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Gain control by layer six in cortical

circuits of vision

Shawn R. Olsen'*, Dante S. Bortone'*, Hillel Adesnik' & Massimo Scanziani'

After entering the cerebral cortex, sensory information spreads through six different horizontal neuronal layers that are
interconnected by vertical axonal projections. It is believed that through these projections layers can influence each
other’s response to sensory stimuli, but the specific role that each layer has in cortical processing is still poorly
understood. Here we show that layer six in the primary visual cortex of the mouse has a crucial role in controlling the
gain of visually evoked activity in neurons of the upper layers without changing their tuning to orientation. This gain
modulation results from the coordinated action of layer six intracortical projections to superficial layers and deep
projections to the thalamus, with a substantial role of the intracortical circuit. This study establishes layer six as a
major mediator of cortical gain modulation and suggests that it could be a node through which convergent inputs
from several brain areas can regulate the earliest steps of cortical visual processing.

Primary sensory areas in the cerebral cortex are composed of a stack of
six neuronal layers'. Anatomical and physiological data indicate that
these layers are interconnected through vertical excitatory axons>®,
suggesting that sensory processing in any given layer may be modu-
lated by activity in several other layers. However, so far the exact
contribution of each layer to cortical processing is unclear.

Here we address the role of layer six (L6) in mouse visual cortex,
whose excitatory neurons not only project to more superficial layers
but also to the primary sensory thalamic nuclei*”"", the main source
of sensory input to the cortex (Fig. 1a). L6 may thus influence cortical
sensory responses directly through intracortical projections and
indirectly through corticothalamic projections. Corticothalamic pro-
jections were reported to be both suppressive and facilitatory on
thalamic activity, depending on the precise alignment between L6
and thalamic neurons (for reviews see refs 12-16). By contrast, how
sensory responses in cortex are affected by L6 activity has remained
largely unexplored'”'®. Furthermore, the relative contribution of
intracortical versus corticothalamic projections in modulating cor-
tical responses is currently unknown. The paucity of information is
due to the lack of experimental tools for selectively manipulating
activity in L6 without directly perturbing other cortical layers.

L6 neurons of the Ntrsl1-Cre GN220 line

To control the activity of L6 we took advantage of a Cre-recombinase
Bac transgenic mouse line that is reported to selectively label L6 neurons
(NTSR1-Cre GN220)". In the forebrain of these mice Cre expression
was restricted to excitatory L6 neurons of the cerebral cortex (Fig. 1b
and Supplementary Fig. 1). In primary visual cortex (V1) these neurons
represented ~65% of the L6 excitatory neuronal population and, con-
sistent with classification of L6 neurons in this region', could be sub-
divided into two morphologically distinct categories: those whose
apical dendrites ended in L4 and those that extended to L1 (Fig. 1b
and Supplementary Fig. 1g, h). Furthermore, consistent with the cor-
ticothalamic projections originating from L6 in V1 (ref. 8), Cre-
expresssing neurons projected to the dorsolateral geniculate nucleus
(dLGN; the primary thalamic visual nucleus) and the nucleus reticularis
thalami (NRT; the main thalamic inhibitory nucleus) (Fig. 1b and

Supplementary Fig. 1d, e). Thirty-five percent of L6 excitatory neurons
in V1 did not express Cre and these were morphologically distinct from
the Cre-expressing population (Supplementary Fig. 1g).

To manipulate the activity of L6 neurons we conditionally
expressed the light-sensitive cation channel channelrhodopsin 2
(ChR2)***" in V1 using viral injection into NTSR1-Cre mice (Sup-
plementary Fig. 2a). A linear multichannel probe recorded the spiking
activity of neuorns located across the vertical depth of cortex. Light-
emitting diode (LED) illumination of the cortical surface for 500 ms
with blue light (470 nm) increased the activity of L6 neurons in V1 of
anaesthetized animals (Fig. 1c—e and Supplementary Fig. 2b). This
increase was not due to direct stimulation of the retina by the LED as it
was absent in uninjected animals (Supplementary Fig. 2g).

L6 activity suppresses other layers

To determine how L6 activation affects visual responses in other
layers, we presented drifting gratings, and alternated control trials
(visual stimulus only) with trials in which L6 was photostimulated
(Fig. 1c). Notably, photostimulation of L6 rapidly and reversibly
suppressed visually evoked multi-unit activity throughout the depth
of the cortex (Fig. 1d). L6 photostimulation also reduced spontaneous
activity (Supplementary Fig. 3d, e). This effect was absent in uninjected
animals (Supplementary Fig. 2g). The suppressive action of L6 was
similar across L2/3, L4 and L5 and was monotonic (Fig. le,f): that is,
increasing L6 activity by increasing illumination intensity progres-
sively suppressed visual responses, eventually abolishing nearly all
evoked activity (strongest illumination reduced activity by 81 = 5%,
84 = 3%, and 84 = 3% for L2/3, L4 and L5, respectively; P < 10~ °).
Because multi-unit activity is dominated by neurons with high firing
frequencies, we determined the effect of L6 photostimulation on iso-
lated single units whose average visually evoked firing rate varied over a
20-fold range. Isolated units were suppressed by L6 photostimulation
(Fig. 1g), irrespective of their firing rates (Fig. 1h; 91.1% of units were
suppressed and 7.8% were facilitated, and all facilitated units were
fast-spiking, putative inhibitory cells (Supplementary Fig. 4a-d).
Furthermore, in the same way as for multi-unit activity, L6 photosti-
mulation monotonically suppressed single units (Fig. 1i, j; strongest
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Figure 1 | Photostimulation of L6 suppresses visual responses in the other
layers. a, Schematic of L6 projections. Red triangle represents an L6 pyramidal
neuron. b, Left, coronal section of V1 from an NTSR1-Cre, floxed-tdTomato,
GADG67-GFP mouse. Inset, L6 projection to dLGN (V1 of NTSR1-Cre mouse
was injected with floxed-tdTomato virus). Scale bar, 250 pm (125 pm for inset).
Right, the two types of L6 neurons that are labelled by the NTSR1-Cre line.
Black, dendrites; grey, axons. ¢, Schematic of experimental setup. Rec.,
recording probe. d, Cortical visual responses with (blue) and without (black) L6
photostimulation. Left, raster plot of multi-unit activity grouped by depth.
Control and photostimulation trials were interleaved but are separated here for

illumination reduced activity by 91 * 4%, 93 = 2%, and 92 * 2% for
L2/3, L4 and L5, respectively; P < 10~ °). Thus, these data show that
stimulation of L6 excitatory neurons suppresses visually evoked res-
ponses in L.2/3, L4 and L5 of V1.

L6 activity does not affect tuning

Like in other mammals, neurons in mouse V1 differentially respond to
gratings of different orientations’>*. We determined whether L6
stimulation affects the orientation tuning of V1 neurons. We generated
tuning curves by presenting gratings drifting in 8-12 different direc-
tions and alternated control trials with trials in which L6 was photo-
stimulated (Fig. 2a,b). We used alow LED intensity to suppress cortical
visual responses partially, and considered units that were suppressed
by between 10% and 75% (average suppression 42 = 3%, n = 55).
Tuning curves of individual, isolated units were averaged into a popu-
lation tuning curve (Fig. 2b, d; see methods). Remarkably, photo-
stimulation of L6 resulted in the precise scaling of the tuning curve;
that is, it reduced visually evoked responses by a similar fraction
irrespective of presented orientation. This is clearly illustrated by
plotting the normalized firing rates of the population tuning curve
under control versus L6 photostimulation conditions (Fig. 2e). The
data points fit well with a line whose slope is 0.56 and intercepts the
y axis close to the origin. Thus, photostimulation of L6 did not affect
preferred orientation, tuning width or the orientation selectivity index
(OSI) of cortical neurons throughout L2/3, L4 and L5 (Fig. 2¢; for L2/3,
L4 and L5, respectively, the mean change in preferred orientation was 3
+3°(P=0.22),0x5°(P=0.9)and —4 £ 5° (P = 0.48), mean change
in tuning width was —1 = 4° (P = 0.8),6 = 4° (P = 0.15) and —6 * 6°
(P = 0.3), and mean change in OSI was —0.09 = 0.07 (P = 0.23),
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clarity. Black bar, visual stimulus (1.5 s); blue bar, LED illumination (0.5 s).
Right, normalized (Norm.) peristimulus time histogram (PSTH); top, upper
layers; bottom, L6. e, Summary (n = 6 experiments). The control is shown in
black and increasing LED intensities in darker blues. f, Suppression of multi-
unit activity with increasing L6 activity. g, Visual response of a single L4 unit
with (blue) and without (black) L6 photostimulation. Scale bar, 20 spikes per s.
h, Response of each regular spiking unit with and without strong
photostimulation of L6. i, Average normalized PSTH (# = 47 units tested with
5 LED intensities). Colours are the same as in e. j, Suppression of single-unit
activity. Error bars, mean = s.e.m.

0.7 = 0.04 (P = 0.14), —0.06 = 0.05 (P = 0.22)). L6 photostimulation
also resulted in a scaling of V1 responses to stimuli of increasing
contrast (the contrast response function; Supplementary Fig. 5b).
These data demonstrate that in primary visual cortex L6 selectively
controls the gain of cortical responses to visual stimuli.

A potential concern in stimulating L6 with ChR2 is that the
spatially uniform activation and the temporal pattern generated in
L6 neurons may differ from visually evoked activity patterns, and thus
the physiological activity of L6 neurons and L6 photostimulation may
affect cortical activity in different ways. Furthermore, anaesthesia may
change the impact of L6 on cortical responses to sensory stimuli. To
address these issues, we optogenetically suppressed visually evoked
activity in L6 in awake animals and determined the resulting effect on
more superficial layers (Supplementary Fig. 6). Animals were head
fixed but otherwise kept unrestrained on a passive circular treadmill
(see Methods). L6 activity was suppressed using conditionally
expressed light-sensitive hyperpolarizing opsins archeaerhodopsin*
and halorhodopsin 3.0 (NpHR3.0) (ref. 25). LED illumination with
amber light (590 nm), although reducing visually evoked L6 activity
by ~30% (Supplementary Fig. 6e), significantly facilitated visual res-
ponses of isolated units throughout the other layers (Fig. 2f, g and
Supplementary Fig. 6). The facilitation was not due to direct LED
illumination of the retina, as it was absent in uninjected animals
(Supplementary Fig. 6f). Thus, suppression of L6 facilitates visually
evoked activity in L2/3, L4 and L5, indicating that even physiologically
generated L6 activity exerts a suppressive action onto these layers.
Furthermore, suppression of L6 resulted in the precise scaling of the
tuning curve (for the tuning curve analysis we considered units that
were facilitated by at least 10% (average facilitation 41 * 7%, n = 52)).
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Figure 2 | L6 bidirectionally modulates the gain of visual responses without
altering tuning. a, Visual responses of an L5 neuron with (blue) and without
(black) L6 photostimulation. Raster plots and peristimulus time histograms for
two out of eight tested visual stimulus directions. Scale bar, 40 spikes per s.

b, Tuning curves for the neuron in (a). ¢, The OSI for each neuron with and
without photostimulation of L6. d, Population tuning curve with (blue) and
without (black) L6 photostimulation (n = 55). Black curve, fit using the sum of
two Gaussians; blue curve, black curve scaled by the slope of linear fit in

e. e, Control response plotted against response with L6 photostimulation (data
from c). Blue, linear fit (* = 0.98). Black bar, visual stimulus (1.5 s); blue bar,

The plot of normalized firing rates under control versus L6 photo-
suppression conditions was well fit by a line whose slope is 1.4 and
intercepts the y axis very close to the origin (Fig. 2j). Consistent with
this, suppressing L6 did not affect preferred orientation, tuning width
or orientation selectivity (Fig. 2h; for L2/3, L4 and L5, respectively, the
mean change in preferred orientation was 2 = 3° (P = 0.41), 0 = 2°
(P =0.95) and —4 £ 4° (P =0.35) degrees, mean change in tuning
width was —2 = 4° (P=0.68), 0 = 3° (P= 0.94) and —1 * 4°
(P=0.77) degrees, and mean change in OSI was —0.01 * 0.03
(P=0.22), 0.02 = 0.02 (P=0.50) and —0.03 * 0.03 (P = 0.22)).
Taken together, these results demonstrate that visually driven L6
activity in awake animals controls the gain of cortical responses to
visual stimuli.

L6 intracortical and subcortical pathways

Two pathways could potentially mediate the suppression exerted by
L6 on cortical activity. On one hand, L6 neurons project to the
thalamus, where they can influence visually generated activity before
it even reaches the cortex. On the other hand, L6 neurons also project
to more superficial layers where they could directly modulate cortical
activity. We addressed the impact of both projections. We performed
extracellular recordings from the dLGN while photostimulating L6 in
V1 (Fig. 3a). dLGN relay neurons were identified based on their visual
response properties and characteristic firing pattern (Supplemen-
tary Fig. 7d). Photostimulation of L6 led to a rapid, reversible and
monotonic reduction of visually evoked activity in dLGN relay
neurons (Fig. 3b, ¢; strongest illumination: 76 * 4% reduction;
P<10' y = 32), without, however, markedly modifying their
firing mode (burst prevalence: 12 * 6% in control; 6 * 3% after
reducing dLGN activity by 30% with L6 photostimulation, P = 0.08;
Supplementary Fig. 7e, f). This indicates that L6 stimulation suppresses

Norm. rate LED off

Direction (deg)

LED illumination (0.5s). f, Visual response of an L4 neuron with (orange) and
without (black) L6 photosuppression. Scale bar, 50 spikes per s. Orange bars,
illumination with an amber-coloured LED (1.95 s); black bar, visual stimulation
(1.5s). g Tuning curves for neuron in (f). h, OSI for each isolated unit with and
without photosuppression of L6. i, Population tuning curves with and without
L6 photosuppression (n = 52). Black curve, fit using sum of two Gaussians;
orange curve, black curve scaled by slope of linear fit in j. j, Control response
plotted against response with L6 photostimulation (data from i). Orange, linear
fit (¥ = 0.92). Error bars, mean = s.e.m.

dLGN activity. To test whether visually evoked activity in L6 also
suppresses dLGN activity we silenced the cortex optogenetically (by
photostimulating parvalbumin-expressing inhibitory neurons in V1
with ChR2; see Methods and Supplementary Fig. 8). Consistent with
the suppressive action of L6 stimulation on dLGN, silencing the cortex
strongly facilitated dLGN activity (Fig. 3d-f; average facilitation
87 £ 25% (P = 0.002, n = 18)). In vitro recordings demonstrated that
the suppressive action of L6 was due to the generation of disynaptic
inhibition onto dLGN relay neurons, at least in part through the
recruitment of NRT inhibitory neurons (and possibly through the
recruitment of local inhibitory neurons in dLGN?®) (Supplementary
Fig. 9). Thus, these results reveal that L6 can effectively suppress visual
responses in the dLGN.

If L6 suppresses cortical visual responses indirectly, by suppressing
the dLGN, this suppression should precede V1 suppression by a few
milliseconds. We tested this prediction by performing simultaneous
recordings from both dLGN and V1 and compared the onset of sup-
pression in these two structures upon L6 photostimulation (Fig. 3g).
Surprisingly, cortical suppression preceded dLGN suppression by a
few milliseconds (Fig. 3h). This result suggests that L6 activity may
suppress cortical visual responses through an alternative circuit.
Because L6 neurons send axons to the upper layers of cortex we tested
whether these projections can suppress cortical activity independently
of the corticothalamic projections. For this, we performed in vitro
whole-cell recordings from neurons in L2/3, L4, L5 and L6 in coronal
slices of V1 (Fig. 4a); this slicing plane disconnects V1 from dLGN.

Photostimulation of L6 in vitro generated both excitatory and
inhibitory postsynaptic currents (EPSCs and IPSCs, respectively)
onto L2/3, L4, L5 and L6 pyramidal cells (L6 recordings included only
those pyramidal cells not expressing ChR2) (Fig. 4b). IPSCs were of
disynaptic (or polysynapyic) origin as they were entirely blocked by
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Figure 3 | Photostimulation of L6 suppresses cortex faster than it
suppresses dLGN. a, Schematic of the experimental setup. b, Visual response
of dLGN unit with (blue) and without (black) L6 photostimulation. Scale bar,
20 spikes per s. Black bar, visual stimulus (1 s); blue bar, LED illumination
(0.55). ¢, Average response of each dLGN unit with and without L6
photostimulation. Inset, monotonic suppression of dLGN. d, Schematic of
setup for silencing V1 by photostimulation of parvalbumin inhibitory neurons.
e, Visual response of dLGN unit with and without photo-silencing of V1. Scale
bar, 30 spikes per s. Black bar, visual stimulus (1 s); blue bar, LED illumination
(0.55). f, Average response of each dLGN unit with and without cortical
silencing. g, Schematic of experimental setup. h, Left, time-course of L6-
mediated suppression of dLGN (grey) and V1 (black) (n = 4). Residual
response during maximal suppression set to zero (see Methods). Bin size, 3 ms.
Right, the same data on an expanded timescale. The first bin at LED onset was
blanked to remove LED-induced artefact. Inset, time to suppression exceeding
two standard deviations from baseline activity in dLGN and V1 for four
experiments (P = 0.012). Error bars, mean * s.e.m. Inset, y-axis units are ms.

glutamatergic antagonists (Supplementary Fig. 10b). Furthermore,
the activity pattern generated by L6 photostimulation was similar to
the activity pattern generated in vivo (Supplementary Fig. 2b, h).
IPSCs were larger than EPSCs, despite the fact that both currents were
recorded with a similar driving force (IPSCs were recorded near the
reversal potential for EPSCs and vice versa). Indeed, excitatory charge
accounted for only 10% or less of the total charge, depending on the
layer (Fig. 4c) or sublayer (Supplementary Fig. 10c, d). These results
show that V1 contains the necessary circuitry for L6 to generate
disynaptic inhibition onto L2/3, L4, L5 and onto itself.

To determine whether L6 can suppress neuronal spiking across
L2/3, L4, L5 and L6 through these disynaptic IPSCs, we performed
current-clamp recordings in the perforated patch configuration (to
preserve the intracellular ionic composition) and triggered spiking by
injecting depolarizing current pulses. Photostimulation of L6 signifi-
cantly suppressed firing of pyramidal cells across all layers (Fig. 4d;
firing rate was reduced by 48 *10%, 84 =7%, 55*19% and
75+ 11% for L2/3, L4, L5 and L6, respectively; P = 0.01). To rule
out the possibility that this suppression was a result of uniformly
activating large portions of L6 we restricted the area of activation to
a small spot of approximately 100 um in diameter while recording

50 | NATURE | VOL 483 | 1 MARCH 2012

-}
3
=]
3

ol |

b

—
o

(e

0% 5% 10%15% 20%

Spike per s Spike pers Spike pers Spike per s
o

e Ex/(Ex + Inh)
@20 L5 I\\\;
g
o 15
£
310 10
<@
§° 0
a ol 0 05 10 15
“ 70 5 10 15 20 Time (s)
Control (spikes per s)
f g h
V1 (monocular region) 100
20 4\ g 80
s 60
1 % 40
5 20
)
@ 300 0 -300
00 05 10 1.5 Lateral Medial

Time (s)

Displacement (um)

Figure 4 | Photostimulation of L6 recruits intracortical synaptic inhibition.
a, Schematic of in vitro experimental setup. b, Average IPSCs (blue) and EPSCs
(red) recorded in pyramidal cells during photostimulation of L6. Synaptic
currents are averages of n = 5-12 cells. Inset, onset of EPSC. ¢, Histogram of
excitatory charge as a percentage of total charge. Ex, excitation; Inh, inhibition.
d, Traces show perforated patch recording from L5 pyramidal cell in response
to depolarizing current injection with (right) and without (left) L6
photostimulation. Graphs, spike rate with and without L6 photostimulation.
e, Average spike rate in control versus spike rate with L6 photostimulation for
each cell. f, Schematic of experimental setup for focal photostimulation.

g, Traces, spiking of L5 pyramidal cell to depolarizing current injection with
focal photostimulation of L6 at three progressively more distant positions (left
to right). Graph shows spike rate in control (black) and with focal
photostimulation of L6 (blue) (n = 4). Delta indicates the medial or lateral
distance from the radial axis through the recording site. h, Percentage of spike
suppression plotted against horizontal displacement. Error bars, mean * s.e.m.

from a L5 neuron (Fig. 4f). Even when activating a restricted area of
L6, the firing of L5 neurons was robustly suppressed (Fig. 4g). The
suppression was maximal when L6 photostimulation was aligned with
the recorded L5 neuron along the cortical radial axis, and decreased
progressively as the photostimulation spot was translated tangentially
(Fig. 4g, h). These results demonstrate that V1 can efficiently suppress
activity in L2/3, L4, L5 and L6 in the absence of thalamus.

Major role of L6 intracortical circuits

Taken together, these results indicate that L6 can modulate cortical
responses to visual stimuli through two independent circuits: indirectly,
through the corticothalamic circuit and directly, through the intracor-
tical circuit. To test whether one of these two circuits has a dominant
role, we examined how much of the V1 suppression is predicted by
dLGN suppression. We first established the transfer function between
dLGN and V1. For this we performed simultaneous in vivo recordings
from these two structures while presenting full-field drifting gratings of
varying contrasts to obtain contrast response functions for the dLGN
and V1 (Fig. 5a, b). By plotting dLGN versus V1 activity at each
contrast we obtained the transfer function from dLGN to V1, which
provides the response of V1 to various levels of dLGN activity (Fig. 5¢).
Finally, we presented the strongest contrast and photostimulated L6 to
reduce dLGN activity while simultaneously monitoring V1 activity.
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We reasoned that if the ensuing reduction of V1 activity matches
the reduction predicted by the transfer function, the modulation of
cortical responses by L6 is mainly due to dLGN suppression by the
corticothalamic circuit. However, if the reduction in V1 activity
exceeds that predicted by the transfer function, the additional reduc-
tion can be attributed to the intracortical circuit. We reduced dLGN
activity by ~10%, 20% and 50% through activation of L6 with three
progressively stronger illuminations (Fig. 5d). Notably, even the
smallest reduction in dLGN activity (10%) was accompanied by a
reduction in V1 activity that largely exceeded that predicted by the
transfer function (Fig. 5e). Furthermore, a 50% suppression of dLGN
activity was accompanied by a complete suppression of visually evoked
activity in V1. In this experiment a large fraction of V1 suppression
(73% averaged over five LED levels) exceeded the transfer function
prediction and must therefore be attributed to the intracortical circuit
(average intracortical component over all experiments 73 = 5%, n = 5;
Fig. 5f). Furthermore, given the relatively minor effects on the preval-
ence of burst firing in dLGN neurons (Supplementary Fig. 7f), this
effect cannot be attributed to a change in the firing pattern of dLGN
neurons. These results indicate that L6 suppresses cortical responses to
visual stimuli mainly through intracortical circuits.

Discussion

Taken together, this study shows that L6 modulates visually evoked
activity across L2/3, L4 and L5. This modulation occurs continuously
through visually driven L6 activity, as shown in awake animals, and
does not affect orientation tuning indicating that L6 selectively con-
trols the gain of cortical visual responses. Finally, despite suppression
of the dLGN, cortical gain control by L6 is executed largely by intra-
cortical circuits.

Response gain modulation is a fundamental cortical operation®” that
is crucially involved in sensory representation and sensorimotor integ-
ration. For example, visual responses in parietal cortex are gain modu-
lated by gaze direction®®. Furthmore, gain modulation may underlie

¢, dLGN-V1 transfer function derived by plotting
1

normalized response in V1 versus dLGN (from
b). Fit, hyperbolic ratio function. d, Simultaneously
recorded multi-unit responses to maximal
contrasts in V1 and dLGN without
photostimulation (black) or while
photostimulating L6 with increasing LED
intensities (progressively darker blue). Same
experiment as in b and c. Black bar, visual stimulus
(1.5 s); blue bar, LED illumination (1.5 s). Scale bars
are the same asin b. e, V1 versus dLGN response to
maximal contrast under control condition (black
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data point) or during three progressively stronger
photostimulations of L6 (light, medium and dark
blue, data from d). V1 responses are suppressed
more than predicted by transfer function (red
arrows) even for photostimulations that reduce
dLGN activity only ~10% (light blue). f, Average
intracortical component of suppression as a
function dLGN suppression (n = 5 experiments).
Intracortical component (red arrow in e) is
quantified as a fraction of total V1 suppression
(grey arrows plus red arrows in e). g, Schematic of
the main finding. Error bars, mean * s.e.m.
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the effects of attention on cortical responses to visual stimuli***.

However, the neuronal circuits that implement this operation have
remained largely unknown. Identifying L6 as a contributor to cortical
response gain modulation is an important step in dissecting the specific
functions of distinct circuits in cortical processing. The suppressive
action of L6 that is described here markedly differs from the facilitatory
impact of other layers on cortical activity>*"** (for example, L2/3
facilitates L5 (ref.*?)) and points towards a very distinct function of
different layers in sensory processing. The cortical GABAergic inter-
neuron subtype (or subtypes)*>** that is recruited by L6 activity and
mediates the reported suppressive effect remains to be identified, but
may include fast spiking neurons (Supplementary Fig. 4). Although the
exact synaptic mechanisms underlying gain control by L6 remains to be
elucidated, either a proportional change in excitation and inhibition®>*
or the modulation of only one of the two opposing conductances®” may
underlie the operation. The columnar organization of L6 pyramidal cell
projections to more superficial layers'’ ensures that L6-mediated sup-
pression is restricted to the cortical domains that are directly above the
activated L6 region (Fig. 4g, h). This topographic organization could
allow the cortex to differentially modulate the gain of V1 responses to
stimuli located in distinct regions of visual space.

L6 has been suggested to contribute to ‘end inhibition’, the suppres-
sion of cortical responses by bars above a given size'’. The powerful
inhibitory currents generated by L6 onto more superficial pyramidal
cells may represent the underlying cellular mechanism.

Previous studies addressing the role of corticothalamic feedback
projections through focal pharmacological perturbation of L6 neurons
have typically reported a facilitation of functionally or topographically
aligned thalamic neurons overlaid by broader surround suppression',
resulting in changes to both spatial and temporal tuning properties of
these neurons'>**™*". Our data obtained using full-field visual stimu-
lation are consistent with this model, in which spatial summation of
individual inhibitory surrounds will result in a net suppressive effect of
the corticothalamic feedback projection. Future studies combining
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optogenetic approaches with focal stimulation of visual space will
reveal how fine-scale corticothalamic circuits®** interact with intra-
cortical L6 circuits to influence visual processing in the cortex.

L6 in V1 receives convergent inputs from a variety of brain regions,
including higher cortical areas* as well as thalamus''. These various
brain regions could thus influence, through L6, the gain of visual
responses during the very initial steps of visual cortical processing.

METHODS SUMMARY

ChR2, archaerhodopsin and NpHR3.0 were conditionally expressed in mouse V1
via stereotactic injection of adenoassociated viruses into NTSR1-Cre mice'®. For
recordings under anaesthesia, mice were injected with 5 mg kg ™' chlorprothixene
and 1.2 gkg71 urethane. For awake experiments, a craniotomy was performed
under isoflurane anaesthesia (1-1.5%), and then a previously implanted head-
plate was used to fix the mouse on a circular treadmill and the anaesthetic was
removed. In vivo extracellular recordings were made from V1 and dLGN using
multichannel silicon probes. Visual stimuli were displayed on an LCD screen.
Microbial opsins were photoactivated using a blue (470-nm) or amber (590-nm)
LED placed above the thinned skull. In vitro whole-cell recordings were per-
formed as previously described®.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

All procedures were conducted in accordance with the National Institutes of
Health guidelines and with the approval of the Committee on Animal Care at
the University of California, San Diego.

Animals. We used the following mouse lines: NTSR1-Cre (strain B6.FVB(Cg)-
Tg(Ntsrl-cre)GN220Gsat/Mmcd, stock number 030648-UCD), which was
generated by the GENSAT project' and acquired from the Mutant Mouse
Regional Resource Centers; tdTomato reporter (Jax number 007908); GAD67-
GFP (Aneo); and PV-Cre (Silvia Arber).

Viral injections. Adeno-associated viruses (AAV's) for ChR2 and archaerhodopsin
were acquired from the University of Pennsylvania Viral Vector Core: AAV2/
1.CAGGS flex.ChR2.tdTomato.SV40 (Addgene 18917) and AAV2/9.flex.CBA.
Archaerhodopsin-GFP.W.SV40 (Addgene 22222). An AAV virus (AAV2/9) for
NpHR3.0 was produced at the Salk Viral Vector Core. The NpHR3.0 plasmid
(pAAV-Efla-DIO-eNpHR 3.0-EYFP) was provided by K. Diesseroth.

Viruses were loaded in a bevelled sharp micropipette mounted on a Nanoject II
(Drumond) or a micropump injector (UMP-3 WPI) attached to a micromanipulator.
ChR2 virus was injected into newborn pups (between postnatal days 0 and 2) that
were anaesthestized on ice and secured into a moulded platform. Three 20-nl boli
of virus was injected at each of three medial-lateral locations in V1 and two depths
(500 pm and 650 pm) within V1.

Archaerhodopsin was injected in combination with NpHR3.0 in juvenile
(1-2-month-old) mice anaethestized with 2.5% isoflurane and placed into a
stereotactic frame (Knopf). The exposed skull overlying V1 was thinned in three
locations with a dental drill (Foredom) with a 300-pum bur (Gesswein), and a hole
was made with a (25-gauge) needle at each location to permit insertion of the
injection pipette. A volume of 150 nl of virus was injected at a rate of 20 nl min ™"
at each of the three locations and at two depths (900 pm and 700 pm). The
scalp was then sutured and the mouse injected subcutaneously with 0.1 mgkg ™"
buprenorphine. In vivo recordings were made 1-2 months after viral injection.
Slice preparation. Mice were anaesthetized with ketamine and xylazine (100 mg
kg™" and 10mgkg ™", respectively), perfused transcardially with cold sucrose
solution (in mM: NaCl, 83; KCl, 2.5; MgSOy, 3.3; NaH,PO,, 1; NaHCO;, 26.2;
D-glucose, 22; sucrose, 72; and CaCl,, 0.5, bubbled with 95% O, and 5% CO,) and
decapitated, and the visual cortex was cut into 300-400-pum coronal sections in
cold sucrose solution. Thalamic slices were cut 45° off the coronal plane to
maintain connections between NRT and dLGN. Slices were incubated in sucrose
solution in a submerged chamber at 34 °C for 30 min and then at room temper-
ature (21 °C) until used for recordings.

In vitro recordings. Whole-cell recordings were done at 32°C in artificial
cerebrospinal fluid (in mM: NaCl, 119; KCl, 2.5; NaH,POy,, 1.3; NaHCO;, 26;
D-glucose, 20; MgCl,, 1.3; CaCl,, 2.5; and mOsm, 305, bubbled with 95% O, and
5% CO,). Excitatory and inhibitory synaptic currents were recorded using a
caesium-based internal solution (in mM: CsMeSQO,, 115; NaCl, 4; HEPES, 10;
Na;GTP, 0.3; MgATP, 4; EGTA, 0.3; QX-314-Cl, 2.5; BAPTA(5Cs), 10;
adjusted to pH7.4 with CsOH; mOsm 295; 3-5 MOhm pipette resistance).
Voltage-clamp recordings were not considered if the series resistance exceeded
20 MOhm or varied by more than 10%. Typically, 2-4 neurons were recorded
from simultaneously. Cell-attached recordings and biocytin fills were carried out
with a potassium-based internal solution (in mM: K-gluconate, 150; MgCl,, 1.5;
HEPES, 5; EGTA, 1.1; phosphocreatine, 10; adjusted to pH 7.4 with KOH; mOsm
295). Perforated-patch recordings were carried out using potassium-based
internal and 10 pg ml ™" Gramicidin D (Sigma G5002). Tight seals were held until
sufficient access allowed injection of current and resolution of action potentials
(typically 10-20 min). Ruptures of the perforated patch were apparent by a rapid
drop in series resistance at which point the recordings were discontinued.
Photostimulation of L6 in vitro consisted of either single 2-ms pulses or a 40-Hz
train of 2-ms pulses, or of 1-s ramps of light of increasing intensity as previously
described®. Data were recorded with Multiclamp 700B amplifiers (Axon instru-
ments) filtered at 2 kHz and digitized with a Digidatal440A (Axon instruments) at
10kHz. Recordings were analysed using custom-made routines in Igor Pro
(Wavemetrics). Charges represent the time integral of the synaptic current recorded
during the first second of photostimulation. The stage was moved using a custom
made plugin for ImageJ(NIH) to interface with ESP300 (Newport) via SerialPort
(SeriallO). Drugs used were NBQX (Tocris 1044) and CPP (Ascent Asc-159).

In vivo recordings in anaesthetized mice. Recordings were performed similarly
to those previously described”?. Animals were anaesthetized with 5mgkg™" of
chlorporthixene (intraperitoneal) and then (5-10 min later) with 1.2g kg™
urethane (intraperitoneal). During surgery, animals were given 0.5-1.0% isoflurane.
Animals were placed onto a custom platform and their temperature was maintained
at 37 °C using a feedback-controlled heating pad (FHC). Whiskers and eyelashes
that were contralateral to the recording side were trimmed and eyes covered with a

ARTICLE

thin, uniform layer of silcone oil to prevent drying. Protein expression was verified
by transcranial epifluorescence of the exposed and PBS-moistened skull using a
Leica MZ10F microscope. Only animals showing expression over the entire extent
of V1 were used for subsequent experiments. The entire dried skull was covered
with black dental cement (Ortho-Jet powder (Lang Dental) mixed with black iron
oxide) but for the previously outlined boundaries of V1 (~1.5-3.5 mm lateral to
midline and —0.5 to 2.5 mm anterior to lambda suture). A head-plate with a hole of
~2mm in diameter was mounted over V1 and a small region of skull (~300 X
750 pm) was thinned using a dental drill. Next, we used sharpened fine forceps
(Dumont number 55) to make a craniotomy just sufficiently large for inserting the
probe. A drop of PBS placed in the well at the centre of the head-plate kept the
exposed skull and craniotomy moist. A multichannel silicon probe mounted on a
micromanipulator (Luigs—-Neumann) was slowly advanced into the brain to a depth
of 800-1000 pm for linear probes and 200-700 um for tetrode probes (see later),
and recordings were started 20 min or more after inserting the probe.

For dLGN recordings we made a circular craniotomy (~1.5mm in diamater)
2.6 mm posterior and 2 mm lateral to the bregma suture. Robust visual responses and
bursting activity that was characteristic of dLGN relay neurons were encountered at a
depth between 2,400 and 3,100 pm** (Supplementary Fig. 7). For dual recording
experiments (Fig. 3g, h and Fig. 5), we used a larger head-plate so that a craniotomy
could be made both over the dLGN and V1.

Recordings were made with NeuroNexus 16-channel linear (alx16-3mm-50-
177) or tetrode (a2x2-tet-3mm-150-121) silicon probes. For recordings across
cortical depth and in dLGN we used the linear configuration. The tetrode con-
figuration was used to isolate a subset of cells in Fig. 2. Signals were amplified
X 1000, band-pass filtered between 0.3 Hz and 5 kHz using an AM Systems 3500
amplifier and acquired at 32 kHz using a NIDAQ board (PCle-6239) controlled
with custom-written software in Matlab (Mathworks). For dual recording experi-
ments we used two separate data-acquisition setups (amplifier, NIDAQ board
and computer). Raw data were stored on a computer hard drive for offline
analysis.

At the end of the recording session, animals were killed by administering 4%

isoflorane and the brain was quickly removed and fixed in 4% paraformaldehyde
for histological analysis.
In vivo awake recordings. 1-2 weeks before recording, mice were implanted with
a head-plate for head fixation. Mice were anaesthetized with 2.5% isoflurane, the
scalp was removed and a head-plate was fixed over V1 with black dental cement.
The skull directly overlying V1 was covered with Kwik-Cast (WPI). Animals were
injected subcutaneously with 0.1 mgkg ™' buprenorphine and allowed to recover
in their home cage for at least 1 week before recording.

Several days before recording, mice were familiarized to head fixation within
the recording setup. They were briefly anaesthetized with isoflurane and the head-
plate was clamped to a metal post, but otherwise the mice were unrestrained and
allowed to run in this position on a plastic circular treadmill or track (Fast-Trac
from Bio-Serv; see Supplementary Fig. 6). The same circular track was present in
the cages of the mice, where they were familiarized with its use. Mice grew
accustomed to head fixation over the course of 1-3 15-min sessions and ran
naturally on the track, occasionally stopping to rest or groom.

On the day of recording, mice were anaesthetized with 1.5-2% isoflurane, a
small craniotomy was made over V1, a drop of PBS was placed in the well of a
head-plate that was clamped to a metal post, and the multichannel probe inserted
into the craniotomy. After removal of isoflurane the mice regained consciousness
and typically began running. Recordings did not start before 30 min after the end
of anaesthesia. Awake recording sessions lasted between 1 and 2 h. Mice typically
spent ~60-80% of their time running, and the rest of the time was spent resting or
grooming. Data were not separated according to behaviour. Every 30-60 min
mice were given a few drops of a 5% glucose solution through a disposable pipette.
For two mice we performed 2-3 recording sessions, which were made at least a
day apart. Between sessions the craniotomy was covered with Kwik-Cast. A new
craniotomy was made for each session.

Visual stimulation. Visual stimuli were generated in Matlab using the
Psychophysics Toolbox** and were displayed on a gamma-corrected LCD monitor
(Dell 52 X 32.5 cm, 60-Hz refresh rate, mean luminance 50 cd m™?) positioned
25 cm from the contralateral eye. The monitor was positioned for each experiment
so that the multi-unit receptive field was located approximately in the centre of the
screen (the multi-unit receptive field was determined by moving a localized drift-
ing grating patch (~10°) around the screen). During the recording session full-
field sinusoidal drifting gratings were used. All stimuli had a temporal frequency of
2 Hz and a spatial frequency of 0.04 cycles per degree. Gratings were randomly
presented at 8-12 equally spaced directions, except for the experiments in Fig. 5 in
which we used only two orthogonal grating directions (0° and 90°). The contrast of
the stimulus was 100%, except for Fig. 5 in which we used six contrast levels (2, 4.4,
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9.6,21,46 and 100%). A grey screen trial was interleaved with the drifting gratings.
The duration of the visual stimulus was 1.5 s and the inter-trial interval was 3-6s.
In vivo photostimulation. To photo-stimulate ChR2 we used a blue (470-nm)
fibre-coupled LED (1 mm diameter, Doric Lenses) placed ~5-10 mm away from
the skull. Light from the LED spanned the entire area of V1. An opaque shield of
black aluminium foil (Thor Labs) prevented LED light from reaching the contra-
lateral eye. The LED was driven by the analogue output from the NIDAQ board.
The blue LED was presented at five intensities (approximately 3, 5, 7, 10.5 and 20
mW measured at the tip of the fibre), but for a minority of experiments we
presented only the highest LED intensity. Trials were alternated between visual
stimulus only and visual stimulus plus LED. The strongest LED intensity also
generated oscillations at gamma frequency, consistent with previous observa-
tions™ (Supplementary Fig. 2). The preferred-orientation of photostimulated
L6 cells remained unchanged but their tuning curves became broader
(Supplementary Fig. 2).

To photostimulate archaerhodopsin and NpHR3.0 we used an amber (590-nm)
fibre-coupled LED (1 mm in diameter, Doric Lenses) placed ~0.5mm from the
skull. Because photosuppression of L6 produced a transient decrease in spontaneous
multi-unit activity in L2-5 at the onset of LED illumination (see Supplementary
Fig. 6) we turned on the amber LED 1.4s before the visual stimulus began.
Experiments were performed at the highest LED intensity (~20 mW measured at
the tip of the fibre). As long as the suppresssion was not complete, the preferred
orientation of photosuppressed L6 cells remained unchanged (Supplementary Fig. 6).
In vivo data analysis. All in vivo data analysis was performed with custom
software written in Matlab.

Multi-unit spiking activity was defined as all events (spikes) exceeding a
threshold of 4 s.d. above the noise of the high-pass filtered (500-Hz) signal.
Spikes were assigned a depth corresponding to the depth of the channel they
were recorded from. Spikes that were recorded simultaneously on multiple
channels were considered as a single event and attributed to the channel in which
they showed the largest amplitude. We determined the depth of each channel by
considering the depth and the angle of the probe relative to the vertical axis of
cortex. We assigned spikes to different layers according to the following depths
(in pm): L2/3, 100-350; L4, 350-450; L5, 450-650; L6, >650. PSTHs were
composed of 50-ms bins. PSTHs of individual experiments were normalized to
the first 500 ms of the visual stimulus (for ChR2 experiments) or to the entire
visual stimulus (for archaerhodopsin and NpHR3.0 experiments) to generate
average PSTHs. PSTHs for kinetic analysis (Fig. 3h) were composed of 3-ms bins
and report the normalized difference in firing rates between control (average
firing over a 50-ms window prior to LED onset) and during LED illumination
(average firing rate over a 100-ms window, 50 ms after LED onset). For each
experiment the onset of suppression was determined as the time point at which
the normalized response fell below 2 s.d. of the baseline.

The contrast response functions in dLGN and V1 report the normalized,
baseline-subtracted firing rates and were fitted with a hyperbolic ratio function:

o

T'= T'max
" +ciy

where r is the response, ¢ is the contrast of the visual stimulus, 7. is a fitted
constant representing the response saturation level, # is fitting exponent that
affects the shape of the curve and cs is the semi-saturation constant. The transfer
function between the dLGN and V1 was fitted with a hyperbolic ratio function:
v TdLon T TaLaN 50

where ry is the V1 response, ry1 max is @ constant representing the V1 saturation
level, 41 G is the dLGN response, # is a fitting exponent and r4r g, 50 is the semi-
saturation constant. The ‘corticothalamic component’ (CT) was defined as the
fraction of the total V1 suppression accounted for by this predicted response. The
‘intracortical component’ was then defined as 1 —CT component. We performed
this analysis for five LED levels and averaged across experiments to produce the
plot in Fig. 5f.

We isolated single units using spike-sorting software provided by D. N. Hill,
S.B. Mehta, and D. Kleinfeld*. For both the linear and tetrode probes we analysed
waveforms extracted from groups of four adjacent electrode sites. We high-pass
filtered the raw signal at 500 Hz and then detected spiking events exceeding 4-5
s.d. of the noise. Spike waveforms were clustered using a k-means algorithm. After
initial automated clustering, we used a graphical user interface to manually merge

and split clusters. Unit isolation quality was assessed by considering refractory
period violations and Fisher linear discriminant analysis. In agreement with
previous studies we could classify waveforms as regular-spiking or fast-spiking
putative inhibitory neurons. In our data set there was a clear bimodal distribution
of trough-to-peak times (a threshold of 0.4 ms was used to divide fast-spiking
from regular-spiking units). All units were assigned a depth according to the
channel that they were detected on, and units were assigned to layers based on
the depth divisions given above for the multi-unit activity.

For each unit we computed the visual response as the mean spike-rate occur-
ring over the time window in which both the LED and visual stimulus were
present. Thus, for the L6 photostimulation experiments this typically corre-
sponded to a 500-ms window placed in the centre of the visual response, and
for the L6 photosuppression experiments this window encompassed the entire
1.5-s visual stimulus. For all analysis except the orientation tuning analyis in
Fig. 2, we averaged responses over all stimulus conditions. Following recent
studies'”*® of orientation tuning we computed an OSI as:

o5t V(5 risin(200))? + (3 i cos(260)?
= S
where r is the response to the kth direction given by ). We determined an OSI
for each unit with and without photostimulation or suppression of L6. We estab-
lished the preferred orientation and tuning width by first fitting the average
responses of each unit with a sum of two Gaussians:

r=ro+ ,pe—w—ﬂpf/mz) rpp soe— 00— 180)° /(20%)

where 7, is a constant offset, r;, is the response at the preferred orientation, 7, + 150
is a response 180° away from the preferred direction, 0 is the stimulus direction,
0, is the preferred orientation and ¢ is the tuning width. The two Gaussians were
forced to peak 180° apart and to have the same width but could have different
amplitudes. Control and photostimulation or photosuppression conditions were
fit separately. To generate the average population tuning curve we first circularly
shifted the stimulus direction of each unit so that the maximal response occurred
at 0°. We then normalized the responses to this peak response and averaged all
normalized tuning curves together. We fit the control population average tuning
curve with a sum of two Gaussians. The curve for the photostimulation or photo-
suppression population average was produced by scaling the control curve by the
slope (gain factor) of the linear fit shown in Fig. 2e, j.

All error bars are presented as mean = s.e.m. unless otherwise noted. We used
paired f-tests to assess statistical significance unless otherwise noted.
Histology. Triple transgenic mice (Ntsr1-Cre, floxed-tdTomato and Gad67-GFP)
were anaesthetized with ketamine and xylazine (100 mgkg™' and 10 mgkg™",
respectively) and perfused with cold sucrose (see above) and then perfluoroalkoxy
(4% in PBS). After 24 h incubation in perfluoroalkoxy, slices were cut into 50-pum
sections and immunostained as described previously”. Antibodies that were used
were mouse anti-NeuN (1:400; Millipore MAB377), chicken anti-GFP (1:1000;
Aves Labs GFP-1020), goat anti-chicken AF488 (1:1,000; Invitrogen A11039) and
goat anti-mouse AF633 (1:1,000; Invitrogen A21050). Slices were mounted in
Vectashield with Dapi (Vector Labs, H1500). Images were single confocal sections
taken on an Olympus FV1000. Layer borders were identified by changes in cell
density. Cell counts were carried out using standard stereological techniques.
Biocytin fills and neural reconstructions were done as previously described™®.
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