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SUMMARY
Processing of sensory information in neural circuits is modulated by an animal’s behavioral state, but the un-
derlying cellular mechanisms are not well understood. Focusing on the mouse visual cortex, here we analyze
the role of GABAergic interneurons that are located in layer 1 and express Ndnf (L1 NDNF INs) in the state-
dependent control over sensory processing. We find that the ongoing and sensory-evoked activity of L1
NDNF INs is strongly enhanced when an animal is aroused and that L1 NDNF INs gain-modulate local excit-
atory neurons selectively during high-arousal states by inhibiting their apical dendrites while disinhibiting
their somata via Parvalbumin-expressing interneurons. Because active NDNF INs are evenly spread in L1
and can affect excitatory neurons across all cortical layers, this indicates that the state-dependent activation
of L1 NDNF INs and the subsequent shift of inhibition in excitatory neurons toward their apical dendrites gain-
modulate sensory processing in whole cortical columns.
INTRODUCTION

The cortex’s response to sensory stimuli is modulated by an an-

imal’s behavioral state, adjusting sensory perception to chang-

ing behavioral demands. The cellular mechanisms through

which behavioral states modulate sensory responses in the cor-

tex are still not well understood, but it is thought that layer 1 (L1;

the cortex’s uppermost layer) plays a prominent role in these

mechanisms (Abs et al., 2018; Cauller, 1995; Ibrahim et al.,

2016; Letzkus et al., 2011; Roth et al., 2016; Shlosberg et al.,

2006). L1 is densely packed with the apical tuft dendrites of local

excitatory neurons and with the axons of long-range projection

neurons that convey sensory and behavioral state-dependent in-

formation from distal brain regions, including from other cortical

areas (Ibrahim et al., 2016; Leinweber et al., 2017; Zhang et al.,

2014), from thalamic nuclei (Cruz-Martı́n et al., 2014; Fang

et al., 2020; Hu et al., 2019; Roth et al., 2016) and from neuromo-

dulatory centers (Alitto and Dan, 2013). Thus, L1 is ideally suited

for integrating sensory and state-dependent information, which

together shape the activity of local excitatory neurons.

In addition to long-range axons and tuft dendrites, L1 also

contains a sparse population of neurons, most of which belong

to two subgroups of GABAergic interneurons (INs) (Abs et al.,

2018; Jiang et al., 2013; Letzkus et al., 2011; Overstreet-Wa-

diche and McBain, 2015; Schuman et al., 2019; Tasic et al.,
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2016): neurogliaform cells (NGFCs) that express the neuron-

derived neurotrophic factor (L1 NDNF INs) and that project later-

ally to the apical dendrites of local excitatory neurons through a

dense axonal arbor (i.e., they innervate primarily L1 and layer 2/3

[L2/3]) and non-Ndnf-expressing INs that send a single axon

downward into lower cortical layers (i.e., layer 4 [L4] to layer 6

[L6]). Considering their very different cellular properties, it seems

likely that L1 IN subtypes exert rather different circuit functions;

hence, subtype-specific approaches are required to unambigu-

ously determine their function in the cortex. However, the lack of

selective genetic access to either of these L1 IN subtypes has

precluded assessing their role in sensory processing.

Here, we combine our recently established subtype-specific

genetic tools and approaches with in vivo two-photon (2P) imag-

ing, pupillometry, viral tracing, electrophysiology ex vivo and

in vivo, chemogenetics, and optogenetics to investigate the

role of L1 NDNF INs in the processing of visual information in

the mouse primary visual cortex (V1). We find that L1 NDNF

INs respond to visual stimuli in a unique manner compared

with other types of cortical neurons and that their sensory-

evoked responses are strongly enhanced when an animal is

aroused. Consistent with this, we demonstrate that visual cortex

L1 NDNF INs receive long-range inputs from many distal brain

regions that can convey sensory-evoked and/or state-depen-

dent information. Probing the downstream effects of L1 NDNF
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Figure 1. Sensory-evoked responses of visual cortex L1 NDNF INs are cell-type specific

(A) Left: setup for 2P imaging of GCaMP activity in L1 NDNF INs in V1 of awake mice. Right: field of view of GCaMP6s-expressing L1 NDNF INs in V1 (scale

bar, 50 mm).

(B–E) Characterization of the visual response properties of L1 NDNF INs in V1 and comparison with those of SST INs and L2/3 excitatory neurons. (B and C)

Orientation tuning. (B) Responses of a typical L1 NDNF IN to drifting gratings in different directions (left; gray area, visual stimulus) and corresponding polar plot

(right). (C) Normalized population averages of all visually responsive L1NDNF INs, SST INs, and L2/3 excitatory neurons at 100%contrast (138 L1NDNF INs out of

362 imaged [38.12%], n = 8 mice; 99 SST INs out of 181 imaged [54.7%], n = 4mice ; 803 L2/3 excitatory [Exc.] neurons out of 2,814 imaged [28.5%], n = 4mice).

(legend continued on next page)
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INs, we find that these neurons gain-modulate the activity and

sensory-evoked responses of local excitatory neurons selec-

tively during high-arousal states and improve their signal-to-

noise ratio (SNR). L1 NDNF INs do so by conveying direct,

long-lasting inhibition to excitatory neurons across all cortical

layers and by concomitantly disinhibiting them via direct inhibi-

tion of fast-spiking (FS) INs that express Parvalbumin (PV INs).

Because L1 NDNF INs target primarily the apical dendrites of

cortical excitatory neurons, while PV INs specialize in targeting

their somata, and because active NDNF INs are evenly spread

across L1, our findings indicate that the behavioral state-depen-

dent activation of L1 NDNF INs leads in local excitatory neurons

to a relative shift of inhibition from the soma toward the apical

dendrites and that this, in turn, enhances the stimulus-evoked

responses in excitatory neurons across whole cortical columns

and improves the SNR in these neurons.

RESULTS

Sensory-evoked responses of visual cortex L1 NDNF INs
are cell-type specific
To study NDNF INs in the visual cortex, we first validated that

they are concentrated in L1 in this region of the neocortex (Fig-

ure S1), similar to what we and others have reported for the audi-

tory (AUD), somatosensory (SS), and prefrontal cortex (Abs et al.,

2018; Anastasiades et al., 2021; Fan et al., 2020; Schuman et al.,

2019). Using fluorescence in situ hybridization (FISH), we find

that NDNF INs are indeed highly concentrated in L1 of the visual

cortex, where they comprise about two-thirds (67.3%) of all

GABAergic INs in L1 and express the same subtypes markers

as in other cortical areas (including those markers found in

NGFCs, e.g., Reln, Npy, and Nos; Cadwell et al., 2016).

Next, we assessed the visual response properties of L1 NDNF

INs in the mouse V1 and compared them with those of somato-

statin-expressing INs (SST INs), an IN subtype that also special-

izes in targeting the apical dendrites of local excitatory neurons

(Tremblay et al., 2016), and with those of excitatory neurons in

L2/3 of the cortex. To this end, we expressed the calcium indica-

tor GCaMP6s in the respective neuronal subtype in V1 (i.e., in L1

NDNF INs, in SST INs, or in L2/3 excitatory neurons) via intracort-

ical injections of adeno-associated viral (AAV) constructs and

performed in vivo 2P imaging in awake head-fixed mice that

were presented with drifting gratings at various directions, con-

trasts, stimulus sizes, and spatial frequencies, thereby respec-

tively testing orientation tuning, contrast sensitivity, size selec-

tivity, and visual acuity (i.e., spatial frequency) (Figure 1). These

experiments revealed that 56.6% of the recorded L1 NDNF INs

respond significantly to visual stimuli and that they are strongly

orientation tuned (89% of all visually responsive L1 NDNF INs)

(Figures 1B, 1C, and S2A). The responses of L1 NDNF INs are

not strongly affected by the spatial frequency of the gratings pre-
(D) Contrast tuning. Normalized population averages of all visually responsive L1

contrast levels (144 L1 NDNF INs, n = 6 mice; 186 SST INs, n = 6 mice; 1,442 L2/3

all visually responsive L1 NDNF INs, SST INs, and L2/3 excitatory neurons to visua

n = 4 mice; 1,785 L2/3 Exc. neurons, n = 4 mice).

(F) Spatial frequency tuning. Normalized population averages of all visually respon

cycles per degree (cpd) (153 L1 NDNF INs, n = 5 mice; 138 SST INs, n = 4 mice;
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sented to the mice, but they do exhibit a preference for low

spatial frequency (Figure 1F; p = 1.6109e–05, Kruskal-Wallis

one-way ANOVA). Similarly, increases in the size of the visual

stimulus only moderately enhance the responses of L1 NDNF

INs (i.e., their responses plateau before the maximal stimulus

size; Figure 1E), consistent with the idea that L1 NDNF INs

convey a certain degree of surround suppression (Fan et al.,

2020). Furthermore, the visually evoked responses of L1 NDNF

INs are, at the population level, only weakly affected by the

contrast of the visual stimuli (Figure 1D): although the responses

of individual L1 NDNF INs are contrast dependent, a similar per-

centage of L1 NDNF INs maximally respond at each contrast

level, and thus, a similar number of L1 NDNF INs respond to vi-

sual inputs regardless of stimulus contrast (Figure 1D, inset).

These response properties of L1 NDNF INs clearly differ from

those of SST INs: SST INs are less orientation tuned than L1

NDNF INs (Figures 1C and S2; median global orientation selec-

tivity index (gOSI) of SST INs = 0.305 versus median gOSI of

L1 NDNF INs = 0.624, p = 9.56e–10, Kruskal-Wallis one-way

ANOVA), but their responses directly scale with the contrast (Fig-

ure 1D) and the size (Figure 1E) of the visual stimulus. The

response properties of L1 NDNF INs also differ from those of

L2/3 excitatory neurons: while both types of neurons are strongly

orientation tuned (Figures 1C and S2; median gOSI of L2/3 excit-

atory neurons = 0.683, p = 0.898, Kruskal-Wallis one-way

ANOVA), the responses of L2/3 excitatory neurons are, unlike

those of L1 NDNF INs, suppressed at large stimulus size (Fig-

ure 1E) and enhanced as the contrast of the stimulus increases

(Figure 1D). Taken together, these experiments reveal that L1

NDNF INs in the visual cortex have cell-type-specific responses

to visual stimuli (i.e., to bottom-up inputs) that clearly differ from

the response properties of other types of neurons in V1: while L1

NDNF INs are strongly orientation tuned, their visually evoked re-

sponses remain, on the population level, relatively constant

across varying levels of stimulus contrast and are only moder-

ately enhanced upon increases in the size of the stimulus. The

relatively subtle effects of the stimulus’ contrast on the visually

evoked responses of L1 NDNF INs are very different from those

of SST INs and L2/3 excitatory neurons in which the extent of the

visually evoked responses increases with the strength of the vi-

sual stimuli presented.

Sensory-evoked responses of visual cortex L1 NDNF INs
are strongly enhanced when an animal is aroused
L1 is thought to be a key site for the behavioral state-dependent

regulation of the activity and sensory-evoked responses of

cortical neurons. Thus, we next examined the extent to which

the activity of L1 NDNF INs is affected by brain state and

compared this with the state-dependent modulation of SST

INs and L2/3 excitatory neurons. For this, we measured the rela-

tion between the spontaneous (i.e., ongoing) or visually evoked
NDNF INs, SST INs, and L2/3 excitatory neurons to visual stimuli at different

Exc. neurons, n = 4 mice). (E) Size tuning. Normalized population averages of

l stimuli of different sizes (in degrees) (92 L1 NDNF INs, n = 5mice; 113 SST INs,

sive L1 NDNF INs, SST INs, and L2/3 excitatory neurons to gratings at different

1,873 L2/3 Exc. neurons, n = 4 mice).
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Figure 2. Ongoing activity and visually evoked responses of L1 NDNF INs in V1 are strongly enhanced when an animal is aroused

Pupillometry reveals that the activity of L1 NDNF INs in V1 strongly depends on brain state.

(A) Comparison of the ongoing activity of L1 NDNF INs, SST INs, and L2/3 excitatory neurons in V1 and of pupil diameter (i.e., arousal state). Top: example traces

of the spontaneous GCaMP6s activity in the respective neuronal subtype (black) and of pupil diameter (ochre). Bottom: histogram of the correlation coefficients

(Pearson correlation) of spontaneous GCaMP6s activity in the respective neuronal subtype with pupil diameter (L1 NDNF INs: dotted line = 0.2813 [population

average of n = 250 L1 NDNF INs from seven mice]; gray, shuffled control; p = 1.52e–18, Wilcoxon signed-rank test; n = 287 SST INs from five mice, p = 4.6875e–

14, Wilcoxon signed-rank test; n = 1,141 L2/3 Exc. neurons from four mice; p = 1.85e–06, Wilcoxon signed-rank test).

(B) Comparison of the evoked activity of L1 NDNF INs, SST INs, and L2/3 excitatory neurons in V1 and of pupil diameter (i.e., arousal state). The blue trace depicts

the normalized average responses of each type of neuron to visual stimulation (at each cell’s preferred direction) at the respective pupil diameter, the dotted red

depicts the linear fit of the blue trace, and the red number indicates the slope of the dotted red line (L1 NDNF INs: n = 104 cells from seven mice, p = 0.0004,

Kruskal-Wallis one-way ANOVA; SST INs: n = 149 cells from five mice, p = 0.565, Kruskal-Wallis one-way ANOVA; L2/3 Exc.: n = 813 cells from four mice, p =

1.65e–10, Kruskal-Wallis one-way ANOVA).
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activity of the respective neuronal subtypes in V1 to the size of

the animal’s pupil, as pupillometry provides a robust indication

of a mouse’s arousal state (McGinley et al., 2015; Reimer

et al., 2014; Vinck et al., 2015) (Figure 2). This analysis revealed

that the spontaneous activity of L1 NDNF INs is strongly corre-

lated with pupil diameter (mean correlation = 0.2813, p =

1.58e–18, Wilcoxon signed-rank test, shuffle pairs versus true

pairs; Figure 2A) and that this correlation is higher in L1 NDNF

INs than in SST INs (0.158, p = 0.0005, Kruskal-Wallis one-way

ANOVA) or in L2/3 excitatory (0.035, p = 9.56e–10, Kruskal-

Wallis one-way ANOVA). Further analysis of the spontaneous ac-

tivity of L1 NDNF INs reveals that these neurons tend to be co-

active (i.e., their spontaneous activity is correlated with each

other) (Figures S2B and S2C); this correlated activity of L1

NDNF INs does not depend on their physical distance from

each other (Figure S2D), but co-active L1 NDNF INs tend to be
evenly spaced from each other (mean distance of 220.3 ±

1.5 mm between co-active NDNF INs in L1, similar to the radius

of the their axonal arbor; Jiang et al., 2015; Schuman et al.,

2019; Figure S2E). Consistent with the notion that the activity

of L1 NDNF INs increases as the animal becomes more alert,

we find that in anesthetized mice, only 42% of L1 NDNF INs

are active (Figure S2F). When we then analyzed the state depen-

dency of the evoked responses of L1 NDNF INs, we found that

the amplitude of their responses strongly scales with pupil diam-

eter (Figure 2B), indicating that L1 NDNF INs respond to the

same visual stimulus much stronger when the animal is alert.

Although a positive correlation between the strength of the visu-

ally evoked responses and the animal’s arousal state is observed

also in SST INs and L2/3 excitatory neurons (Figure 2B), this

state-dependent modulation is much stronger in L1 NDNF INs.

Thus, taken together, we conclude that the visually evoked
Neuron 109, 2150–2164, July 7, 2021 2153
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Figure 3. Visual cortex L1 NDNF INs receive bottom-up and top-down synaptic inputs from distal brain areas

(A and B) Rabies virus (RV)-based retrograde monosynaptic tracing reveals that L1 NDNF INs in the visual cortex receive long-range inputs frommany distal brain

regions that can convey bottom-up sensory and top-down behavioral state-dependent information. (A) Example images of Ndnf-IRES-CreERT2 mice injected

into their visual cortex first with AAVs to drive expression of the rabies glycoprotein and the TVA receptor (fused to mCherry) selectively in L1 NDNF INs and then

with aG protein-deficient RV that drives depression of EGFP andwas pseudotyped with TVA. ‘‘Starter cells’’ are recognized by expression of TVA-R-mCherry and

EGFP (see inset), while input cells express EGFP only (see examples from several distal brain regions: SS Cx, somatosensory cortex; AUD Cx, auditory cortex;

ACA, anterior cingulate area cortex; LG, lateral geniculate complex; LP, lateral posterior nucleus) (scale bar in overview image, 1 mm; scale bars in brain regions,

100 mm). (B) Quantification of the EGFP-labeled presynaptic cells (n = 12,832 cells from five mice).

(C) Anterograde optogenetic mapping confirms the monosynaptic connectivity of distal brain regions to L1 NDNF INs in V1. AAVs for Cre-dependent expression

of EGFP and for neuronal expression of ChR2 were respectively injected into V1 and either into the auditory cortex (AUDCx) or anterior cingulate area (ACA) in the

prefrontal cortex; photocurrents were measured in EGFP-labeled L1 NDNF INs in acute visual cortex slices in the presence of TTX and 4-AP (AUD, n = 19 cells;

ACA, n = 19 cells). Left: scheme of experimental setup;middle: average of all traces (blue, optogenetic activation); right: summary of amplitudes in boxplot format.
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responses of L1 NDNF INs are only weakly affected by the

strength of visual stimulation (e.g., by stimulus contrast or size;

Figures 1D and 1E) but are strongly tuned to an animal’s behav-

ioral state.

Visual cortex L1 NDNF INs receive bottom-up and top-
down synaptic inputs from distal brain areas
Having established that L1 NDNF INs in the visual cortex respond

to visual inputs and that their activity is strongly modulated by an

animal’s arousal state, we next tested whether these neurons

receive synaptic inputs from relevant brain areas, i.e., brain areas

that can convey bottom-up visual information and/or top-down

state-dependent or contextual information. To this end, we per-

formed rabies virus-based retrograde monosynaptic tracing

(Wickersham et al., 2007), with L1 NDNF INs in the visual cortex

as starter cells. Having validated that the starter cells are indeed

localized in L1 of the visual cortex (Figure 3A, inset), we prepared

serial sections of the brains of the injectedmice and quantified the

amount of labeled (i.e., monosynaptically connected) neurons in

each brain region (n = 12,832 neurons from five mice; Figure 3B).

We find that L1 NDNF INs indeed receive direct inputs from brain

regions that convey bottom-up visual inputs, including the dorsal
2154 Neuron 109, 2150–2164, July 7, 2021
lateral geniculate nucleus (dLG) in the thalamus. Similarly, we find

that visual cortex L1 NDNF INs receive extensive inputs from

many brain regions that can convey top-down information,

including from other primary cortices (e.g., from the AUD, SS,

and motor [MO] cortices), association cortices (e.g., from the ret-

rosplenial [RSP] cortex and from the anterior cingulate area [ACA]

in the prefrontal cortex), and higher-order thalamic nuclei (e.g.,

from the lateral posterior nucleus [LP] in the thalamus). In addition,

we identify direct inputs from several hypothalamic nuclei,

including the lateral hypothalamic area (LHA) and the medial pre-

optic area (MPA). Many of the inputs identified by our rabies

tracing derive from both hemispheres, that is, from the hemi-

spheres ipsi- and contralateral to the viral injection site, which is

consistent with previous observations about the prominent role

of L1 INs in interhemispheric inhibition (Palmer et al., 2012). To

validate that the inputs identified by our rabies-tracing experi-

ments are indeed monosynaptic and functional, we focused on

the AUD and the prefrontal cortex and performed optogenetic

input mapping to visual cortex L1 NDNF INs from these regions

(Figure 3C). For this, we expressed the optogenetic activator

ChR2 (Zhang et al., 2006) in the respective cortical area, labeled

L1 NDNF INs in the visual cortex with GFP, and performed
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whole-cell voltage-clamp recordings from GFP-labeled cells in

acute visual cortex slices in the presence of tetrodotoxin (TTX)

and 4-AP while photo-activating the ChR2-expressing axons.

This revealed that visual cortex L1NDNF INs indeed receive direct

monosynaptic inputs from the AUD and prefrontal cortex (Fig-

ure 3C). Taken together, these findings are consistent with and

extend previous reports on the organization of long-range inputs

to visual cortex L1 (Cruz-Martı́n et al., 2014; Ibrahim et al., 2016;

Leinweber et al., 2017; Roth et al., 2016; Zhang et al., 2014) and

demonstrate that L1 NDNF INs receive direct synaptic inputs

from multiple brain areas that convey bottom-up visual informa-

tion and top-down behavioral state-dependent information.

Notably, the differences between our findings and previous re-

ports on long-range inputs to other types of visual cortex neurons

(Leinweber et al., 2017) are reminiscent of the cell-type-specific

differences in long-range inputs observed in other cortical areas

(Anastasiades et al., 2021; Naskar et al., 2021; Wall et al., 2016).

L1 NDNF INs can gain-modulate the visually evoked
responses of excitatory neurons in all cortical layers
Next, we assessed how the activity of L1 NDNF INs affects the

visually evoked responses of local principal (i.e., excitatory) neu-

rons. For this, we expressed the optogenetic activator Chronos-

GFP (Klapoetke et al., 2014) (Figures S3A–S3E) in visual cortex

L1 NDNF INs and performed loose patch-clamp recordings

from excitatory neurons (see STAR Methods) across all cortical

layers while displaying visual stimuli and activating L1 NDNF

INs in interleaved trials by turning on a blue light-emitting diode

(LED) (470 nm) during the time of stimulus presentation (Fig-

ure 4A). Recording in anesthetized mice, we find that optoge-

netic activation of L1 NDNF INs significantly reduces sponta-

neous firing (Figure S3G) and visually evoked responses in

excitatory neurons across all layers (Figures 4B–4D) without

affecting their gOSI (Figure 4E), their preferred orientation (Fig-

ure S3H), or their direction selectivity index (DSI; Figure S3I).

The same effects were observed when we recorded in awake

mice (Figure 4H). We then analyzed the type of inhibition that

is conveyed by L1 NDNF INs onto excitatory neurons (i.e., sub-

tractive or divisive; Carandini and Heeger, 1994; Isaacson and

Scanziani, 2011; Wilson et al., 2012) by comparing the effects

of optogenetic L1 NDNF IN activation on excitatory neuron
Figure 4. L1 NDNF INs can gain-modulate the visually evoked respons

(A) Configuration for in vivo patch-clamp recordings from excitatory (EXC) neur

optogenetically activating L1 NDNF INs.

(B–E) Optogenetic activation of L1 NDNF INs reduces visually evoked responses

selectivity (B–E, anesthetized mice; F, awake mice). (B) Peristimulus time histog

drifting gratings without (black) and with (blue) optogenetic activation of L1 NDN

excitatory neuron in (B) in each direction (summarized in polar plot). (D) Average n

are optogenetically activated (blue) or not (black). The responses of excitatory neu

n = 14; L4, n = 14; L5, n = 13; *p < 0.05, **p < 0.01, and ***p < 0.001,Wilcoxon signe

across all layers with (blue) and without (black) activation of L1 NDNF INs (L2/3,

(F) L1 NDNF INs provide divisive inhibition across all cortical layers. The diffe

(ON) optogenetic stimulation in L1 NDNF INs is significantly different between th

p = 0.0437; L5, p = 0.0215; Wilcoxon signed-rank test).

(G) Activation of L1 NDNF INs improves the signal-to-noise ratio (SNR) in L2–L5

neuron’s evoked and spontaneous firing rate divided by the sum (n = 34 excitato

(H) Average normalized responses of L2/3 and L4 excitatory neurons in V1 of aw

(n = 9, *p = 0.0273, Wilcoxon signed-rank test).
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responses in their preferred and orthogonal direction (Figure 4F).

We find that the change in firing rate at the preferred orientation

is significantly higher than the one in orthogonal orientation;

together with the fact that we detect no change in gOSI (Fig-

ure 4E), this indicates that L1NDNF INs provide divisive inhibition

across all cortical layers. Considering the effects of L1 NDNF INs

activation on spontaneous firing in excitatory neurons (Fig-

ure S3G), our findings also suggest that L1 NDNF INs improve

the SNR in these neurons. Indeed, we find that optogenetic acti-

vation of L1NDNF INs leads to a subtle but significant increase of

the SNR in excitatory neurons (Figure 4G). Thus, our experiments

demonstrate that L1 NDNF INs can gain-modulate the visually

evoked responses of principal excitatory neurons across all

cortical layers via divisive inhibition and improve their SNR.

Direct inhibition by L1 NDNF INs reduces firing rates in
excitatory neurons across all cortical layers for
hundreds of milliseconds
We then set out to test how L1 NDNF INs exert their inhibitory ef-

fects on excitatory neurons across all cortical layers. We and

others have shown in acute cortical slices that L1 NDNF INs

can inhibit L2/3 excitatory neurons (Abs et al., 2018; Schuman

et al., 2019), but a direct demonstration of inhibition (i.e., hyper-

polarization) conveyed by L1 NDNF INs in vivo remained elusive.

Thus, we recorded intracellularly from visual cortex excitatory

neurons along the cortical column while optogenetically acti-

vating L1 NDNF INs. Recordings in anesthetized mice show

that even short activation of L1 NDNF INs (50 ms) elicits a strong

and long-lasting hyperpolarization (several hundred millisec-

onds) in excitatory neurons (Figures 5A and 5C), including in

deep cortical layers (i.e., layer 5 [L5]). These effects are not

due to anesthesia, as such long-lasting hyperpolarization was

observed also in awake mice (Figure 5B). Accordingly, we find

that the action potential firing rates of excitatory neurons across

all cortical layers is reduced for at least 200ms after the end of L1

NDNF IN activation (Figure 5D). To test whether this inhibition is

the result of direct inputs from L1 NDNF INs to excitatory neu-

rons, we expressed Chronos in L1 NDNF INs and performed

whole-cell patch-clamp recordings from excitatory neurons in

acute visual cortex slices in the presence of TTX and 4-AP while

optogenetically activating L1 NDNF INs. Indeed, we find that
es of excitatory neurons in all cortical layers

ons in V1 of awake or anesthetized mice while presenting visual stimuli and

of excitatory neurons in V1 across all layers but does not affect their orientation

ram (PSTH) of spike responses of a representative L2/3 excitatory neuron to

F INs. (C) Fitted tuning curve and the average firing rate of the L2/3 example

ormalized responses of excitatory neurons across all layers when L1 NDNF INs

rons in all layers are significantly reduced upon activation of L1 NDNF INs (L2/3,

d-rank test). (E) Global orientation selectivity index (gOSI) of excitatory neurons

p = 0.9515; L4, p = 0.7088; L5, p = 0.946; Wilcoxon signed-rank test).

rence in the firing rates (FR) in V1 excitatory neurons without (OFF) or with

e preferred and orthogonal orientation across all layers (L2/3, p = 0.0486; L4,

excitatory neurons. The SNR was calculated as the difference between the

ry neurons, p = 0.0273, Wilcoxon signed-rank test).

ake mice when L1 NDNF INs are optogenetically activated (blue) or not (black)
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Figure 5. Direct inhibition by L1 NDNF INs reduces firing rates in excitatory neurons across all cortical layers for hundreds of milliseconds

(A–D) In vivo intracellular current-clamp recordings reveal that optogenetic activation of L1 NDNF INs leads to long-lasting hyperpolarization in V1 excitatory

neurons across all layers. Example average traces of membrane potential recordings in anesthetized (A) and awake (B) mice. Blue shades mark the time of

optogenetic activation of L1 NDNF INs. (C) Average amplitude and decay time in excitatory neurons in response to optogenetic activation of L1 NDNF INs in

anesthetized mice (L2/3, n = 7; L4, n = 10; L5, n = 6; p = 0.2816 for amplitude, p = 0.7493 for decay, Kruskal-Wallis one-way ANOVA). (D) Average normalized

peristimulus time histogram (PSTH; bin size = 100 ms; L2/3, n = 9; L4, n = 22; L5, n = 16).

(E and F) Whole-cell patch-clamp recordings in the presence of tetrodotoxin (TTX) and 4-AP in acute visual cortex slices reveal that L1 NDNF INs directly inhibit

excitatory neurons in all layers of V1. (E) Left: experimental setup. Chronos-expressing L1 NDNF INs are optogenetically activated for 50 ms. Right: averaged

inhibitory postsynaptic current (IPSC) traces of recorded excitatory neurons in each layer (L2/3, n = 17; L4, n = 10; L5, n = 20). (F) Average amplitude, charge

transfer, and decay time in excitatory neurons upon optogenetic activation of L1 NDNF INs (amplitude, p = 7.42e–06; charge, p = 5.61e–06; decay, p = 0.0004;

Kruskal-Wallis one-way ANOVA).
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activation of L1 NDNF INs elicited inhibitory current in excitatory

neurons across all cortical layers (Figures 5E and 5F), that this in-

hibition is direct and long-lasting (e.g., compared with inhibition

from SST INs to excitatory INs; Abs et al., 2018), and that these

inhibitory currents aremediated in part byGABAB receptors (Fig-

ures S4A and S4B). Together, these experiments demonstrate

that L1 NDNF INs can inhibit excitatory neurons across all

cortical layers via direct inhibitory currents, thereby leading to

a long-lasting reduction in their firing rates.

L1 NDNF INs enhance visually evoked responses and
improve SNR in excitatory neurons in a state-dependent
manner
Having established that L1 NDNF INs respond to visual stimuli in

a state-dependentmanner and that their exogenous optogenetic
activation can modulate the visually evoked responses of excit-

atory neurons via direct long-lasting inhibition, we next tested

whether the endogenous activity of L1 NDNF INs indeed modu-

lates the visually evoked responses of excitatory neurons in a

manner that depends on the animal’s behavioral state. To this

end, we measured the activity of visual cortex L2/3 excitatory

neurons in awake mice via 2P GCaMP imaging prior to and after

chemogenetic inhibition of L1 NDNF INs and while assessing the

animal’s arousal state via pupillometry (Figure 6A). Importantly,

we first confirmed (1) that the chemogenetic inhibition of L1

NDNF INs indeed abolishes optogenetically activated inhibitory

currents from these neurons to visual cortex L2/3 excitatory neu-

rons (Figures S5A–S5C) and (2) that the chemogenetic inhibition

of L1 NDNF INs does not alter the animal’s arousal state (Fig-

ure S5D). When we then tested whether the inhibition of L1
Neuron 109, 2150–2164, July 7, 2021 2157
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Figure 6. L1 NDNF INs modulate SNR in excitatory neurons in a state-dependent manner

(A) Configuration for in vivo two-photon imaging of GCaMP-activity of L2/3 excitatory (EXC) neurons in V1 of awakemicewhile presenting visual stimuli before and

after chemogenetic inactivation of L1 NDNF INs that express the inhibitory DREADD hM4D(Gi)-mCherry; pupillometry was conducted throughout the whole

experiment to assess arousal state.

(B) L1 NDNF INs control the visually evoked responses in L2/3 excitatory neurons in a behavioral state-dependent manner. The black and red traces depict the

normalized average responses of the same neurons to visual stimulation (at each cell’s preferred direction) at the respective pupil diameter before and after

intraperitoneal (i.p.) injection of either compound 21 (i.e., agonist of hM4D; left plot) or of vehicle control (right plot); the dotted lines depict the linear fit of the

respective trace, and a indicates the slope of the dotted respective line. A significant difference in visually evoked responses is observed upon injection of

compound 21 only at high arousal, while no difference is observed upon injection of vehicle control (p = 0.0001, Wilcoxon rank-sum test).

(C) Inhibition of L1 NDNF INs reduces SNR in excitatory neurons selectively in high-arousal states. SNR was calculated for each L2/3 excitatory neuron at its

preferred direction before and after inhibition of L1 NDNF INs (SNR was calculated as the difference between the evoked and inter-stimulus time interval dF/F

divided by the sumof them). A significant difference in SNR is observed upon injection of compound 21 only at high-arousal states, while no difference is observed

upon injection of vehicle control (p = 0.0243 and p = 0.0053 at ~65% and 80% pupil diameter, respectively).
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NDNF INs affects the visually evoked responses of L2/3 excit-

atory neurons in a state-dependent manner, we found a signifi-

cant reduction in the responses of the excitatory neurons only

when the animals are aroused but not in low-arousal states

(p = 9e–05, Wilcoxon rank-sum test). This reduction in the

state-dependent increase of visually evoked response in L2/3

excitatory neurons was not observed when the animals were in-

jected with the inert vehicle (DMSO) instead of the active chemo-

genetic compound 21.

Next, we tested how the SNR of L2/3 excitatory neurons is

affected by the arousal state of the animal and whether L1

NDNF INs play a role in such modulation, as predicted by our

finding in anesthetized mice (Figure 4G). Consistent with previ-

ous work (Vinck et al., 2015), we find that the SNR of L2/3

excitatory neurons improves as the animal becomes more alert

(Figure 6C; p = 0.0014, low versus high pupil diameter, Kruskal-

Wallis one-way ANOVA) and that the inhibition of L1 NDNF INs

affects the SNR in a state-dependent manner, that is, that upon

inhibition of L1 NDNF INs, the SNR of L2/3 excitatory neurons

decreases significantly only in high-arousal states. Thus, we

conclude that the endogenous activation of L1 NDNF INs at

high-arousal states improves the SNR in L2/3 excitatory

neurons.
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L1 NDNF INs can disinhibit excitatory neurons by
inhibiting PV INs
The state-dependent modulation of the evoked responses and

improvement of the SNR in L2/3 excitatory neurons by L1 NDNF

INs (Figures 6B and 6C) likely involves not only direct inhibition

as suggested by our optogenetic experiments in anesthetized

mice (Figure 4) but also involves a disinhibitory mechanism: if

indeed L1 NDNF INs inhibit inhibitory neurons that themselves

inhibit excitatory neurons, this could explain why the chemoge-

netic inhibition of L1 NDNF INs in awake mice leads to a state-

dependent reduction in the activity of L2/3 excitatory neurons

rather than to an increase, as would have been expected if L1

NDNF INs would have provided only direct inhibition onto these

excitatory neurons. We and others have previously shown that

L1 INs can inhibit GABAergic INs in lower cortical layers (Abs

et al., 2018; Jiang et al., 2013, 2015; Letzkus et al., 2011), but

the identity of the INs targeted by L1 NDNF INs remains un-

known. Thus, as INs that express either Parvalbumin (i.e., PV

INs) or Somatostatin (i.e., SST INs) are the two major IN sub-

types that directly inhibit excitatory neurons in the cortex—

they respectively target either the soma or the apical dendrites

of cortical excitatory neurons (Tremblay et al., 2016)—we

tested whether L1 NDNF INs directly inhibit either of these
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Figure 7. L1 NDNF INs can disinhibit excitatory neurons by inhibiting PV INs

(A–C) Visual cortex L1 NDNF INs can directly inhibit PV INs, but not SST INs. (A and B) Chronos-GFP was expressed in visual cortex L1 NDNF INs, while PV INs

and SST INswere labeled respectively either withmRuby or EYFP; optogenetic recordings in acute visual cortex slices in the presence of TTX and 4-AP reveal that

stimulation of L1 NDNF INs elicits photocurrents in PV INs (in 6 of 16 recorded cells) but not in SST INs (in 0 of 17 recorded cells) (shown are averaged IPSC traces

of the 6 responsive PV INs and of the 17 non-responsive SST INs). (C) Summary of the experiments in (A) and (B).

(D and E) Activation of L1 NDNF INs reduces the visually evoked responses of fast-spiking neurons in V1. (D) Configuration for in vivo patch-clamp recordings from

fast-spiking (FS) neurons in V1 of anesthetizedmicewhile presenting visual stimuli and optogenetically activating L1NDNF INs. (E) Average normalized responses

of FS neurons across different stimulus directions when L1 NDNF INs are optogenetically activated (blue) or not (black). The responses of FS neurons are

significantly reduced in their preferred direction upon activation of L1 NDNF INs (n = 6, p = 0.0313, Wilcoxon signed-rank test; summarized in polar plot).
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two subtypes. To this end, we expressed Chronos in L1 NDNF

INs while labeling either PV INs or SST INs with a fluorescent

protein, prepared acute visual cortex slices, and performed

whole-cell patch-clamp recordings from the fluorescently

labeled neurons in the presence of TTX and 4-AP while optoge-

netically activating the Chronos-expressing L1 NDNF INs. This

revealed that L1 NDNF INs directly inhibit PV INs, but not SST

INs (Figures 7A and 7C). To test whether L1 NDNF INs can

inhibit PV INs also in vivo, we then recorded in loose-patch

configuration from electrophysiologically identified FS INs in

the visual cortex of anesthetized mice expressing Chronos in

L1 NDNF INs while displaying visual stimuli and optogenetically

activating L1 NDNF INs in interleaved trials during the stimulus

presentation (Figure 7D). This revealed that the activation of L1

NDNF INs indeed reduces the visually evoked responses of FS

INs (Figure 7D). Thus, as FS INs in the cortex are largely PV pos-

itive (Fishell and Kepecs, 2020; Tremblay et al., 2016), we

conclude that L1 NDNF INs inhibit FS PV INs in the visual cortex

in vivo and that this, in turn, can disinhibit the soma of local

excitatory neurons.
DISCUSSION

We and others have recently identified several types of geneti-

cally defined GABAergic INs in L1 (Abs et al., 2018; Schuman

et al., 2019; Tasic et al., 2016), but their roles in information pro-

cessing in cortical circuits have remained largely unknown.

Focusing on L1 NDNF INs in the adult visual cortex, here we

demonstrate (1) that these INs respond to visual stimuli in a

cell-type-specific manner, as they are orientation tuned, are

modulated only moderately by stimulus size and spatial fre-

quency, and are driven rather uniformly across varying stimulus

contrasts; (2) that their spontaneous activity and sensory-

evoked responses are strongly enhanced when an animal is

aroused; (3) that they receive long-range inputs from multiple

brain regions that can convey sensory-driven bottom-up inputs

and behavioral state-dependent top-down inputs; (4) that they

can provide direct, long-lasting divisive inhibition to local excit-

atory neurons across all cortical layers, probably via their apical

dendrites; (5) that in parallel to this long-lasting dendritic inhibi-

tion, L1 NDNF INs disinhibit the somata of visual cortex
Neuron 109, 2150–2164, July 7, 2021 2159
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excitatory neurons by directly inhibiting FS PV INs; and (6) that

the net effect of this state-dependent dendritic inhibition and so-

matic disinhibition by L1 NDNF INs is a gain modulation in the

visually evoked responses of excitatory neurons across all layers

of V1 and an increase in the SNR of their visually evoked re-

sponses. These findings are consistent with previous observa-

tions that long-range inputs to L1 from higher-order thalamic

nuclei (Fang et al., 2020), other cortical areas (Ibrahim et al.,

2016; Zhang et al., 2014), and neuromodulatory centers (Pinto

et al., 2013) affect visual processing. Similarly, our findings are

consistent with reports that L1 INs in mouse SS cortex are driven

by contextual inputs (Brombas et al., 2014; Fan et al., 2020), that

INs in L1 can inhibit INs in lower cortical layers (Abs et al., 2018;

Jiang et al., 2013; Letzkus et al., 2011), and that pyramidal excit-

atory neurons across all layers of V1 extend their dendrites into

L1 (Olsen et al., 2012; Scala et al., 2019).

Previous studies in the visual cortex have demonstrated that

genetically defined IN subtypes (e.g., INs that express Parvalbu-

min, Somatostatin, or the Vasoactive Intestinal Peptide [PV, SST,

or VIP INs, respectively]) respond to visual stimuli and modulate

the visually evoked responses of local excitatory neurons in sub-

type-specific manners (Atallah et al., 2012; Ayzenshtat et al.,

2016; Lee et al., 2012; Wilson et al., 2012) and that their activity

depends on an animal’s behavioral state (Dipoppa et al., 2018;

Pakan et al., 2016). However, the lack of selective genetic ac-

cess has precluded such subtype-specific analyses for L1 INs,

and manipulating L1 INs with non-specific approaches yielded

conflicting results (see, e.g., Ibrahim et al., 2016; Fang et al.,

2020); thus, our analyses of L1 NDNF IN function address this

gap in knowledge. Our findings indicate that the visually evoked

responses of L1 NDNF INs and the state dependency of these re-

sponses are very different from those of other types of visual cor-

tex neurons. Particularly when compared with SST INs (another

type of IN that preferentially targets the apical dendrites of local

excitatory neurons), it is clear that the response properties of L1

NDNF INs are cell-type specific: consistent with previous obser-

vations (Adesnik et al., 2012; Millman et al., 2020), we find that

increasingly stronger contrast or larger size of the visual stimulus

elicits in SST INs increasingly stronger responses while an ani-

mal’s arousal state only moderately affects the responses of

these INs; this is in stark contrast to L1 NDNF INs whose visually

evoked responses are strongly enhanced as an animal becomes

more aroused but respond rather uniformly to varying levels of

contrast and are less affected by the size of the visual stimulus

than SST INs (notably, pupil dilation per se does not enhance

visually evoked responses in V1; Neske et al., 2019). As we

and others have previously demonstrated in ex vivo experiments

that SST INs can directly inhibit L1 NDNF INs (Abs et al., 2018;

Jiang et al., 2015), one possibility is that these two IN subtypes

act in vivo in mutually exclusive manners, for example, that

SST INs provide inhibition to the apical dendrites of local

excitatory neurons upon strong visual stimulation (i.e., bottom-

up input) while L1 NDNF INs inhibit these dendrites when an

animal is aroused (i.e., top-down input). However, considering

that the activity of SST INs is also state dependent to some de-

gree, a mutually exclusive ‘‘either-or’’ mechanism seems un-

likely. Furthermore, as SST INs inhibit tuft dendrites via rapid

synaptic inhibition (Tremblay et al., 2016) while L1 NDNF INs
2160 Neuron 109, 2150–2164, July 7, 2021
convey long-lasting inhibition via localized bulk release of

GABA (i.e., ‘‘GABAslow’’; Abs et al., 2018; Schuman et al.,

2019; Tamás et al., 2003), it seems more likely that the inhibition

conveyed by these two IN subtypes to specific dendritic

branches serves different biological purposes and thereby rather

complement each other than compete with each other. Thus,

future experiments will have to clarify how L1 NDNF INs and

SST INs affect each other’s activity in the visual cortex of awake

mice and how this, in turn, affects inhibition and visually evoked

responses in specific branches of excitatory neuron tuft den-

drites. These future experiments will also have to include ana-

lyses of the potential interactions between L1 NDNF INs and

VIP INs: similar to L1 NDNF INs, also VIP INs are activated in a

behavioral state-dependent manner (e.g., during locomotion;

Ferguson and Cardin, 2020; Fu et al., 2014), and as VIP INs con-

trol the activity of SST INs (Pfeffer et al., 2013), it will be important

to test whether and how L1 NDNF INs and VIP INs interact with

each other during different behavioral states to modulate the ac-

tivity and sensory-evoked responses of local excitatory neurons

and their apical dendrites.

Our results indicate that L1 NDNF INs, similar to other IN sub-

types, gain-modulate the sensory-evoked responses of neigh-

boring excitatory neurons via divisive inhibition (Atallah et al.,

2012; Isaacson and Scanziani, 2011; Lee et al., 2012; Wilson

et al., 2012; but see also Phillips and Hasenstaub, 2016) and

that they improve the SNR in excitatory neurons. However, while

other IN subtypes gain-modulate the flow of information in spe-

cific cortical subcircuits and only over short timescales (i.e.,

several milliseconds) (e.g., VIP INs; Fu et al., 2014; Walker

et al., 2016), L1 NDNF INs provide gain modulation across all

cortical layers and over very long timescales (hundreds of milli-

seconds). L1 NDNF INs seem to do so by eliciting inhibition and

disinhibition at the same time, a mechanism that is very different

from other IN subtypes that gain-modulate principal excitatory

neurons either via direct inhibition (e.g., PV INs; Atallah et al.,

2012) or disinhibition (e.g., VIP INs; Fu et al., 2014). Notably, the

electrophysiology/optogenetics experiments (Figures 4 and 5)

and imaging/chemogenetics experiments (Figure 6) that reveal

this dual-action mechanism complement rather than contradict

each other. Our electrophysiological recordings in anesthetized

mice allowed us to analyze the effects of L1 NDNF IN activation

on excitatory neuron activity across all cortical layers (Figures 4

and5)which is currently not possiblewith conventional 2P-based

GCaMP imaging. As the recordings in these gain-of-function ex-

perimentsweremade in cell-attachedmode at the soma of excit-

atory neurons, they necessitated a relatively strong optogenetic

activation of L1 NDNF INs, which led to a net inhibition of the re-

corded neurons; however, as revealed by our chemogenetic

loss-of-function imagingexperiments inawakeanimals (Figure6),

this inhibition masked the ‘‘true’’ somatic disinhibition provided

by L1NDNF INs via PV INs selectively during high-arousal states.

Thus, the combination of electrophysiological/optogenetic ap-

proaches in anesthetized animals and of imaging/chemogenetic

approaches in awake animals was very useful for analyzing the

in vivo function of L1 NDNF INs and for dissecting the underlying

cellular mechanisms.

Our findings indicate that at times of high arousal, the top-

down-mediated activation of L1 NDNF INs leads to a relative



Figure 8. State-dependent activation of L1

NDNF INs shifts inhibition in cortical excit-

atory neurons from the soma to the apical

dendrites to gain-modulate the sensory-

evoked responses of whole cortical col-

umns and increase their SNR

Behavioral state-dependent activation of L1 NDNF

INs leads to direct inhibition of the apical dendrites

in local excitatory neurons (PYR neurons) across

all cortical layers and to the disinhibition of their

somata via activation of Parvalbumin-expressing

interneurons (PV INs). In turn, this leads to state-

dependent gain modulation of sensory-evoked

responses in excitatory neurons across all cortical

layers and to higher SNR in these neurons. Thus,

as L1 NDNF INs are co-active and evenly spread

across L1, thereby covering the whole cortical

surface, L1 NDNF INs can gain-modulate the

sensory-evoked responses of large swaths of the

cortex (i.e., of whole cortical columns) according

to an animal’s behavioral state.
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shift of inhibition from the soma toward the apical dendrites in

excitatory neurons across all cortical layers and that this im-

proves the SNR upon bottom-up sensory stimulation (Figure 8).

As (1) L1 NDNF INs extend their axonal arbors in L1 over large

horizontal distances (the radius of their axonal arbor extends

laterally 150–300 mm; Jiang et al., 2015; Schuman et al., 2019),

(2) the (spontaneous) activity of L1 NDNF INs tends to be corre-

lated (Figure S1C), (3) co-active L1 NDNF INs are distributed

rather evenly in L1 and have a mean distance of �220 mm from

each other (Figures S1D and S1E), and (4) a similar number of

L1 NDNF INs is active regardless of stimulus contrast, this also

suggests that the state-dependent activation of L1 NDNF INs af-

fects sensory-evoked responses in large swaths of a given

cortical area. Thus, as L1 NDNF INs have now been described

in multiple cortical areas (including visual [this study and Tasic

et al., 2016], AUD [Abs et al., 2018], SS [Fan et al., 2020; Schu-

man et al., 2019], and prefrontal [Abs et al., 2018; Anastasiades

et al., 2021] cortex), we propose that L1 NDNF INs are part of a

canonical circuit motif throughwhich long-range inputs to L1 can

powerfully gain-modulate the responses of local excitatory neu-

rons across all cortical layers and improve the SNR of whole local

cortical circuits according an animal’s behavioral state (Larkum

et al., 2004) by shifting the relative amount of inhibition within

excitatory neuron from their somata to their dendritic tufts.

Future experiments will have to test this idea, for example by us-

ing novel molecular tools that allow direct imaging of GABAergic

inhibition (Marvin et al., 2019). Similarly, future efforts will have to

clarify (1) additional behavioral conditions under which L1 NDNF

INs and their long-range inputs are recruited to gain-modulate

the sensory-evoked responses of visual cortex principal neurons

and (2) how L1 NDNF INs function in other cortical areas, partic-

ularly those areas where sensory gain seems to be modulated

differently (e.g., AUD cortex; Abs et al., 2018; Schneider

et al., 2014).

In addition to controlling sensory processing, the level of inhi-

bition in tuft dendrites powerfully controls the experience-

dependent plasticity of dendritic synapses (Bar-Ilan et al.,

2013) and is thought to play a key role, for example, during
learning (Abs et al., 2018; Adler et al., 2019; Chen et al., 2015;

Lovett-Barron et al., 2014). Thus, a potential implication of our

findings is that by inducing a long-lasting relative shift in inhibi-

tion toward the apical dendrites of excitatory neurons, L1

NDNF INs might generate the conditions for state-dependent

stimulus-selective dendritic plasticity: on one side, the inhibitory

activity of L1 NDNF INs slightly reduces the membrane potential

(Vm) in the apical dendrites for 200–300 ms and thereby makes it

harder for plasticity to occur in dendritic synapses (i.e., selec-

tivity is increased), but at the same time, the somatic disinhibition

facilitates the generation of back-propagating action potentials

upon sensory (i.e., bottom-up) input to the soma, which in turn

may drive plasticity at synapses in the apical dendrites in

response to these specific stimuli. Thus, an exciting possibility

is that L1 NDNF INs not only improve the SNR of the sensory-

evoked responses of the excitatory neurons inwhole cortical col-

umnswhen an animal is aroused but that they also enable the an-

imal’s long-term adaptation (i.e., ‘‘learning’’) to these sensory

stimuli by facilitating selective synaptic plasticity in the excitatory

neurons’ apical dendrites. L1 NDNF INs therefore might be a

central part in the cellular mechanisms that link between behav-

ioral state-dependent changes in perception and state-depen-

dent learning.
STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY
B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

B Mice

d METHOD DETAILS

B Fluorescent in situ hybridization (FISH)
Neuron 109, 2150–2164, July 7, 2021 2161



ll
Article
B AAV stocks

B Viral injections and cranial window implantations

B Preparation of animals for in vivo electrophysiological

recordings

B In vivo patch-clamp electrophysiology in the cortex

B Visual stimulation

B Optogenetic stimulation

B Chemogenetic silencing of L1 NDNF INs

B Patch-clamp electrophysiology in acute visual cortex

slices

B In vivo 2-photon calcium imaging and pupillometry

B Perfusions and immunolabeling

B Rabies-virus (RV) based retrograde monosynaptic

tracing

B Data analyses

d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

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

neuron.2021.05.001.

ACKNOWLEDGMENTS

We thank all the members of the Spiegel lab for comments and discussions;

Shakked Ganor for assistance with animal husbandry; and Drs. Jackie Schiller

(Technion, Haifa, Israel), Michal Rivlin, and Amos Arieli (Weizmann Institute of

Science, Rehovot, Israel) for critical reading of the manuscript. We also thank

Dr. Michal Rivlin for her help with establishing visual stimulation protocols.

This work was supported by a Minna James Heineman grant (712566-01 to

I.S.), an Israel Science Foundation (ISF) Israeli Centers for Research Excellence

(I-CORE) grant (1916/12 to I.S.), a Deutsche Forschungsgemeinschaft (DFG)-

Sonderforschungsbereiche (SFB) grant (1089 to I.L.), an ISF grant (1539/17

to I.L.), and a Minerva Foundation grant (to I.L.). I.S. is the incumbent of the

Friends and Linda and Richard Price Career Development Chair and a scholar

in the Zuckerman STEM leadership program.

AUTHOR CONTRIBUTIONS

K.C.-K.M. and I.S. initiated and conceived the project. Experiments and ana-

lyses were performed by K.C.-K.M. except as follows: all ex vivo recordings in

acute slices were done by E.T.; rabies-tracing experiments were done by D.K.,

who also prepared key viral reagents and made essential contributions to 2P

imaging; FISH in Figure S1 was done by D.A.; S.S. helped with 2P imaging ex-

periments and their analyses; E.Z. cloned and tested the pAAV-hSyn-Flex-

mRuby3 construct; M.S. and I.L. helped with initial 2P imaging and pupillom-

etry experiments and with custom-written software to analyze these experi-

ments (I.L. also helped with analyzing in vivo electrophysiology experiments);

and G.T. and A.M. helped with establishing and quantifying the rabies-tracing

experiments. I.S. supervised the project and acquired funding. K.C.-K.M. and

I.S. wrote the manuscript with input and comments from all authors.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: April 6, 2020

Revised: January 28, 2021

Accepted: April 29, 2021

Published: May 25, 2021

REFERENCES

Abs, E., Poorthuis, R.B., Apelblat, D., Muhammad, K., Pardi, M.B., Enke, L.,

Kushinsky, D., Pu, D.-L., Eizinger, M.F., Conzelmann, K.-K., et al. (2018).
2162 Neuron 109, 2150–2164, July 7, 2021
Learning-related plasticity in dendrite-targeting layer 1 interneurons. Neuron

100, 684–699.e6.

Adesnik, H., Bruns, W., Taniguchi, H., Huang, Z.J., and Scanziani, M. (2012). A

neural circuit for spatial summation in visual cortex. Nature 490, 226–231.

Adler, A., Zhao, R., Shin, M.E., Yasuda, R., and Gan, W.-B. (2019).

Somatostatin-expressing interneurons enable and maintain learning-depen-

dent sequential activation of pyramidal neurons. Neuron 102, 202–216.e7.

Alitto, H.J., and Dan, Y. (2013). Cell-type-specific modulation of neocortical

activity by basal forebrain input. Front. Syst. Neurosci. 6, 79.

Anastasiades, P.G., Collins, D.P., and Carter, A.G. (2021). Mediodorsal and

ventromedial thalamus engage distinct L1 circuits in the prefrontal cortex.

Neuron 109, 314–330.e4.

Atallah, B.V., Bruns, W., Carandini, M., and Scanziani, M. (2012). Parvalbumin-

expressing interneurons linearly transform cortical responses to visual stimuli.

Neuron 73, 159–170.

Ayzenshtat, I., Karnani, M.M., Jackson, J., and Yuste, R. (2016). Cortical con-

trol of spatial resolution by VIP+ interneurons. J. Neurosci. 36, 11498–11509.

Bar-Ilan, L., Gidon, A., and Segev, I. (2013). The role of dendritic inhibition in

shaping the plasticity of excitatory synapses. Front. Neural Circuits 6, 118.

Brombas, A., Fletcher, L.N., and Williams, S.R. (2014). Activity-dependent

modulation of layer 1 inhibitory neocortical circuits by acetylcholine.

J. Neurosci. 34, 1932–1941.

Cadwell, C.R., Palasantza, A., Jiang, X., Berens, P., Deng, Q., Yilmaz, M.,

Reimer, J., Shen, S., Bethge, M., Tolias, K.F., et al. (2016).

Electrophysiological, transcriptomic and morphologic profiling of single neu-

rons using Patch-seq. Nat. Biotechnol. 34, 199–203.

Carandini, M., and Heeger, D.J. (1994). Summation and division by neurons in

primate visual cortex. Science 264, 1333–1336.

Cauller, L. (1995). Layer I of primary sensory neocortex: where top-down con-

verges upon bottom-up. Behav. Brain Res. 71, 163–170.

Chen, S.X., Kim, A.N., Peters, A.J., and Komiyama, T. (2015). Subtype-specific

plasticity of inhibitory circuits in motor cortex during motor learning. Nat.

Neurosci. 18, 1109–1115.

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

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

Ultrasensitive fluorescent proteins for imaging neuronal activity. Nature 499,

295–300.

Cohen-Kashi Malina, K., Mohar, B., Rappaport, A.N., and Lampl, I. (2016).

Local and thalamic origins of correlated ongoing and sensory-evoked cortical

activities. Nat. Commun. 7, 12740.

Cruz-Martı́n, A., El-Danaf, R.N., Osakada, F., Sriram, B., Dhande, O.S.,

Nguyen, P.L., Callaway, E.M., Ghosh, A., and Huberman, A.D. (2014). A dedi-

cated circuit links direction-selective retinal ganglion cells to the primary visual

cortex. Nature 507, 358–361.

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

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

types in mouse visual cortex. Neuron 98, 602–615.e8.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Chicken-anti-GFP (diluted 1:1000) Thermofisher Cat# A10262; RRID: AB_2534023

Goat-anti-chicken Alexa 488 (diluted 1:1000) Thermofisher Cat# A-11039; RRID: AB_2534096

Bacterial and virus strains

AAV.Syn.Flex.GCaMP6s.WPRE.SV40 (AAV1) Chen et al., 2013 RRID: Addgene_100845

AAV-hSyn-Flex-rc[Chronos-GFP] (AAV9) Klapoetke et al., 2014 RRID: Addgene_62722

AAV-hSyn-hChR2(H134R)-mCherry (AAV9) Gift from Karl Deisseroth RRID: Addgene_26976

AAV-hSyn-DIO-hM4D(Gi)-mCherry (AAV8) Krashes et al., 2011 RRID: Addgene_44362

AAV-Ef1a-fDIO-GCaMP6s (pDJ) Gift from Rylan Larsen RRID: Addgene_105714

AAV-hSyn-Flex-mRuby3-2A (pDJ) Spiegel Lab N/A

AAV-Ef1a-fDIO-rc[Chronos-eGFP]-

WPRE (pDJ)

Spiegel Lab N/A

AAV-Ef1a-fDIO-EYFP-WPRE (pDJ) Fenno et al., 2014 RRID: Addgene_55641

AAV-CaMKII-jGCaMP7f-WPRE (pDJ) Spiegel Lab N/A

AAV-EF1a-FLEX-TVA-mCherry (pDJ) Watabe-Uchida et al., 2012 RRID: Addgene_38044

AAV-Ef1a-DIO-oG-WPRE-hGh (pDJ) Kim et al., 2016 RRID: Addgene_74290

EnvA-pseudotyped, G-deleted Rabies-eGFP Tasaka et al., 2020 N/A

Chemicals, peptides, and recombinant proteins

Manual Assay RNAscope Mm-Ndnf-C1 ACD Bio Mm-Ndnf-C1

Manual Assay RNAscope Mm-Pvalb-C2 ACD Bio Mm-Pvalb-C2

Manual Assay RNAscope Mm-Sst-C2 ACD Bio Mm-Sst-C2

Manual Assay RNAscope Mm- Vip-C2 ACD Bio Mm- Vip-C2

Manual Assay RNAscope Mm-Reln-C2 ACD Bio Mm-Reln-C2

Manual Assay RNAscope Mm-Npy-C2 ACD Bio Mm-Npy-C2

Manual Assay RNAscope Mm-Calb-C2 ACD Bio Mm-Calb-C2

Manual Assay RNAscope Mm-Nos-C2 ACD Bio Mm-Nos-C2

Manual Assay RNAscope Mm-Gad1-C3 ACD Bio Mm- Gad1-C3

Critical commercial assays

RNAscope Multiplex Fluorescent Reagent Kit ACD Bio 320850

Experimental models: Organisms/strains

Mouse: C57BL/6J Envigo (Israel) Order code 057

Mouse: Ndnf-IRES-CreERT2 The Jackson Laboratory Cat# JAX:034875; RRID: IMSR_JAX:034875

Mouse: Ndnf-IRES-FlpO The Jackson Laboratory Cat# JAX:034876; RRID: IMSR_JAX:034876

Mouse: Sst-IRES-FlpO The Jackson Laboratory Cat# JAX:031629; RRID: IMSR_JAX:031629

Mouse: Pv-IRES-Cre The Jackson Laboratory Cat# JAX:008069; RRID: IMSR_JAX:008069

Recombinant DNA

pAAV-hSyn-Flex-mRuby3-2A Spiegel Lab N/A

pAAV-Ef1a-fDIO-rc[Chronos-eGFP]-WPRE Spiegel Lab N/A

pAAV-CaMKII-jGCaMP7f-WPRE Spiegel Lab N/A

Software and algorithms

MATLAB MathWorks N/A

pClamp Molecular Devices N/A

LabVIEW LabVIEW N/A

Imaris BitPlane N/A

WholeBrain F€urth et al., 2018 N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagent should be directed to and will be fulfilled upon reasonable request by the

Lead Contact Ivo Spiegel (ivo.spiegel@weizmann.ac.il).

Materials availability
With the exception of the newly sub-cloned AAV plasmids pAAV-hSyn-Flex-mRuby3-2A, pAAV-Ef1a-fDIO-rc[Chronos-eGFP]-WPRE

and pAAV-CaMKII-jGCaMP7f-WPRE, no new reagents were created in this study. These newly created plasmids are available upon

request from the Lead Contact until they will be deposited at Addgene.

Data and code availability
The datasets and the scripts used in study are available from the Lead Contact upon reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
All procedures involving animals were reviewed and approved by the Weizmann Institutional Animals Care Committee. Recordings

were made from young adult mice of either sex, housed up to five animals per cage in a 12/12 hours reverse dark/light cycle. All mice

used in this study were either C57Bl6/J WT or heterozygous for the indicated genotypes (i.e., for Ndnf-IRES-CreERT; Ndnf-IRES-

FlpO; Sst-IRES-FlpO; Pv-IRES-Cre; Ndnf-IRES-CreERT:: Sst-IRES-FlpO; Ndnf-IRES-FlpO:: Pv-IRES-Cre).

METHOD DETAILS

Fluorescent in situ hybridization (FISH)
FISH and subsequent analyses were done with the RNAscope system (Advanced Cell Diagnostic) on PFA-fixed sections of 8-week

old fresh-frozen mouse brains, exactly as previously described (Abs et al., 2018). All probes and reagents were purchased from

Advanced Cell Diagnostic.

AAV stocks
AAV constructs were purchased either in packaged form the respective source or as plasmids from Addgene and then packaged in

pDJ essentially as described (Zolotukhin et al., 1999). The plasmids for AAV-hSyn-Flex-mRuby3-2A, AAV-Ef1a-fDIO-rc[Chronos-

eGFP]-WPRE and AAV-CaMKII-jGCaMP7f-WPRE were generated by sub-cloning the respective inserts into suitable AAV back-

bones using standard cloning methods; AAVs for these plasmids were packaged in pDJ.

Viral injections and cranial window implantations
Mice were anesthetized with isoflurane at an initial concentration of 4% and a maintenance level of 1.5%–2%. The mice were

fixed in a stereotaxic apparatus (Kopf Instruments, model 942) and ophthalmic ointment (Duratears) was applied to the eyes.

Body temperature was kept at 37�C with a heating blanket (RWD Life science). Before the surgical procedure, local anesthesia

(2% Lidocaine) was injected under the scalp and the skin was scrubbed with 70% ethanol and betadine. A craniotomy was

made above the left visual cortex (centered 2.7 mm posterior and 2.5 mm lateral to the bregma). For mapping experiment, the

craniotomy was made above the auditory cortex (2.46 mm posterior and 4.5 mm lateral to the bregma) or the anterior cingu-

late cortex (1 mm anterior and 0.3 mm lateral to the bregma). 2-3 injections of 300 nL of virus were made using a beveled

glass micropipette at a depth of 300 mM with a microsyringe pump (UMP3T-2, WPI). After the injection, the skin of the

mice intended for electrophysiology studies was sealed with VetBond (3M). For imaging study, a 3 mm craniotomy above

the visual cortex was made and following the viral injection, a cover glass was glued to the skull using VetBond (3M) and

a custom-made head-post was glued to the skull (Krazy glue). Following surgery the animals were administered with analgesic

(0.1 mg/kg of buprenorphine and 5mg/kg of Carprofen). Expression of all AAVs was induced 1 week post intractortical AAV-

injection by intraperitoneal injection of tamoxifen (200-250ml, 10mg/ml, dissolved in 90% corn oil and 10% ethanol) on 3

consecutive days.

Preparation of animals for in vivo electrophysiological recordings
Anaesthetized animals

Mice were anesthetized by intraperitoneal injection of 1 g/kg of urethane and 10 mg/kg of chlorprothixene. A thin layer of silicon oil

was applied to the eyes to prevent drying. A craniotomy (�1 mm in diameter) was made above the monocular zone of the visual

cortex. The craniotomy was constantly washed with artificial cerebrospinal fluid (ACSF) containing (in mM): 123 NaCl, 26 NaHCO3,

11 glucose, 3 KCl, 1.25 NaH2PO4, 1 MgCl2 and 2 CaCl2. Body temperature was kept at 37�C using a heating blanket.
e2 Neuron 109, 2150–2164.e1–e5, July 7, 2021
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Awake animals

The preparation of awake mice was done as previously described (Cohen-Kashi Malina et al., 2016). Briefly, the mouse was

anesthetized with isoflurane and a custom-made headpost was glued to the exposed skull. Following a recovery period of at least

3 days, themousewas anesthetized and a craniotomywasmade and then coveredwith spongostan absorbed with ASCF and silicon

rubber (Smooth-On). Following a recovery period of 2 hours, the animal was returned to the set and head-fixed for the electrophys-

iological recordings.

In vivo patch-clamp electrophysiology in the cortex
In vivo recordings were performed at least 3 weeks after tamoxifen administration. Borosilicate micropipettes were pulled to produce

electrodes with a resistance of 7–10 MU and filled with an intracellular solution containing the following (in mM): 135 K-gluconate, 4

KCl, 10 HEPES, 10 phosphocreatine, 4 MgATP, 0.3 NaGTP, and 2 Na2-ATP (310 mOsm). Intracellular and extracellular signals were

acquired using an Axoclamp-700B amplifier (Molecular Devices) and low passed at 3 kHz before being digitized at 20 kHz (Digidata

1550,Molecular Devices). Recording depth ranged between 150 and 800 mm.Cells at the depth of 150-350 mmwere classified as L2/

3, cells at the depth of 350-550 mm were classified as L4 and cells at the depth of 550-800 mm were classified as L5. Cell-attached

recordings were obtained after a seal of a few hundred MU was reached. Intracellular current clamp recordings were obtained after

successful breach of a giga-seal.

Visual stimulation
Visual stimuli were created using MATLAB with Psychophysics Toolbox (http://psychtoolbox.org/) and presented on a gamma cor-

rected LCD screen. The monitor was positioned 15cm (electrophysiology) or 20cm (imaging) from the contralateral eye of the

recording hemisphere and it covered 100� horizontally and 85� vertically of the mouse visual field. Sinusoidal drifting bar gratings

with spatial frequency of 0.04 cycles per degree, temporal frequency of 2 Hz and of 100% contrast were displayed in 8 direction

evenly spaced in a pseudorandom order. For imaging experiments, we presented drifting sinusoidal gratings with varying contrast

(10, 25, 40, 65 and 100%) at a constant spatial frequency (0.04 cpd) and temporal frequency (2 Hz) to test contrast dependency, and

in varying spatial frequencies (0.01, 0.04, 0.1, 0.15 and 0.3 cpd) at a constant contrast (100%) and temporal frequency (2 Hz). Prior to

the size tuning experiment we did receptive field mapping by presenting circular patches of drifting sinusoidal gratings (set to 25 de-

grees) spacing on 3 by 4 grid. Stimuli were presented for 1sec at the four cardinals directions with interstimulus intervals of 4 s in

which a gray screen of mean luminancewas presented. For size tuning experiments the screen was placed at the center of the recep-

tive field of the majority of the imaged neurons and patches of drifting sinusoidal gratings at 5 different sizes (5, 10, 35, 60 and 80

degrees) at constant contrast (100%), spatial frequency (0.04 cpd) and temporal frequency (2Hz) were presented. Stimulus presen-

tation duration was 2 s and interstimulus intervals were either 5 s (imaging) or 8 s (electrophysiology) in which a gray screen of mean

luminance was displayed. A minimum of 6 (electrophysiology) up to 15 repetitions (imaging and electrophysiology) were presented

per stimulus.

For the chemogenetic experiments, drifting sinusoidal gratings at evenly spaced 8 directions with 50 repetitionswere presented for

1 s with 3 s of interstimulus intervals in which gray screen of mean luminance was displayed.

During Ca2+ imaging session when ongoing activity was recorded and no visual stimuli were presented, a gray screen of mean

luminance was displayed.

Optogenetic stimulation
In in vivo optogenetic experiments, L1 NDNF IN were activated or silenced in interleaved trials of visual stimulation by turning on an

LED (Prizmatix, 470nm, optical fiber diameter of 200 mm, 1mW) 50 ms before the start and then throughout the visual stimulus. To

prevent the LED light from leaking to the eyes, we shielded the LED with black tape. We found no effect of LED activation on visually

evoked responses in control mice (Figure S3F).

In the in vitro mapping experiment, optogenetic stimulation was performed using whole field illumination (470nM, Lumincore

SPECTRA X light engine, through Olympus 40x objective, 4.1mW) delivered through the microscope illumination path.

Chemogenetic silencing of L1 NDNF INs
To validate the suppression of L1 NDNF INs by the chemogenetic manipulation we co-expressed the Cre-dependent inhibitory

DREADD hM4Di and Cre-dependent Chronos-GFP (ratio of 1:1 ) in L1 NDNF INs and recorded evoked IPSCs in L2/3 pyramidal neu-

rons prior and after bath application of Compound 21 (final concentration of 5 mM Sigma-Aldrich,SML2392) or vehicle.

To suppress the activity of L1 NDNF INs andmeasured the evoked-responses of L2/3 excitatory neurons in vivo, we co injected the

Cre-dependent inhibitory DREADD hM4Di and CaMKII-GCaMP7f (ratio of 4:1) in NDNF-Cre-ERT2 mice. Following 3 weeks of

expression, evoked responses of L2/3 excitatory neurons were recorded prior and 30 minutes after I.P injection of Compound 21

(3mg/kg) or vehicle.

Patch-clamp electrophysiology in acute visual cortex slices
Acute brain slices from the visual cortex of P60 mice were prepared as previously described (Abs et al., 2018; Mahn et al., 2018).

Whole-cell patch clamp recordings were performed using Scientifica slice scope. Borosilicate micropipettes were pulled to produce
Neuron 109, 2150–2164.e1–e5, July 7, 2021 e3
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electrodes with a resistance of 3–6 MU and filled with patch solution (in mM): 135 CsMeSO4, 10 phosphocreatine, 10 HEPES, 0.3

Na3GTP, 1 MgATP, 3 QX-314 and 4TEA-Cl; 310 mOsm. Prior to the experiment, CF 594 hydrazide (Sigma-Aldrich, SCJ4600029)

was added into the internal solution (1 mm final concentration) to visualize the recorded cells under the slice microscope and verify

that they were indeed pyramidal neurons, based on the morphology, and to estimate the relative distance of the soma from the pia.

Voltage-clamp recordings were made using Multiclamp 700B amplifiers (Axon Instruments, CA), low-pass filtered at 3kHz and digi-

tized 20 kHz (Digidata 1550, Molecular Devices). Slices were perfused with carbogenated ACSF and maintained at 32�C. IPSCs or

EPSCswere recorded at a 0mVor�70mVholding potential, respectively, and in the presence of TTX (0.5mM) and 4-AP (100mM). Cells

were discarded if they had an access resistance larger than 25 MU during the recordings.

In vivo 2-photon calcium imaging and pupillometry
2-photon imaging: Imaging was performed at least two weeks after tamoxifen administration using a two-photon microscope with a

12 kHz resonant-galvo scanhead (Bergamo microscope, ThorLabs) at an acquisition rate of 11Hz. Frame size was 5123 512 pixels.

Illumination was provided by a Mai Tai DeepSee laser at 930nM. Pupillometry: During imaging, the mouse’s ipsilateral eye was illu-

minated with an IR-light source (M940L3, Thorlabs) and imaged using a CMOS camera at 33Hz.

For imaging in anesthetized mice, mice were anesthetized by intraperitoneal injection of 1 g/kg of urethane and 10 mg/kg of

chlorprothixene. A thin layer of silicon oil was applied to the eyes to prevent drying. Body temperature was kept at 37�C using a

heating blanket.

Perfusions and immunolabeling
Perfusions and immunolabeling were done as previously described (Abs et al., 2018). In brief, mice were anesthetized with 10% ke-

tamine and 1% xylazine in PBS and transcardially perfused with ice cold PBS for five minutes followed by fifteen minutes of cold 4%

PFA in PBS. Brains were then dissected, post-fixed for 1 hour at 4�C in 4% PFA, washed three times in cold PBS, and cryoprotected

overnight in 20% sucrose in PBS at 4�C. The brains were frozen in Tissue-Tek Cryo-OCT compound (Fisher Scientific) on dry ice and

stored at�80�C. Coronal sections (15 mm thick) of visual cortex were cut using a Leica CM1950 cryostat andmounted on SuperFrost

Plus glass slides (Fisher Scientific). Chronos-GFP was visualized by immunolabeling against GFP, stGtACR2-fRed was visualized

directly via fRed-fluorescence. Immunolabeling for GFP was done by blocking the sections for 1 hour in blocking buffer (PBS with

5% normal goat serum and 0.1% Triton X-100), staining the samples overnight with Chicken-anti-GFP primary antibody (Thermo-

fisher, A10262, diluted 1:1000 in blocking buffer), followed by three washes in PBS and staining with Goat-anti-chicken Alexa 488

secondary antibody (Thermofisher, A11039, diluted 1:1000) and Hoechst counterstain for 45 min at room-temperature. After

mounting in FluoromountG (Southern Biotech), the stained sections were imaged on a Zeiss LSM 800 confocal microscope.

Rabies-virus (RV) based retrograde monosynaptic tracing
Rabies tracing was performed similarly as previously described (Tasaka et al., 2020). Briefly, NDNF-Ires-CreERT2mice were injected

with 250 nL of a 1:1 dilution of AAV-Ef1a-DIO-oG-WPRE-hGh (Addgene plasmid #74290) and AAV-EF1a-FLEX-TVA-mCherry

(Addgene plasmid #38044) unilaterally into V1. Mice were allowed to recover for 1 week and were then administered tamoxifen

for 3 consecutive days. 2 weeks following tamoxifen administration, mice were injected with GFP expressing EnvA-Pseudotyped

RabiesDG. Following 5 days of RV expression, mice were perfused transcardially for 5 minutes with ice cold PBS followed by 4%

PFA in PBS for 15 minutes. Whole brains were extracted, postfixed in 4% PFA for 1 hour, washed with cold PBS, and cryoprotected

in 20% sucrose in PBS overnight. Brains were embedded in OCT and sliced into 50mm frozen sections (Cryostat). Sections were then

incubated in blocking solution (10% NGS with 0.5% Triton-X in PBS) and then stained with anti-GFP antibody to enhance signal

(Biotin anti-GFP (1:200, overnight) followed by 488 Streptavidin (1:1000, for 1 hour)) and imaged using a fluorescent microscope

(Slidescanner, Olympus). Cells (GFP = cells that were retrogradely labeled via RV-infection; mCherry = AAV-infected ‘‘starter’’ cells)

were semi-automatically registered according to brain region using the WholeBrain software (F€urth et al., 2018). Only mice in which

the starter cells were restricted to the visual cortex were included in the quantification/analyses.

Data analyses
All recordings (electrophysiology and Fluorescent (F) signals derived from 2-photon imaging) were analyzed using custom software

written inMATLAB (TheMathWorks). Pupil size was analyzed using custom software written in LabView (NI). Unless otherwise noted,

all error bars represent mean ± s.e.m. Data in Figures 3D and 3F are presented as MATLAB box-plots.

Analysis of Ca2+ 2-photon imaging data

Raw calcium movies were analyzed using Suite2p (Pachitariu et al., 2017). Neuropil corrected signals were resampled to 0.1, 1 or

5 kHz using a linear interpolation. For cross-correlation measurements, F signals were smoothed with a Savitzky–Golay filter with

a first-order polynomial and a window size of 5001 points. Cross-correlation coefficient (CC), at 0 time-lag, of ongoing activity

was calculated between all possible pairs per recordings and between each cell and the calculated pupil diameter (see below) for

a time window of 15 minute (obtained in a separate imaging session). Shuffle correlations were computed as the correlation between

each imaged cell and the inverse signal of the pupil or one of the cells in the cell-to-cell correlation. Visually evoked responses were

calculated as the mean DF/F during visual stimulus presentation:
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Baseline fluorescence (F0) was calculated as the mean fluorescence of the preceding 1 s. The preferred direction was defined as the

direction in which the gratings elicited the largest response. Preferred contrast was determined as the contrast that elicited the

largest response at the preferred direction. To determine if a cell was significantly responsive to the drifting grating stimulus, a

one-way ANOVA was computed comparing the evoked responses to baseline fluorescence. A neuron was called orientation tuned

if it responded significantly different to one of the presented directions as measured by one-way ANOVA. Orientation tuning was

measured for all the cells called visually responsive to drifting gratings presented at 100% contrast at 0.04 cpd, using global

orientation selectivity index (gOSI):

gOSI =
���
�X

RðqÞ 3 e2iq
�. X

RðqÞ
���

where R(qk) is the response to angle qk (Figure S2C). To generate population average we normalized the responses of each neuron to

the maximum response and centered it to 0�. We then averaged the normalized responses of all cells and fitted it using a double

Gaussian (see below).

Correlation between pupil diameter and the visually evoked responses in the different cell types was calculated as the relation

between the mean evoked response (DF/F) of each cell at its preferred direction (at 100% contrast, 0.04 cpd) and the mean pupil

diameter measured 1 s after the start of visual stimulation for a total duration of 2 s (1 s in the chemogenetic silencing experiments)

so that it matched the duration of the visual stimulus (McGinley et al., 2015; Neske et al., 2019).

Pupil diameter measurement

Frames were filtered using a median filter and thresholded to low IR light reflectance areas. The resulting regions were then filtered

based on circularity and size until only the region corresponding to the pupil remained, as verified manually during each analysis.

Consequently an ellipse was fitted to this region by setting its major andminor axes equal to the longer and shorter lines of symmetry

of the bounding rectangle. The pupil diameter was estimated as the geometric mean of the major and minor axes.

In vivo electrophysiology

Recorded neurons were classified as excitatory or fast spiking neuron post hoc based on their peak-to-trough width (Senzai et al.,

2019). Visually evoked spikes were calculated as the sum of spikes observed during the period of 70 ms after the start of visual

stimulation up to 70 ms after the termination of the stimulus and subtracted by the baseline spiking measured 500ms before visual

stimulus presentation. Only visually responsive cells were included in analysis (determined as above). Direction selectivity index (DSI)

was calculated as

ðRpref �RnullÞ
�ðRpref + RnullÞ

where Rpref is the response to the stimulus that produced the maximum response and Rnull is the mean response to the opposite

direction. Orientation tuningwasmeasured as above. As response values can be negative, especially for non-preferred stimulus con-

ditions, some DSI and gOSI had values greater than 1. All values were used for analysis but for presentation purposes gOSI values

greater than 1.6 and DSI values greater than 1.2 were not plotted. Values from anesthetized and awake recordings were pulled

together.

To generate population average we normalized the responses of each neuron to themaximum response during LEDOFF condition

and centered it to 0�. We then averaged the normalized responses of all cells and fitted it using a double Gaussian:

R = C+ Rpref � e�ðq� qprefÞ2=ð2�s2Þ + Rnull � e�ðqnull� qprefÞ2=ð2�s2Þ

Where C is a constant offset. The two Gaussians were forced to peak 180� apart and to have the same width but could have different

amplitudes. Preferred orientations were determined using this fit.

Signal to noise ratio (SNR) was calculated as previously described (Meir et al., 2018) for each neuron at its preferred direction as the

difference between the evoked response and the inter stimulus time interval divided by the sum of them.

In vitro electrophysiology

IPSC and EPSC amplitudes were calculated as the difference between peak response and baseline determined as themean of a time

window of 100ms before stimulus onset.

Inhibitory charge (Q) was calculated as the time integral of the IPSCs over the period of LED illumination. Decay timewas calculated

as the 90%–10% fall time.

QUANTIFICATION AND STATISTICAL ANALYSIS

The number of experimental recordings and animals used in each experiment is indicated in the figure legends. For in vitro recordings

we used 2-4 mice per condition. Statistical tests were performed using MATLAB, p values and statistical tests used are indicated in

the figure legends.
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