the baseline firing rate. g, Schematic illustration of the cortical
circuit in layer 2/3 contributing to surround suppression. As a visual stimulus
expands (larger stimuli are shown in lighter grey), recruitment of adjacent PCs
increases SOM excitation through horizontal axons (horizontal arrows). Error
bars on response ratios (c (inset), f) are estimates of s.e.m. (see Supplementary
Methods for details).

+
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inhibitory neuron, the SOM, as a key mediator of this phenomenon.
This circuit is therefore likely to be involved in the contextual modulation of cortical responses to visual stimuli. The differential recruitment of pyramidal cells in superficial layers by ascending inputs
and of SOMs by horizontal inputs underscores the fact that distinct
neuron types are differentially integrated in the excitatory cortical
circuit. These differences lead to different tuning properties, as highlighted here by the distinct size-tuning curves. Thus, although small
stimuli efficiently drive layer 2/3 pyramidal cells through the activation
of ascending vertical inputs, by summing activity in space via horizontal inputs, SOMs are preferentially driven by larger stimuli. As a
consequence, the larger the stimulus, the stronger the SOM-mediated
suppression of pyramidal cells.
An important questions is how SOMs increase their firing as a function of stimulus size if they suppress layer 2/3 pyramidal cells, that is,
their main source of excitation. It is likely that the number of pyramidal
cells recruited by the outer edge of the stimulus (an annulus that grows
linearly with the diameter of the stimulus) more than compensate for
the reduction in pyramidal-cell firing at the centre of the stimulus.
Photo-hyperpolarization of SOMs reduces but does not abolish
surround suppression. Although this may partly be due to incomplete

silencing of SOMs, surround suppression is probably also relayed to
cortical layer 2/3 by earlier stages of visual processing13–18, and other
types of inhibitory neurons22or circuits20 may also contribute to surround suppression.
The preferential recruitment of SOMs by horizontal excitatory
projections is consistent with these projections having a role in size
tuning2. In cortical layers with less extensive horizontal connectivity,
size tuning may rely on different mechanisms20,21 or may be entirely
inherited from pre-cortical areas13–18. Importantly, because SOMs are
tuned to the orientation of visual stimuli36, they could account for the
orientation dependence of surround suppression8,9,37. Furthermore,
SOMs may respond differentially to specific stimulus properties, such
as contrast, and thus also contribute to the contrast dependence of
surround suppression9,38,39. It is likely that a connectivity pattern similar to what is described here may be present in other cortical areas as
well, and thus contribute to suppressive surround in several sensory
and non-sensory modalities.

METHODS SUMMARY
Experiments were performed in accordance with the regulations of the
Institutional Animal Care and Use Committee of the University of California,
San Diego. Mice were heterozygous for SOM-IRES-CRE (Jackson laboratory
stock no. 013044) or PV-CRE (no. 008069) (except for the mice used for the
experiments in Fig. 2a, b) and the reporter allele Rosa-LSL-tdTOMATO (Allen
Institute line Ai9, Jackson Labs no. 007905). For Fig. 2a, b, mice were positive for
Scnn1a-tg3-CRE (Jackson labs no. 009613) and crossed with the Gin (no. 003718)
or B13 lines. For in vivo experiments, mice were implanted with a custom head
plate and habituated to head fixation while running on a free-spinning circular
treadmill. For targeted recording in vivo, tdTomato-expressing neurons were
visualized by two-photon microscopy and contacted by a glass electrode containing Alexfluor 488. Extracellular unit recording was carried out using 16-channel
silicon probes (Neuronexus). Single units were isolated using custom spike sorting
software (Kleinfeld laboratory). We conditionally expressed ChR2 by in utero
electroporation (for layer 2/3) or through a CRE-dependent adeno-associated
virus (AAV) in Scnn1a-tg3-CRE (for layer 4). Arch or eNpHR were expressed
via CRE-dependent AAVs in SOM- and PV-IRES-CRE mice. Visual stimuli were
generated by custom software (Psych Toolbox) and presented on a gammacorrected liquid crystal display monitor 15 cm from the mouse. Photostimulation
in vivo was carried out using fibre-coupled light-emitting diodes (LEDs; Doric
lenses). Photostimulation in vitro was carried out using a combination of fibrecoupled LEDs, or LEDs mounted and coupled to an epifluorescence microscope
(Olympus BX51). eNpHR was activated by a shuttered arc lamp. Slice preparation
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and intracellular recording followed previous protocols. Data acquisition, visual
stimulation and statistical analysis was carried out using Igor Pro and Matlab.
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EXPERIMENTAL METHODS
All experiments were performed in accordance to the guidelines and regulations of the IACUC at the
University of California San Diego.
Transgenic Mice
All mice used in this study (except for Figure 2a,b) were heterozygous for SOM-IRES-CRE (Jackson
lab stock #013044) or PV-CRE (#008069) and the reporter allele Rosa-LSL-tdTOMATO (Allen
Institute line Ai9, Jackson Labs #007905). Mice were bred from doubly homozygous C57/B6 fathers
and ICR white wild-type mothers. All offspring had pigmented eyes. Mice were 1-3 months old. For the
experiments in Figure 2a,b Scnn1a-tg3-CRE mice (Jackson labs #009613) were bred to GIN (#003718)
or the B13 39 strain of mice that label somatostatin or parvalbumin expressing interneurons in the cortex,
respectively.
Viral Infection
Two to three weeks prior to head-post implantation mice were injected stereotactically with AAV-2/9CBA-Flexed-Arch-GFP (UPenn Vector Core). Mice were anesthetized with isoflurane and a small
craniotomy made for the insertion of a beveled injection needle (Drummond) at 2.5 mm lateral and 0
mm anterior to lambda. The pipette was slowly lowered to 150-250 µm below the brain surface. 100150 nl of virus (>1012 PFU) was injected over 5 minutes. The needle was left in place for an additional 5
minutes to allow viral diffusion. After removal of the injection needle, the scalp was sutured and the
animal recovered for 2-3 weeks. Infection was confirmed in vivo with an epifluorescent
stereomicroscope (Leica MZ10F), and fluorescence was used to target all subsequent craniotomies and
recordings. In a sampling of injected animals, 71±2% of SOMs (n=4 animals) were infected in the
proximity of the injection site.
For injection of Scnn1a-tg3-CRE mice, neonates (P0-P1) were anesthetized on ice, placed in a custom
mold, and injected with 10-30 nl AAV2/1-flexed-ChR2-tdTomato (UPenn, >1012 PFU) at 1-3 site in the
visual cortex (1-1.5 mm lateral to lambda, 0 AP, 300 µm DV).

Visual Stimulation
Visual stimuli of various sizes (apparent widths due to angle of monitor: 8-97, see below) consisted of
circular patches of full contrast drifting square-wave gratings against a mean luminance grey
background, presented with a temporal frequency of 2 Hz, and a spatial frequency of 0.04 cycles/degrees
(s.f. uncorrected for angle of monitor). Stimuli were generated with Psych Toolbox and custom software
(Psychstimcontroller, 40 and presented on a gamma-corrected 24” LCD screen at 60 Hz, 15 cm from the
mouse, oriented ~75 with respect to the body axis of the mouse. Once the glass electrode or silicon
probe was inserted in to the cortex a small circular patch (~5) of reversing contrast was used to identify
the center of the receptive field of the targeted neuron for the single electrode or for units on multiple
sites for the multielectrode probe. The stimulus location that evoked the strongest visually evoked
activity assessed by recording the data to a computer and listening to an audio monitor was selected as
the center of the subsequent visual stimulation. Repeated testing of this site over the course of the entire
session confirmed that it did not drift. Quantitative eye-tracking (100 Hz, Imperx camera, custom
software) demonstrated that mean eye position between the running and stationary behavioral states
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exhibited a stereotypical naso-temporal shift (Suppl. Fig. 3), although there was no significant change in
the width of the distribution of eye positions between the two behavioral states. Thus, the center position
of the stimulus was measured and adjusted when the animal was running and only data from this
behavioral state was used for analysis. Following centering of the stimulus set, drifting gratings of 6-7
sizes (apparent widths at pupil, for two photon targeted recording: 10,34,55,70,80,94; for multi
electrode array recording: 8,13,21,36,55,75,97) and 4 orientations (0,45,90,135 and presented
in a pseudo-random order) were delivered for 1.5-2.5 seconds at an interval of 10 seconds. For twophoton targeted recording only the optimal orientation for the cell being recorded was used.
The monitor made a ~75˚ angle with respect to the body axis of the mouse which, due to the
orientation of the eye, determined in our configuration to be ~40˚ to the body axis, resulted in the
stimuli being presented at an angle of ~35˚ relative to a plane tangent to the pupil center. Hence
the circular stimuli on the monitor are seen from the pupil as elliptical patches. The stimulus sizes
given above and throughout the text and figures refer to the horizontal extents (apparent width)
of the elliptical projection of the stimulus seen from the pupil. The vertical extents (apparent
heights) which were not affected by the angle of the monitor and hence corresponded to the
original diameter of the stimuli, were, for two photon targeted recording, 12˚,42˚,68˚,85˚,97˚,115˚;
and for multi electrode array recording 11˚,17˚,27˚,43˚,67˚,92˚,118˚.
In vivo recordings
Mice (4-8 weeks old) were implanted with a custom head plate under isoflurane anesthesia. Two days
after surgery mice were habituated to head-restraint on a free-spinning circular treadmill. Most mice ran
spontaneously, and data from mice that did not run were not included in our analysis. Data presented in
this study were recorded in awake mice, during running events, because in the absence of running
animals may shift between behavioral states including drowsiness, sleep, or grooming behavior.
Running speed was measured by a digital encoder attached to the axle of the disk (US Digital H5-360-IS). In a subset of experiments (Suppl. Fig. 1) mouse were anesthetized with a mixture chlorpithixene (2
mg/kg) and urethane (1.5g/kg).
Separating trials based on behavioral state: For each experiment a histogram of mean treadmill velocity
values for each trial was generated, and a manual threshold was set that separated running trials from
stationary trials. In all cases there was a clear bimodal distribution of running velocities, facilitating this
approach. All trials with mean velocities below the threshold were excluded from data analysis, and
experiments where the animal ran less than 30% of the trials were excluded entirely.
In vivo two-photon targeted recordings
On the day of recording, mice, prepared as above, were anesthetized with isoflurane (1-2%) and a small
(~2 mm diameter) craniotomy was made to expose left primary visual cortex. The dura was left intact
and covered with a thin layer of 2% type IIIA agarose in ACSF. The craniotomy was stabilized with a 3
mm glass coverslip that covered ~75% of the craniotomy and sealed into place with Kwik-Cast (WPI).
An opening was left for the insertion of a pipette. The craniotomy was kept moist with a small bath of
HEPES buffered ACSF. Mice were head-fixed in a custom restraint that left them to run free on a
circular, treaded plastic disk 6” in diameter. The behavioral setup was placed under a two photon laser
scanning microscope (Sutter) using a Ti:Sapphire laser (Coherent, Ultra II) running at 1000 nm.
TdTomato+ neurons in layer 2/3 (between 100 and 350 µM below the pia) were first identified under
two photon imaging and then a pipette filled with ACSF containing 50 µM Alexafluor 488 hyrazide was
brought into contact (loose patch: 10-100 MegaOhm seal resistance) with the neuron under two photon
visualization along the axis of the pipette to minimize damage to the brain. Recordings could typically
be maintained for > 10 minutes, and in some instances > 30 minutes despite running velocities in excess
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of 20 cm/s. For successful recordings brain movement in the x-y-z planes was < 5-10 µm. Only
recordings in which there was one unambiguous spiking neuron, characterized by action potentials of a
single amplitude, were accepted for analysis. In most instances, the same pipette could be used to record
from 2-3 cells sequentially, minimizing the number of penetrations needed. Experimental sessions
lasted 1-2 hours. Data were recorded with Axopatch 200A (Axon instruments) filtered at 2 kHz and
digitized with a Nidaq Card at 20 kHz. All data acquisition, analog output control and on-line analysis
were performed by custom routines written in Igor Pro (Wavemetrics). Off-line data analysis was
performed using the same custom software as for multielectrode array recordings (MATLAB see below)
Multielectrode Array Recordings
On the first day of recording mice were anesthetized with isoflurane and the skull was thinned above the
area of viral infection so that it was nearly transparent. A small opening in the skull (~200 µm) was
made with a 27 gauge needle to allow insertion of a 16 channel probe (Neuronexus model A16 (a1x163mm25-177)). The craniotomy was kept moist by a small bath of HEPES buffered ACSF. The voltage
signals were amplified (16 channel amplifier AM systems) band-pass filtered between 0.3 to 5000 Hz
and digitized at 30 kHz (Nidaq). The probe was inserted at a 30 degree angle with respect to the radial
axis of the visual cortex at the site of penetration to increase the number of recording sites in layer 2/3.
When recording from virally injected animals, the probe was inserted at a site 200-400 µm lateral to the
site of the viral injection to avoid the area that may be damaged by the viral injection needle. Data was
collected for 1-1.5 hours. Mice were used for 2-3 recording sessions separated by 1-2 days. After the last
recording session mice were transcardially perfused for histological verification of the extent and
efficiency of viral infection by quantifying the number of Arch-GFP expressing neurons as a fraction of
the tdTomato-expressing neurons. Data acquisition and analog output control were performed by custom
routines written in Igor Pro (Wavemetrics).
Spike Sorting
Unit Isolation: Single units were isolated using spike-sorting software provided by D. N. Hill, S. B.
Mehta, and D. Kleinfeld 41, 42 (written in MATLAB). The raw voltage signal was high-pass filtered at
500�Hz and events exceeding 4 s.d. of the noise were included for analysis. Waveforms were extracted
from groups of four to five adjacent electrode sites (25 µm spacing). Units were considered to be from
layer 2/3 if their parent channel had an estimated depth between 100 and 300 µm. Spike waveforms
were clustered using a k-means algorithm. Unit isolation quality was assessed by considering refractory
period violations (required to be less than 0.2% of spikes) and Fisher linear discriminant analysis.
Data Analysis:
Firing rates: Firing rates were calculated as the mean spike rate over two seconds of visual stimulation.
The preferred size for a unit was defined as the stimulus size evoking the highest mean firing rate under
control conditions, unless otherwise specified. The suppression index (SI) was computed as the
difference of the firing rate at the preferred size and the firing rate evoked at the largest size divided by
the rate at the preferred size, using baseline-subtracted firing rates (see Fig. 1a for illustration). Baseline
firing rate was defined as the firing rate of a unit in the absence of a visual stimulus (gray monitor) while
the animal was running. When SI was computed for the LED illumination condition, the preferred size
for the control condition was used. The stimulus modulation index (SMI) was defined to be the fraction
of the preferred size firing rate that was above the baseline firing rate. The orientation of the stimulus
during each experiment was varied randomly between four orientations evenly spaced at 45º, and the
mean spike rate was computed by averaging the response across the four orientations.
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Spike shapes: The spike width and trough-to-peak ratio (Suppl. Fig. 2f, left) were determined for all
isolated units and SOM+ or PV+ cells recorded from in the loose-patch configuration. These waveform
parameters were computed from an average spike waveform for each unit. The average was made of
3.5ms windows (beginning 1ms before and ending 2.5ms after each spike trough) from the channel with
maximum mean spike amplitude. Data was bandpassed between 0.5 – 10kHz before averaging. The
spike width was computed as the time from the trough to the post-peak zero-crossing (see Suppl. Fig.
2f). The trough-to-peak ratio was computed as the ratio of the absolute value of the trough to the
absolute value of the peak. For data in Figure 1a all isolated units are included in the average
irrespective of spike shape, SI, and SMI. For experiments involving photo-hyperpolarization of SOMs
(Fig. 4) all regular spiking units (spike width >= 0.85ms, Suppl. Fig. 2) that had an SMI > 0.75 were
included in analysis (28/35 units). For the loose-patch interneuron experiments, 1 SOM and 1 PV
recording were excluded since multiple clusters of waveforms were detected. The remaining SOMs and
PVs separated into distinct clusters based on spike width and trough-to-peak ratio (Suppl. Fig. 2f, right).
1 SOM and 3 PVs outliers were excluded as they had unusually high trough-to-peak ratios and unusually
wide spikes (PV outliers: Pwidth < 0.0055, Pt/p < 0.007, n=3, rank sum test non-outliers vs. outliers; single
SOM outlier z-scores: zwidth = 2.17, zt/p = 2.23).
Size tuning curves: Average size tuning curves were produced by normalizing each unit’s responses for
each size to the preferred size (calculated under control conditions), and then averaging across units.
Peak-aligned size tuning curves (either scaled or control normalized) were produced in three steps. Step
I: Scaled tuning curves: For each unit, the LED illumination and control condition data were
independently scaled such that each curve assumed a value of 1 at the preferred size (the preferred size
was determined under the control condition; Fig 1a-c and Fig 4d main panel). Control normalized tuning
curves: LED illumination data were normalized to the control response at the preferred size (Fig 4d
inset) . Step II: For each unit the tuning curves for control and LED illumination condition were shifted
equally to align the peak of the control condition curve (the preferred size) to a target size. Step III: All
the peak-aligned unit tuning curves were averaged together. Since we have aligned the size tuning
curves to the individual preferred sizes, which vary unity to unit, the absolute position of the peak of the
resulting curve is arbitrary. We chose this position (e.g. position 2 for PCs and PVs and position 5 for
SOMs; Fig 1) such that the number of units that had their curve shifted to the left was equal to the
number shifted to the right. In other words, we have indexed the stimulus sizes from 1 to 7, 1 being the
smallest size, and positioned the peak at the median of the indices of the preferred sizes of the units
being averaged.
Size tuning curves were fit by a Difference-Of-Gaussians (DOG) model 43using the MATLAB curvefitting toolbox. Briefly, the firing rate versus size curves were fit with a function of the form:

The baseline firing rate,

, was fixed to its experimentally determined value, but all other parameters

were allowed to vary so as to minimize the sum, across data-points, of the squared error between model
and data divided by the variance of the data at that point. Thus data-points with low variance influenced
the DOG fit more than those with high variance. Since the variance of the normalized firing rate at the
preferred size was zero (its value was always normalized to unity), the DOG fit was required to pass
through this point.

4 | W W W. N A T U R E . C O M / N A T U R E

SUPPLEMENTARY INFORMATION RESEARCH

Response ratio: The response ratio (Fig. 4c, inset, and 4f) at a given size was computed as the ratio of
the firing rate in the LED illumination condition divided by firing rate in the control condition for the
same size. The response ratios shown in Figure 4f are the ratios of the average responses. The error bars
on the response ratios in 4f are bootstrapped confidence intervals (1,000 resamples) indicating the
confidence interval ideally associated with +/- 1 standard error (~68%; to be consistent with the use of 1
s.e.m. for the other error bars). The error bars on the single unit response ratios denote the error of the
ratio propagated from the standard errors of the firing rates:
(

.) .

Statistics
All error bars except those on response ratios (discussed above) indicate the standard error of the mean.
All statistical significance for in vitro data was determined by paired t-tests at alpha < 0.05.
For in vivo population data, either the Wilcoxon rank-sum test (comparisons between unpaired samples)
or the Wilcoxon signed rank test (paired samples or comparisons of a single sample) was used. Rank
tests were employed due to the strong non-normality of data, and all comparisons in main text were
corroborated with t-tests at alpha < 0.05. Statistical significance for individual unit statistics was
determined by Monte Carlo permutation, testing with 10,000 random permutations of the appropriate
labels on individual trials with alpha = 0.05. The one-sided Clopper-Pearson “exact” 95% upper bound
on the empirical p-value (fraction of permutations producing a test-statistic as extreme as the
experimental result) was used as the p-value for permutation tests.
Photostimulation in vivo
Two fiber-coupled LEDs (Doric Lenses, one green (center wavelength 532) and one blue (center
wavelength 473) with two LED drivers (LEDD1A, Thorlabs) were used to activate Archaerhodopsin.
The fibers were mounted on a manual manipulator and positioned less than 1 mm from the craniotomy.
LED light to activate archaerhodopsin was delivered at each alternate trial for 2 seconds. For SOM-CRE
mice the LEDs were driven at maximal current output from the LED drivers (light intensity: ~10
mW/mm2).
In Utero Electroporation
Timed-pregnant ICR white mice (Charles River, E15-16 to label layer 2/3 PCs) bred with homozygous
male SOM-IRES-CRE;Rosa-LSL-tdTomato or PV-CRE;Rosa-LSL-tdTomato were anesthetized with
2.5% isoflurane. The abdomen was cleaned with 70% ethanol and swabbed with iodine. A small vertical
incision was made in the skin and abdominal wall and 8-12 embryos gentled exposed. Each embryo was
injected with 1-2 ml of DNA solution and 0.05% Fast Green. pCAG-ChR2-Venus plasmid DNA was
mixed with pCAG-GFP for total of 1-2 mg ChR2 DNA and 0.5-1 mg of fluorophore DNA. We used a
pressure-controlled beveled glass pipette (Drummond, WPI Microbeveller) for injection. Following
each injection, the embryos were moistened with saline and voltage steps delivered via tweezertrodes
(BTX, 5 mm round, platinum, BTX electroporator). To target visual cortex the tweezertrodes were
oriented so that the negative pole was placed under the chin and the positive pole above and behind the
visual cortex of the embryo. Voltage was 40V for 5 pulses at 1Hz, each pulse lasting 50 ms. The
embryos were returned to the abdomen, which was sutured, followed by suturing of the skin. The
procedure typically lasted under twenty minutes. On the day of birth animals were screened for location
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and strength of transfection by trans-cranial epifluorescence under an Olympus MVX10 fluorescence
stereoscope.
Slice preparation
Cortical slices containing primary visual cortex were cut in the coronal plane (400 μm thick) from the
transfected hemispheres of mice aged P30-P60 using a DSK Microslicer in a reduced sodium solution
containing (in mM) NaCl 83, KCl 2.5, MgSO4 3.3, NaH2PO4 1, glucose 22, sucrose 72, CaCl2 0.5. Slices
were stored submerged at 34 0C for 30 minutes, then at room temperature for 1-4 hours in the same
solution before being transferred to a submerged recording chamber (Luigs and Neumann) maintained at
30-32 0C by inline heating in an solution containing (in mM) NaCl 119, KCl 2.5, MgSO4 1.3, NaH2PO4
1.3, glucose 20, NaHCO3 26, CaCl2 2.5. Before the beginning of the recordings, all slices were inspected
with epifluorescence to ascertain the location and quality of transfection.
Recordings in vitro
Whole-cell recordings were obtained with patch pipettes (2-4 MΩ) containing the following cesiumbased internal solution (in mM): CsMeSO4 145, NaCl 8, HEPES 10, Na3GTP 0.3, MgATP 4, EGTA 0.3,
QX-314-Cl 5. Excitatory and inhibitory synaptic currents were isolated by clamping the membrane
potential of the recorded neuron at the reversal potential of inhibitory and excitatory synaptic currents,
respectively. For current-clamp recording, K-gluconate was substituted for CsMeSO4, and QX-314
omitted. For biocytin filling, 0.2% biocytin was added to the internal solution. Voltage measurements
were not corrected for the junction potential (8 mV established experimentally). Neurons were identified
visually using oblique infrared videomicroscopy. Slices were placed in the recording chamber such that
the top surface exhibited dendrites that were either parallel to the slice plane or such that the proximal
portion of the apical dendrite was more superficial than the distal part. This ensured that recorded
neurons had intact apical dendrites. Intactness of dendrites was confirmed in a subset of recordings by
visualization after inclusion of Alexafluor Hyrdrazide 488 in the internal solution. We routinely used
epifluorescence to either avoid recordings from transfected neurons (as for most recordings), or to
specifically target them. Series resistance (ranging from 6-20 MΩ) was not compensated, yet monitored
continuously with negative voltage steps. SOM or PV expressing interneurons were identified by
epifluorescence microscopy. For transection of horizontal axons (Suppl. Fig. 6) we used a surgical
micro-knife (FST) and made two radial cuts 100-200 µm on either side of the subsequently recorded
SOM neuron. For sCRACM experiments (Suppl. Fig. 5), TTX (500 nM) and 4-aminopyridine (1 mM)
were added to the superfusate to block action potentials and permit direct depolarizations of axon
terminals with 5 ms pulses of blue LED light 44.
Data were recorded with Multiclamp 700B amplifiers (Axon instruments) filtered at 2 kHz and digitized
with a Nidaq Card at 20 kHz. All data acquisition, analog output control and analysis were performed by
custom routines written in Igor Pro (Wavemetrics). Average values are expressed as means ± s.e.m. The
student t test, paired t test were used for statistical comparisons.
Photostimulation in vitro
For in vitro photostimulation a mounted 5W blue LED (Thorlabs LEDC5) was collimated and coupled
to the epifluorescence path of an Olympus BX51. All experiments were carried out under a 40x 0.8 NA
water immersion lens. The size of the illuminated area was controlled by a calibrated aperture placed in
a conjugate plane to the sample. Importantly, the light intensities we used to generate activity were
insufficient to drive axons directly 45 – thus all synaptic activity came from activation of the somatodendritic compartment of cells in the slice.
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Simultaneous silencing of SOMs and activation of Layer 2/3 PCs in vitro
Halorhodopsin (eNpHR3.0) 46 was conditionally expressed in SOMs by AAV viral injection (AAV2/1,
UPenn vector core) into SOM-IRES-CRE;Rosa-LSL-tdTomato mice that had previously in utero
electroporated with ChR2-Venus to target layer 2/3 PCs. To activate halorhodopsinwe used Hg+ arc
lamp (Olympus) gated by a electromagnetic shutter (Uniblitz) coupled to the epifluorscence light path
and long pass filtered at > 600 nm, which prevented any co-activation of ChR2. In these experiments,
ChR2 was activated by a 1 mm optic fiber coupled to a 3 W blue LED (Doric Lenses) and mounted <1
mm from the recorded area under the 40x objective.
Light intensity for ChR2 stimulation was controlled by the analog output of an A/D card (NIDAQ –
PCI6259) via a power supply (Thorlabs, LEDD1A), and calibrated with photodiode and power meter.
Light-ramps had a duration of 1-2s, a slope of 0.1-2.0 mW/s, started at zero intensity and reached a final
intensity of 0.1-2.0 mW. The slope was adjusted for each slice to obtain a rhythmic activity with a
largely stable power for the duration of the stimulus. Typically, the slope sufficient to trigger robust
oscillations in vitro was 0.1-0.5 mW/s.
Anatomical Analysis
In order to recover biocytin-filled SOM interneurons in whole-mount for light microscopy, slices were
fixed in 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB) overnight, cryoprotected in a 30%
sucrose PB solution, and then frozen in methylbutane on dry ice. Slices were incubated overnight in 3%
Triton, to allow full penetration of the ABC reagents (Vectastain kit). The neurons were revealed by a
HRP reaction (0.05% DAB; 0.015% H2O2 as substrate) with nickel intensification (3% ammonium
nickel sulfate and 100 mM imidazole; Sigma-Aldrich). Slices were dehydrated in ascending alcohols
and xylenes and mounted in damar resin (Fluka). Interneuron soma, axons and dendrites were
reconstructed on a light microscope at 40X using Neurolucida (MicroBrightField, Inc).
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Supplementary Figure 1. Effects of anesthesia on size tuning and interneuron firing rate.
a) Size tuning of isolated units (peak-aligned and normalized) compared between awake, running
(black, n = 53) and anesthetized (different animals; urethane anesthesia; blue, n = 15) states. SIs are
Supplementary
1. Effectsmice
of anesthesia
on size tuning
firing
rate.but not peaksignificantly
lower inFigure
anesthetized
(p = 4x10^-7,
rank and
suminterneuron
test). Inset:
Same
aligned.
a) Size tuning of isolated units (peak-aligned and normalized) compared between awake, running
(black, n = 53) and anesthetized (different animals; urethane anesthesia; blue, n = 15) states. SIs are
b) Top:significantly
representative
recording
visually rank
evoked
spiking
a SOM
neuron
lower targeted
in anesthetized
mice (pof= 4x10^-7,
sum test).
Inset:inSame
but not
peak- under
urethanealigned.
anesthesia. Note the weak firing rate. Bottom, different animal: representative recording

of visual evoked activity for the same stimulus but in an awake, running mouse .

b) Top: representative targeted recording of visually evoked spiking in a SOM neuron under
urethane anesthesia. Note the weak firing rate. Bottom, different animal: representative recording
c) Summary
statistics for the maximal visually evoked firing rate for isolated units, SOMs, and PVs
of visual evoked activity for the same stimulus but in an awake, running mouse .

compared between anesthesia and the awake, running state. PC: (n=29 anesthesia, 51 running,
p=0.07,c)rank
sum test);
SOM:
(nmaximal
= 10 anesthesia,
8 running,
p <for
0.0005);
PV: (n
= 12and
anesthesia,
11
Summary
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for the
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firing rate
isolated units,
SOMs,
PVs
running,compared
p = 0.37).
between anesthesia and the awake, running state. PC: (n=29 anesthesia, 51 running,
p=0.07, rank sum test); SOM: (n = 10 anesthesia, 8 running, p < 0.0005); PV: (n = 12 anesthesia, 11
running, p = 0.37).
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Supplementary Figure 2. Unit isolation and spike waveform analysis
of two-photon
targeted
SUPPLEMENTARY
INFORMATION
RESEARCH
recordings.
a) Representative 20ms sample of raw multi-electrode data containing spikes from three wellisolated units, labeled A (green), B (blue), and C (red). Unit B is the example unit from Fig 4c. Note
that units A, B, and C have their maximum amplitude on different channels (3, 4, and 5,
respectively).
b) Distribution of spike waveforms for units A, B, and C on all 5 channels recorded in the experiment
is displayed as a 2D histogram. The number of waveforms assuming a given voltage (y-axis) at a
given sample (x-axis, 40 samples/channel shown) is illustrated by the intensity of the pixel.
c) The amplitudes of all spikes from units A, B, C on channel 3 (x-axis) and channel 4 (y-axis) are
displayed. Spike points are colored by source unit as in (a) and (b).
d) The component of each spike along the 1 and 2 principal components of all waveforms detected
in this experiment are plotted for all spikes from units A, B, and C. Note the separate monochromatic
clusters. Principal components are found before any units are clustered.
st

nd

e) Correlograms and linear discriminant analysis provide metrics of unit isolation quality. Gray
background section: Auto-correlograms (diagonal) and cross-correlograms (below diagonal) for
units A, B, and C, show the distribution of relative spike times < 100ms within and between units.
These units had no refractory period violations (rpvs). White background section: Distribution of
spike waveforms along the linear combination of waveform samples that captures the most of the
variability between the waveforms assigned to each unit (linear discriminant). Colors indicate
source unit of spikes as before. The width of unit waveform distributions and the distance between
the distributions illustrate the variability within the unit versus variability between units and
determine the discriminability.
f) Two-photon targeted loose-patch recordings: Left: The trough (t), peak (p), trough-to-peak ratio
(t/p), and width (w) of an example average band-passed spike waveform (see methods) are
illustrated. Right: Trough-to-peak ratios and spike widths are plotted for PVs (green) and SOM
(orange) cells. 14 PVs and 8 SOMs form clearly delineated clusters with a few outliers (PVs: width =
0.55 ± 0.02ms, t/p = 1.23 ± 0.06, n=14; SOMs: width = 0.85 ± 0.08ms, t/p = 2.20 ± 0.20, n=8; all
medians ± robust standard error (1.4826*MAD/sqrt(n)); MAD = median absolute deviation);
widths different P < 0.05, t/p difference n.s., P=0.07; rank sum test). 3 PVs and 1 SOM had unusual
spike widths and high trough-to-peak ratios, and were excluded from analysis (upper black
rectangle; PV outliers Pwidth < 0.0055, Pt/p < 0.007, n=3, rank sum test non-outliers vs. outliers;
SOM outlier z-scores: zwidth = 2.17, zt/p = 2.23, n=1). The PV with typical spike width but unusual
trough-to-peak ratio had a Pt/p = 0.18, a mean z-score of 0.5, and was not excluded.
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Supplementary Figure 3. Eye movements in awake, running mice quantified by high-speed
imaging.

Supplementary Figure 3. Eye movements in awake, running mice quantified by high-speed
imaging.
a) Top: position of the mouse pupil along the naso (n, down) temporal (t, up) axis imaged at 100 Hz
during running (red) or stationary (black) periods. Bottom: Distribution of eye positions through the
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Supplementary Figure 4. The scnn1a-tg3-CRE line drives CRE expression primarily in layer 4
excitatory neurons in the cortex.
a) Left: Section of visual cortex of the scnn1a-tg3-CRE mouse crossed to a tdTomato reporter line.
Note the strong labeling of layer 4 neurons. Right: Schematic of the recording configuration. A
whole-cell electrode targets a layer 2/3 pyramidal cell (PC), while layer 4 is stimulated with blue
light.
b) Left: Inhibitory postsynaptic currents (IPSCs, gray trace; recorded at the reversal potential for
synaptic excitation) evoked by light stimulation of scnn1a-tg3-CRE expressing cells are abolished
by bath application of the glutamatergic antagonists NBQX and CPP (black trace), indicating their
disynaptic origin. Right: summary plot of 5 similar experiments. The inhibitory charge (time
integral of the IPSC) is reduced by 79±10% (p<0.05) by application of NBQX and CPP.
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Supplemental Figure 5. Layer 2/3 PVs and PCs but not SOMs are monosynaptically
innervated by layer 4 ascending axons.
a) Left: Schematic of the experimental setup of the in vitro preparation. ChR2 is expressed
selectively in layer 4 excitatory neurons in Scnn1a-tg3-CRE mice (red layer). Two whole-cell
recording electrodes in layer 2/3 target a SOM (orange) and a pyramidal cell (PC, black). Right:
Excitatory currents simultaneously recorded in a SOM and a PC in response to photo-stimulation of
layer 4 with a 5 ms pulse of blue light (horizontal blue line). EPSCs are recorded in TTX and 4aminopyridine. Note the very small current recorded in the SOM. Excitatory currents were recorded
at the reversal potential for synaptic inhibition.
b) Left: Schematic of the experimental setup. As in (a) but whole-cell recording electrodes in layer
2/3 target a PV (green) and a PC (black). Right: Excitatory currents simultaneously recorded in a PV
and a PC in response to photo-stimulation of layer 4 with as in (a). EPSCs are recorded in TTX and 4aminopyridine. Note the larger excitatory currents in the PV as compared to the PC.
c) Summary statistics of the excitatory charge (as a fraction of that simultaneously recorded in the
PC) recorded in SOMs (n=8) and PVs (n=8), p<0.05).
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Supplementary Figure 6. Horizontal L2/3 axons mediate progressive recruitment of SOM
cells with light spots of increasing diameters.
a) Top: Schematic of the recording configuration. L2/3 pyramidal cells (PCs) express ChR2. A loose
patch electrode records the spiking activity of a L2/3 SOM in response to blue light spots of
increasing diameters to activate progressively wider areas of L2/3. Two cuts (separated by
320±25 µm; n=10) on either side of the SOM transect L2/3 horizontal axons. Bottom: Summary plot
of the firing of SOMs in slices without transection (gray; same date used in Fig. 3b) and in slices with
transection (black). The firing rate of each SOM was normalized by the value obtained with the
smallest size illumination. Note that the cuts prevent the firing rate of SOMs to increase to the same
extent as under control condition with increasing illumination size.
b) Increasing the size of the illumination does not increase the firing rate of ChR2 Pcs.
Top: Schematic of the recording configuration. An electrode records the spiking activity of a L2/3
PC to light spots of increasing diameter. Bottom: Summary plot of the firing of L2/3 PCs to
increasing light spot sizes. The firing rate of L2/3 PCs that do not express ChR2 (ChR2 ) is
progressively suppressed with increasing illumination size (black, from Fig. 3d). In contrast, the
+
firing rate of those PCs that express ChR2, (ChR2 ; gray; recorded in the loose patch configuration)
is constant with stimulus size, indicating that increasing the size of the illumination does not increase
the firing rate of ChR2+ PCs. Thus, the progressive suppression in ChR2- PCs is not due to increases
+
in the firing of ChR2 PCs at the center of the slice.
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Supplementary Figure 7. Light induced firing suppression of Arch expressing SOM cells in
awake, running mice.
a) Diagram of the recording setup. Arch-expressing SOMs are targeted under a two-photon
microscope in awake, freely running mice.
b) Top: Example traces of spikes recorded in the loose patch configuration from an Arch-expressing
SOM to full field drifting gratings (gray bar) without (black) and with (orange bar) illumination of
the craniotomy. Bottom left: Raster plots of the spiking of this neuron for the same conditions. Note
the sharp decrease in visually evoked firing during illumination. Bottom Right: PSTHs of the spikes
recorded in this SOM without (black) and with (orange) illumination. Gray backgrounds indicate the
period of visual stimulation. Orange bars indicate the time of illumination.
c) Summary statistics for four such Arch-expressing SOMs. Black: without light. Orange: with light.
The suppression of the firing rate in response to visual stimuli averaged 80±1% (p<0.05). Error bars
are s.e.m.
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result from a ceiling effect.

Ceiling effects are the consequence of the fact that the firing rate of a neuron cannot be increased
above some maximum level, i.e. the ceiling. Thus, because there is more “room” to increase low
than high firing rates, the observed preferential increase of firing rates evoked by larger stimuli upon
SOM-hyperpolarization could simply result from the fact that large stimuli evoke, on average, lower
firing rates as compared to small stimuli. The analysis below shows that this is not the case.
a) Top: Schematic illustration of size tuning curve under control conditions (continuous line) and
upon SOM hyperpolarization (dashed line). In all panels of the figure, the firing rate evoked by
stimuli larger than the preferred size are represented by red data points while
W Wfiring
W . N A T rates
U R E . Cevoked
O M / N A T by
URE
stimuli smaller than or equal to the preferred size are in blue.
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above some maximum level, i.e. the ceiling. Thus, because there is more “room” to increase low
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the observed preferential increase of firing rates evoked by larger stimuli upon
SOM-hyperpolarization could simply result from the fact that large stimuli evoke, on average, lower
firing rates as compared to small stimuli. The analysis below shows that this is not the case.
a) Top: Schematic illustration of size tuning curve under control conditions (continuous line) and
upon SOM hyperpolarization (dashed line). In all panels of the figure, the firing rate evoked by
stimuli larger than the preferred size are represented by red data points while firing rates evoked by
stimuli smaller than or equal to the preferred size are in blue.
Firing rates evoked by a given stimulus under control conditions (x-axis) are plotted against the
firing rates evoked by the same stimulus during SOM-hyperpolarization (y-axis). Note that while
red dots (large sizes) mostly lie above the unity line, blue dots (small sizes) are scattered above and
below the unity line, illustrating facilitation of responses to large sizes but not small sizes with
matched control firing rates (i.e. same distance from the ceiling). The data include all 35 cleanly
isolated units recorded during SOM-hyperpolariztion experiments. No selection criteria based on
SMI or spike shape were applied. Inset: section of the same scatter plot restricted to the lower firing
rates (0-2.5 Hz), where most data-points lie.
b) Same as (a) but with firing rates normalized by the peak response evoked under control
conditions. As in (a) red dots (large sizes) but not blue dots (small sizes) systematically lie above the
unity line.
c) The ratio of the response evoked by stimuli under SOM-hyperpolarization to the response to the
same stimulus under control conditions (response ratio) is plotted against the control firing rate
(responses are normalized as in (b)). Red and blue indicate size of stimulus as in (a). Red and blue
lines illustrate the rolling median response ratio of red and blue data points, respectively. Shading on
colored lines is the s.e.m. of sampled points (see methods). Dashed gray line indicates response ratio
of 1. Same cells as in (a). Note that the response ratio for large sizes (red) is larger that for small sizes
(blue) despite the matching of firing rate (i.e. same distance from the ceiling). Inset: same data but
not normalized.
d) No size independent additive effect of SOM hyperpolarization. The difference in stimulus evoked
firing rate produced by SOM-hyperpolarization is plotted against the control firing rate (responses
are normalized as in (b)). Colors denote size of stimulus as (a) and lines are rolling medians with
shaded error as in (c). Dashed gray line denotes no change in firing rate with SOMhyperpolarization. Note that the red line is consistently above the blue line despite matched firing
rates. Inset: same data but not normalized.
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