Neuron

Cross-Modality Sharpening of Visual Cortical
Processing through Layer-1-Mediated Inhibition and
Disinhibition

Highlights Authors
e Layer (L)5 neurons in A1 project directly to superficial layers Leena A. Ibrahim, Lukas Mesik,
of V1 Xu-ying Ji, ..., Brian Zingg, Li |. Zhang,
Huizhong Whit Tao

e Sound sharpens orientation selectivity of V1 L2/L3 pyramidal

neurons Correspondence

liizhang@usc.edu (L.1.Z.),

V1 L1 neurons, strongly innervated by A1 axons, mediate the
° 9y y htao@usc.edu (H.W.T.)

sharpening effect

e Visual responses of V1 L2/L3 VIP neurons are differentially N Brief

suppressed by sound Cross-modality interaction in sensory
perception is advantageous for animals’
survival. Ibrahim et al. show that sound
concurrent with visual stimuli sharpens
orientation selectivity of primary visual
cortical principal neurons, achieved
through auditory cortex projections to
layer 1 of visual cortex.

. Ibrahim et al., 2016, Neuron 89, 1031-1045
\!) CrossMark March 2, 2016 ©2016 Elsevier Inc. Cell
http://dx.doi.org/10.1016/j.neuron.2016.01.027


mailto:liizhang@usc.edu
mailto:htao@usc.edu
http://dx.doi.org/10.1016/j.neuron.2016.01.027
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuron.2016.01.027&domain=pdf

Neuron

Cross-Modality Sharpening of Visual
Cortical Processing through Layer-1-Mediated

Inhibition and Disinhibition

Leena A. Ibrahim,"-%5 Lukas Mesik,"-*5 Xu-ying Ji," Qi Fang,"-* Hai-fu Li,’ Ya-tang Li," Brian Zingg,'-* Li I. Zhang,-%*

and Huizhong Whit Tao'-2*

1Zilkha Neurogenetic Institute
2Department of Cell and Neurobiology
3Department of Physiology and Biophysics

Keck School of Medicine, University of Southern California, Los Angeles, CA 90033, USA
4Neuroscience Graduate Program, University of Southern California, Los Angeles, CA 90033, USA

5Co-first author
*Correspondence: lizhang@usc.edu (L.I.Z.), htao@Qusc.edu (H.W.T.)
http://dx.doi.org/10.1016/j.neuron.2016.01.027

SUMMARY

Cross-modality interaction in sensory perception is
advantageous for animals’ survival. How cortical
sensory processing is cross-modally modulated
and what are the underlying neural circuits remain
poorly understood. In mouse primary visual cortex
(V1), we discovered that orientation selectivity of
layer (L)2/3, but not L4, excitatory neurons was
sharpened in the presence of sound or optogenetic
activation of projections from primary auditory
cortex (A1) to V1. The effect was manifested by
decreased average visual responses yet increased
responses at the preferred orientation. It was more
pronounced at lower visual contrast and was dimin-
ished by suppressing L1 activity. L1 neurons were
strongly innervated by A1-V1 axons and excited by
sound, while visual responses of L2/L3 vasoactive in-
testinal peptide (VIP) neurons were suppressed by
sound, both preferentially at the cell’s preferred
orientation. These results suggest that the cross-mo-
dality modulation is achieved primarily through L1
neuron- and L2/L3 VIP-cell-mediated inhibitory and
disinhibitory circuits.

INTRODUCTION

Animals constantly receive a multitude of sensory inputs, such
as visual, auditory, and somatosensory, from the outside world,
which are eventually processed in the cortex. The precise pro-
cessing of sensory input from each of these modalities is essen-
tial for an animal’s perception, behavior, and survival. Previously,
it was thought that information of different sensory modalities is
first processed in anatomically isolated primary sensory areas
and that merging of different sensory information then takes
place in higher association areas (Felleman and Van Essen,
1991; Jones and Powell, 1970). This view mainly stems from
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lesion studies showing that deficits in a specific primary sensory
cortex affect the perception of only the corresponding modality
(Dewson et al., 1970; Winans, 1967). In addition, earlier anatom-
ical studies have not been able to clearly reveal cross-modality
projections (Kuypers et al., 1965).

Such a view has been challenged more recently, as a number
of fMRI studies have shown that cross-modality interactions may
occur at the level of primary sensory cortices (Clavagnier et al.,
2004; Kayser et al., 2005; Kok et al., 2012). For example, it has
been found that the spatial pattern of activation of a primary sen-
sory cortical area (e.g., visual cortex [V1]) is different when stimuli
from a different modality (auditory or tactile) are presented (Liang
et al., 2013). This finding suggests that there may be discrete
locations within V1 that respond to specific cross-modal inputs.
Furthermore, an increasing number of animal studies with viral
tracing in both anterograde and retrograde manners have
begun to reveal patterns of potential cross-modality interactions
(Campi et al., 2010; Cappe and Barone, 2005; Falchier et al.,
2002; Frostig et al., 2008; Sieben et al., 2013; Stehberg et al.,,
2014; Zingg et al., 2014). In humans, psychophysics studies
have shown that combining sensory information of different mo-
dalities is important for speeding reaction times (Gielen et al.,
1983; Hershenson, 1962) and for detecting indistinct stimuli
(Driver and Spence, 1998; Frens et al., 1995; Jaekl and Harris,
2009; McDonald et al., 2000; Vroomen and de Gelder, 2000). A
recent behavioral study in rats has also shown that performance
success rate is higher and reaction time is faster when visual tar-
gets are accompanied by a simultaneous sound (Gleiss and
Kayser, 2012).

While evidence is now emerging to increasingly support
occurrence of multisensory integration in primary sensory
cortices (lurilli et al., 2012), the role of cross-modality inputs in
modulating sensory processing properties of cortical neurons
and the underlying neural circuits remain not well understood.
In this study, we found that in the presence of sound or optoge-
netic activation of axonal projections from auditory cortex (A1) to
V1, the orientation tuning of layer (L)2/L3 pyramidal neurons was
sharpened. This resulted from an increase of firing rate at the
preferred orientation accompanied by a general reduction of
average visual responses. Recordings in brain slices revealed
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Figure 1. Sound-Induced Sharpening of Orientation Selectivity in L2/L3 of V1

(A) Left: post-stimulus spike time histograms (PSTHs) of spike responses of an example L2/L3 pyramidal neuron to drifting sinusoidal gratings without (left) and
with (right) coupling with sound stimulation, examined with in vivo loose-patch recording. Arrows mark the preferred orientation of the cell. Scale: 60 Hz, 500 ms.
Right: firing rates at different stimulus directions for the same cell. Red, visual stimulation only. Blue, visual plus sound stimulation. Dashed gray line marks the
average spontaneous firing rate. Inset, polar graph plotting. The axial value (firing rate) is indicated within the parentheses.

(B) Average normalized firing rates for 26 L2/L3 pyramidal cells without (red) and with (blue) sound, fitted with a Gaussian function. The tuning curves were aligned
according to the preferred orientation (designated as 0°) in the sound-off condition. Responses to the two opposite directions were averaged. Error bar, SEM.
***p < 0.001; Wilcoxon signed-rank test.

(C-E) Plots of evoked firing rate at the preferred (C) and orthogonal orientation (D), as well as of gOSI value (E), in the sound-on (+S) versus sound-off (—S)
condition for individual cells. The preferred and orthogonal orientations represented are those determined for the cell in the sound-off condition. Insets show
mean evoked firing rates (normalized to the value in the sound-off condition) (C and D) or mean gOSI values (E). ***p < 0.001; Wilcoxon signed-rank test (C) or
paired t test (D and E). Error bars, SEM (C and D) or SD (E).

thatin V1 L1 inhibitory neurons received the maximum amount of ~ gratings at 12 different directions (6 orientations) and at 25%
direct input from A1 as compared with other cell types across all  contrast in anaesthetized mice. Our recording method was high-
the cortical layers, including parvalbumin (PV), somatostatin ly biased toward sampling excitatory neurons (Wu et al., 2008;
(SOM), and vasoactive intestine peptide (VIP) inhibitory neurons  Liu et al., 2010). Visual stimuli in the absence and presence of
as well as pyramidal cells. Comparisons of visual responses of  white noise pulses (50-ms pulse duration, at 10 Hz, for 1.5 s,
different inhibitory neurons in superficial layers of V1 in the 70 dB sound pressure level [SPL]) were interleaved, and stimuli
absence and presence of sound further suggested local inhibi-  of different directions were presented in a random fashion. As
tory and disinhibitory circuits that underlie the sound-induced shown by an example cell in Figure 1A, sound apparently

modulation of orientation selectivity. increased the evoked spike number at the cell’s preferred orien-
tation while it decreased the spike number at the orientation
RESULTS orthogonal to the preferred. We used a global orientation selec-
tivity index (gOSlI), which is equivalent to 1 minus circular vari-
Effects of Sound Stimulation on Excitatory Neuron ance (Marifio et al., 2005), to quantify the degree of orientation
Responses in L2/L3 of V1 selectivity (OS) (see Experimental Procedures). The cell ex-

Using in vivo cell-attached loose-patch recording, we examined  hibited an increased gOSI in the presence of sound (Figure 1A,
spike responses of L2/L3 neurons in V1 to drifting sinusoidal right panel), indicating that its OS had been sharpened.
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In a total of 26 similarly recorded orientation-tuned pyramidal
neurons, the increase of evoked firing rate at the preferred orien-
tation in the presence of sound was statistically significant, and
firing rates at some orientations away from the preferred were
significantly decreased (Figure 1B). On average, there was a
22% increase in the evoked firing rate at the preferred orientation
(Figure 1C), a 32% decrease at the orthogonal orientation (Fig-
ure 1D), and a 9% decrease in the overall firing rate averaged
across orientations (p < 0.01, paired t test). These changes led
to a significant increase in gOSI (Figure 1E). The effect was
smaller when orientation tuning was measured with gratings at
95% contrast (Figure S1A). Sound stimulation alone resulted in
decreased spontaneous firing rates of these neurons (Fig-
ure S1B), indicating a modulatory role of sound. In contrast to
L2/L3, sound had no significant effect on the response level or
OS of L4 pyramidal neurons (Figures S1C-S1E).

We also observed similar sound effects in the quiet wakeful
state, with loose-patch recordings in un-anaesthetized animals
(Figure S2). On average, there was a 24% increase of firing
rate at the preferred orientation (Figure S2C) and a 48%
decrease at the orthogonal orientation (Figure S2D). These
together led to a significant increase in gOSI (p < 0.01, paired
t test) (Figure S2E).

To further confirm the phenomenon with a larger number of
cells, we performed two-photon Ca®* imaging in L2/L3 of anaes-
thetized mice by injecting adeno-associated virus (AAV) encod-
ing GCaMP6 in V1. Although the non-floxed GCaMP6 in principle
had labeled both excitatory and inhibitory neurons, the great ma-
jority of fluorescent cells imaged ought to be pyramidal cells due
to their large abundance in the cortex. We made sequential line
scanning across selected individual cell bodies so that Ca®* re-
sponses of 10-20 neurons could be imaged in one experiment
with a reasonably good temporal resolution (Figure 2A, left
panel). The time-dependent fractional change of fluorescence
intensity (AF/FO) was determined for each stimulus direction
over a period of 10 s. As shown by an example L2/L3 neuron,
an increase in AF/FO was observed at the preferred orientation,
and a simultaneous decrease was seen at some non-optimal
orientations (Figures 2A and 2B). Overall, there was a slight
decrease in Ca®* response averaged across orientations when
sound was applied (Figure 2C).

Tuning curves generated from peak AF/FOs were plotted for a
total of 75 L2/L3 neurons (Figure 2D). We summarized data in
two ways. In the first, we averaged normalized AF/FOs across
cells for each test orientation (relative to the preferred orientation
in the sound off condition) and fit the average results with
Gaussian functions (Figure 2E, left panel). In the second, for
each individual cell, we first fit the tuning in each condition with
a Gaussian curve and then averaged Gaussian curves of all
the cells (Figure 2E, right panel). By either way of analysis, we
observed an increase of Ca®* response at the preferred orienta-
tion and a decrease of the response at orientations away from
the preferred. Overall, the preferred orientation of a cell included
in the analysis was not significantly different between sound-off
and sound-on conditions (p > 0.05, paired t test; Figure 2F).
There was a 10% increase in Ca®* response at the preferred
orientation (Figure 2G), a 15% decrease at the orthogonal orien-
tation (Figure 2H), and a 5% decrease in the average response

(p < 0.001, paired t test). These changes resulted in a significant
increase in gOSI (Figure 2I). Similar conclusions could be made
when we quantified orientation tuning with a more tradition in-
dex, OSI, which is defined by (Rpret — Rorth)/ (Rpret + Rortn) (Figures
S3A-S3C). Thus, the imaging data were consistent with the
loose-patch recording results, confirming the effect of sharp-
ening OS by sound.

V1 Receives Direct Inputs from A1

Auditory information must enter visual cortex for the sound mod-
ulation effect. A previous study has implied that A1 might make
anatomical connections with V1 (lurilli et al., 2012). Here, we
traced the direct projections from A1 to V1 by injecting a retro-
grade tracer, CTb-Alexa 488, into V1 (Figure 3A, left panel).
The retrogradely labeled cells in A1 were observed in different
layers but most densely in L5 (Figure 3A, middle and right
panels). Since L5 contained the largest portion of V1 projecting
neurons, we injected AAV-encoding floxed humanized channelr-
hodopsin 2 (hChR2) fused with EYFP into A1 of Rbp4-Cre mice,
an L5-specific Cre line (Figure 3B, left panel). In V1, fluores-
cence-labeled A1 axons terminated mainly in superficial layers
of V1, with the highest density observed in L1 (Figure 3B, middle
panel). The strength of this A1-V1 projection in L1 was compara-
ble to the A1 projection to the dorsal cortex of inferior colliculus
(DCIC) (Figure S4A), a well-known corticofugal target of A1 (An-
dersen et al., 1980; Bajo and Moore, 2005; Bajo et al., 2007; Mar-
kovitz et al., 2013; Xiong et al., 2015).

Optogenetic Stimulation of A1-V1 Axons Sharpens OS in
L2/L3

After 2-3 weeks of viral expression of hChR2 in A1, we optoge-
netically activated A1-V1 axons. Blue LED light (470 nm) illumina-
tion was delivered through an optic fiber placed on the surface of
V1 or A1 (see Experimental Procedures). Trains of light pulses
(10-ms duration) were applied at 20 Hz for 1.5 s to cover the
entire duration of visual stimulation. LED stimulation alone
elicited local field potential changes in superficial layers of V1
(Figure 3B, right panel), indicating the effectiveness of activation.
We then examined spike responses of individual L2/L3 cells to
moving gratings without and with LED stimulation at two different
visual contrasts (95% and 25%). Similar sharpening of OS was
observed, as demonstrated by an increase and decrease in
evoked firing rate at the preferred and orthogonal orientation,
respectively (Figures 3C-3J). The effect was also more pro-
nounced at the lower visual contrast (Figures 3D-3F and 3H-
3J; also see Figure S4C). The increase in firing rate at the
preferred orientation was 26% at 25% contrast and 12% at
95% contrast. The decrease in firing rate at the orthogonal orien-
tation was 40% at 25% contrast and 24% at 95% contrast. The
increase in gOSI was 25% at 25% contrast and 15% at 95%
contrast. With the visual stimulation alone, orientation tuning
was sharper at the higher contrast (gOSI = 0.37 + 0.12 and
0.46 = 0.13 at 25% and 95% contrast, respectively; p < 0.01,
paired t test; n = 10), consistent with our previous report (Li
et al., 2012a). In L4, however, stimulating A1-V1 axons did not
have any significant effect on orientation tuning or evoked firing
rates (Figures 3K-3R, S3D, and S3E). These data suggest
that particularly under low-stimulus-strength conditions (as
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Figure 2. Sound-Induced Sharpening of OS Revealed by Two-Photon Ca?* Imaging

(A) Left: an example image plane in L2/L3 (250 um below the pia). Red lines were used to guide line scanning across labeled cell bodies. Scale bar: 100 pm. Right:
color map of AF/FO (average of five repetitions) over an imaging period of 10 s for 12 stimulus directions, plotted for an example cell (marked with a white circle on
the leftimage). Time zero represents the onset of visual stimuli. Orientation is indicated by a black line below the color map. The first block shows visual responses
alone; the second shows the responses to visual plus sound stimulation. Black arrows point to the preferred orientation.

(B) Tuning curves of peak AF/FO for the cell shown in (A).

(C) Average Ca>* responses across all orientations for the same cell.

(D) Tuning curves of normalized peak Ca>* response amplitude plotted for 75 imaged L2/L3 cells in the absence (left) and presence (right) of sound. Tuning curves
were aligned according to the preferred orientation determined in the sound-off condition.

(E) Left: average normalized Ca2* response levels of all the cells. Bright red and blue curves represent the Gaussian fits. Right: average of Gaussian fits of in-
dividual cell tuning curves. “*p < 0.01; **p < 0.001; Wilcoxon signed-rank test.

(F) Histogram of differences in preferred orientation between sound-off and sound-on conditions for cells included in analysis. Preferred orientations were
determined from Gaussian fits.

(G-l) Plots of AF/FO at the preferred (G) and orthogonal orientation (H) as well as of gOSI value (l) in the sound-on versus sound-off condition (n = 75 cells).
Insets show mean normalized evoked Ca®* response levels (G and H) or mean gOSi| values (I). **“p < 0.001; Wilcoxon signed-rank test. Error bars, SEM (G and H)
or SD (l).

with low-contrast gratings), sound has great benefit to vision in
that it renders output neurons in V1 to be better tuned for orien-
tation. The absence of sound effects in L4 suggests a top-down
rather than thalamocortical modulation.

Innervation Pattern of the A1-V1 Projection

To understand the circuit mechanism underlying the sound ef-
fects and in particular how inhibitory neurons were involved,
we crossed inhibitory-neuron-specific Cre lines (PV, SOM, VIP,
and GAD2-Cre) (Taniguchi et al., 2011) with a Cre-dependent

1034 Neuron 89, 1031-1045, March 2, 2016 ©2016 Elsevier Inc.

tdTomato reporter line, Ai14, to label individual inhibitory sub-
types or all inhibitory neurons. We then injected AAV encoding
non-floxed hChR2 in A1 and performed whole-cell voltage clamp
recordings from desired inhibitory neurons as well as pyramidal
cells (morphologically identified, or identified as non-fluores-
cence-labeled cells in GAD2-Cre::tdTomato mice) in V1 slices
(Figure 4A). To record monosynaptic excitatory currents only,
tetrodotoxin (TTX) (1 uM) and 4-aminopyridine (4-AP) (1 mM)
were present in the bath solution (Cruikshank et al., 2010; Ji
et al., 2015; Petreanu et al., 2009). LED illumination was applied



to the entire visual cortical area to activate A1 axons in this re-
gion. As shown by response traces of example cells (Figure 4B)
and summary plots of relative peak response amplitude (Figures
4C and 4D; see Experimental Procedures), L1 inhibitory neurons,
except those positive for VIP which only comprise ~10% of the
L1 population (Rudy et al., 2011), received strong excitatory
input from A1, much stronger as compared with the other cell
types examined, including PV, SOM, and VIP inhibitory neurons
as well as pyramidal cells. In L2/L3, the strength of A1 input to PV
neurons was comparable to that to pyramidal cells (p = 0.97;
two-sample t test). Both were higher than the inputs to SOM
and VIP neurons (p < 0.01; t test) (Figure 4D). Beyond 400-um
depth, none of the cell types received direct A1 input (Figure 4C),
consistent with the in vivo recording data that L4 responses were
not modulated by sound. Therefore, the strongest excitatory
input from A1 is received by L1 inhibitory neurons (those negative
for VIP), followed by excitatory neurons and PV cells in L2/L3.
Since all L1 neurons are inhibitory (Beaulieu et al., 1992; Chu
et al., 2003; Li and Schwark, 1994; Winer and Larue, 1989;
Wozny and Williams, 2011; Zhou and Hablitz, 1996; Zhou
et al., 2014), these results suggest that L1 cells are in a suitable
position to provide general inhibition to L2/L3 pyramidal neu-
rons, decreasing their overall visual responses.

Activation of L1 Neurons by Sound

To examine whether visual responses of L1 neurons were
affected by sound stimulation, we performed Ca®* imaging in
GAD2-Cre::tdTomato mice injected with AAV-encoding floxed
GCaMP6s in V1 (Figure S5A). We found that most of imaged
L1 neurons were robustly activated in the presence of sound
as opposed to visual stimulation alone. As shown by the plots
of AF/FO for an example L1 neuron (Figure 5A), there was a
marked increase in Ca®* response level at almost every stim-
ulus orientation (Figure 5B), resulting in a pronounced enhance-
ment of the overall response averaged across orientations
(Figure 5C). Tuning curves of normalized peak response level
are plotted for 40 L1 cells (Figure 5D). In the presence of sound,
we observed an increase of visually evoked Ca®* response at
nearly all orientations, either by averaging normalized response
levels across cells (Figure 5E, left panel) or by averaging indi-
vidually fitted Gaussian curves (Figure 5E, right panel). On
average, there was a 20% increase in Ca®* response at the
preferred orientation (Figure 5F), a 10% increase at the orthog-
onal orientation (Figure 5G), and a 13% increase in the overall
response level (Figure 5H). The latter increase was relatively
larger at the lower visual contrast (Figure S6A) and enhanced
with increasing sound intensities (Figure S6B). L1 neurons over-
all were tuned, although the tuning was relatively broad (Fig-
ure 5E). Since the increase in Ca* response was relatively
larger at the preferred than orthogonal orientation (Figures 5F
and 5G), the OS of L1 neurons was enhanced in the presence
of sound (Figure 5I).

Additionally, sound stimulation alone could excite L1 neurons
in V1 (Figures 6A and 6B). In one experiment, we imaged Ca®* re-
sponses of a group of L1 neurons and L2/L3 pyramidal cells in
the same animal and with the same temporal resolution and
found that visual responses in L2/L3 appeared delayed relative
to the sound-evoked responses in L1 (Figure 6C). To be able

to more precisely compare the onset timings of these two types
of responses, we performed loose-patch recordings from L1
neurons, which were easily identified by their spike responses
to sound (Figures 6D and 6E). Indeed, relative to the visual re-
sponses of L2/L3 pyramidal cells (Figure 6F), the onset of
sound-evoked spike responses of L1 neurons was much earlier
(Figure 6G). Given that sound and visual stimulation were applied
simultaneously in our experiments of cross-modality interaction,
this result suggests that L1 neurons may be able to modulate L2/
L3 responses as early as the latter start.

Optogenetic Suppression of L1 Neuron Activity

To understand whether the sound-induced modulation of OS
was mediated by V1 L1 neurons, we sought to selectively sup-
press their activity during sound presentation. Since there was
no L1-specific Cre line available yet, we employed an iontopho-
resis method (see Experimental Procedures) to limit the spread
of viral particles within L1 when injecting AAV-encoding floxed
ArchT-GFP in GAD2-Cre mice (Figure 7A). Green LED light
(530 nm) illumination was applied onto the surface of V1 to
inhibit ArchT-expressing L1 neurons. Using loose-patch re-
cordings, we examined spike responses of L2/L3 pyramidal
cells to interleaved trials of visual stimulation only (moving grat-
ings at 25% contrast), visual plus sound, and visual plus sound
plus LED stimulation. As shown by the tuning curves of two
example cells (Figure 7B) and summary of all the cells (Fig-
ure 7C), OS was enhanced in the presence of sound (compare
red and blue curves), similar as observed earlier. When L1
neurons were suppressed, the sound-induced increase of
response level at the preferred orientation was reduced by
approximately half (Figure 7D), the decrease of response level
at the orthogonal orientation was nearly abolished (Figure 7E),
and the reduction of the overall response level was prevented
(Figure 7F). As a result, OS of pyramidal cells in the L1-sup-
pression condition became significantly weaker as compared
with the visual-plus-sound condition (Figure 7G). Therefore,
suppressing L1 neurons could block, at least partially, the
sound-induced sharpening of OS of L2/L3 pyramidal cells, sug-
gesting that L1 neurons are involved in mediating this cross-
modality effect.

Effects of Sound Stimulation on L2/L3 PV, SOM, and VIP
Neurons

We further imaged Ca?* responses of PV, SOM, or VIP neurons in
L2/L3 of V1, in different inhibitory-neuron-specific Cre mice in-
jected with AAV-floxed-GCaMP6s (Figures S5B-S5D). Although
all of these inhibitory subtypes received some amount of direct
excitatory input from A1 (Figure 4D), the effects of sound on their
OS and response levels were variable. For PV neurons, we did
not observe significant changes in the visually evoked Ca?*
response at the preferred orientation or in the average response
level when sound was applied (Figures 8A and 8B). Similar re-
sults were obtained when we identified PV neurons based on
their fast-spiking properties (Atallah et al., 2012; Li et al,
2015a; Ma et al., 2010) in one set of loose-patch recording ex-
periments using pipette parameters that increased chances of
encountering inhibitory cells (see Experimental Procedures) (Fig-
ure S7). For SOM neurons, we did not detect visually evoked

Neuron 89, 1031-1045, March 2, 2016 ©2016 Elsevier Inc. 1035
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Figure 4. L1 Neurons Receive Maximum A1
Input

L1 L2/3 L4 (A) Left: schematic diagram of whole-cell re-

GAD2+/ cordings in a slice preparation. The thickness of

A1 VIP- green arrows represents density of A1 axons in

inputs PV each layer. Red, inhibitory neuron; dark blue, py-

SOM ramidal neuron; light blue, LED illumination. Right:

VIP+ fluorescence-labeled inhibitory neurons in V1 of a

GAD2-Cre::tdTomato mouse. Scale bar, 200 um.

GAD2-Cre:: Pyr. | (B) Average excitatory postsynaptic current

tdTomato (EPSC) traces of example neurons of different

types in different layers evoked by LED stimula-

C D tion. Note that in L1, VIP+ cells did not show
I * . EPSCs. Scale: 50 pA and 50 ms.

S (C) Relative peak EPSC amplitudes of all the re-
< 1500 PV 407 —t* * , corded cells versus their depths. Blue marks VIP-
= o SOM = 1] ——e negative L1 neurons.

3 A é '51yr E’ 30 ] (D) Summary of relative strength of A1 input to
g 10001 :ﬁ & vIp g 1 % different types of neurons (n = 12 for pyramidal, 9
Q f for VIP- L1, 19 for PV, 12 for SOM, and 10 for VIP+
E: N . §_ 207 | L2/L3). Small box, mean value; large box, SD;
< * ° 1 whisker, full range; line, median. *p < 0.05; **p <
S 5001 P 2 10— 0.001; one-way ANOVA and post hoc test.
2 B e 1= e
§ 01 m:' 8%@&*«'0&%#' 00 i i i i i
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L2/3

Ca?* responses in the majority (~90%) of cells under our current
anesthetized condition, consistent with the notion that evoked
firing rates of SOM neurons are in general low in anesthesia
(Adesnik et al., 2012). In the small subset of SOM neurons exhib-
iting significant responses, we did not find a significant change in
their average response level or response level at the preferred
orientation (Figures 8C and 8D). Therefore, neither PV nor SOM
neurons appeared to contribute significantly to the sound-
induced effect. For VIP neurons, however, we observed a signif-
icant decrease of Ca®* response at the preferred orientation (Fig-
ure 8E) and a smaller decrease in the average response level
(Figure 8F). Responses of an example VIP neuron are shown in
Figures 8G and 8H, and summary tuning curves for all VIP neu-

rons are shown in Figure 8l. Notably, the decrease of response
level was more pronounced at the preferred than other orienta-
tions (Figure 8l), indicating that VIP neurons are suppressed by
sound preferentially at their preferred orientation in contrast to
what had been observed in pyramidal cells.

DISCUSSION

In this study, we examined how input of one sensory modality in-
fluences specific response properties of cortical neurons in
another modality. Using loose-patch recording and Ca®* imag-
ing, we demonstrated that activation of auditory cortex sharp-
ened OS of L2/L3 excitatory neurons in V1, more so when visual

Figure 3. Optogenetic Activation of A1 Axons in V1

(A) Retrograde labeling. Left: CTb-Alexa 488 (green) injection site in V1 of a Rbp4-Cre::tdTomato (red) mouse. Middle: retrogradely labeled neurons in A1. Right:
tdTomato expression pattern in A1. Scale bars, 200 um.

(B) Anterograde labeling. Left: AAV-DIO-hChR2-eYFP injection site in A1 (outlined by two dashed lines) of a Rbp4-Cre mouse. Scale bar, 250 um. Middle: A1
axons in V1 of the same animal. Scale bar, 200 pm. Right: example local field currents recorded in superficial layers of V1 without (upper, trigger only) and with
(lower) LED illumination (duration = 50 ms; onset marked by the arrow). Scale: 20 pA and 100 ms.

(C) Top: PSTHs for spike responses of an example L2/L3 pyramidal neuron to gratings at a high (95%) contrast, without (left) and with (right) LED illumination.
Scale: 70 Hz and 500 ms. Bottom: average normalized evoked firing rate (FR) at different orientations (relative to the preferred) for all the recorded L2/L3 cells.
Inset, polar graph plotting (inset) for the cell shown in top. Red, visual stimulation only; blue, visual plus LED stimulation.

(D-F) Plots of evoked firing rate at the preferred (D) and orthogonal (E) orientation as well as of gOSI (F) in the LED-on versus LED-off conditions for all the cells
(n = 18). Insets show mean normalized evoked firing rates (D and E) and mean gOSl values (F) of all the cells. *p < 0.05; **p < 0.01; ***p < 0.001; paired t test (D and
E) or Wilcoxon signed-rank test (F). Error bars, SEM (D and E) or SD (F).

(G) The same cell as in (C), except that visual stimuli were at a low (25%) contrast. Scale: 60 Hz and 500 ms.

(H-J) Responses under low-contrast stimuli. Data are presented in similar manners as in (D)—(F) (n = 18). **p < 0.01; ***p < 0.001; Wilcoxon signed-rank test (H) or
paired t test (I and J).

(K-N) Responses of L4 neurons to high-contrast stimuli (n = 20 cells). Data are presented in similar manners as in (C)-(F). Scale in (K): 80 Hz and 500 ms. n.s.,
nonsignificant. p > 0.05; Wilcoxon signed-rank test (L and M) or paired t test (N).

(O-R) Responses of L4 neurons to low-contrast visual stimuli (n = 20 cells). Scale in (O): 80 Hz and 500 ms.

Neuron 89, 1031-1045, March 2, 2016 ©2016 Elsevier Inc. 1037
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Figure 5. Visual Responses of L1 Neurons Are Enhanced by Sound

Average AF/FO (-S) goslI (-S)

(A) Color map of Ca* responses of an example L1 neuron to gratings (average of five repetitions) in the absence (left block) and presence (right) of sound

stimulation.

(B) Tuning curves of peak Ca®* response level in the absence (red) and presence (blue) of sound, plotted for the same cell shown in (A).

(C) Time-dependent AF/FO averaged across all orientations for the same cell.

(D) Normalized tuning curves in the absence (left) and presence (right) of sound for all imaged L1 neurons (n = 40).
(E) Left: average normalized Ca®* response amplitudes of all L1 neurons. Bright red and blue curves are Gaussian fits. Right: average of all Gaussian fits of

individual L1 cells.

(F-1) Plots of peak Ca®* response amplitude at the preferred (F) and orthogonal orientation (G), of average response amplitude across all orientations (H), as well as
of gOSl value (I) in the sound-on versus sound-off conditions for all L1 cells. Insets show average values. *p < 0.05; ***p < 0.001; Wilcoxon signed-rank test (E and

F) or paired t test (G and H). Error bars, SEM (E-G) or SD (H).

contrast was low. The sharpening effect was attributed to an in-
crease and decrease of response level at the preferred and
orthogonal orientation, respectively, with the overall response
level reduced. These changes were achieved, at least partially,
through interareal connectivity from A1 to V1: cortico-cortical
axons from A1 L5 neurons mainly terminated in superficial layers
of V1 and activated L1 inhibitory neurons. The latter likely caused
the overall suppression of pyramidal cells in the underlying L2/
L3. In addition, L1 neurons could inhibit other inhibitory neurons
in L2/L3, generating a disinhibitory effect that specifically
contributed to the increased firing rate at the preferred orienta-
tion of the pyramidal cell. Different from OS, the same sound

1038 Neuron 89, 1031-1045, March 2, 2016 ©2016 Elsevier Inc.

stimulation did not have a significant effect on direction selec-
tivity (Figures S3F and S3G).

Auditory Modulation of V1 Processing through a
Top-Down Circuit

Our tracing study shows that in V1, the A1 axons project mostly
to its superficial layers, with the highest axonal density observed
in L1. This result is consistent with recent mouse brain connec-
tome studies (Oh et al., 2014; Zingg et al., 2014). Such a projec-
tion pattern is further supported by slice recording data: when A1
axons were optogenetically stimulated, L1 neurons (except
those positive for VIP) received the maximum amount of direct
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(A) Average Ca?* response trace of an example L1 neuron to sound stimulation alone (blue). Black, trigger only with zero sound output.
(B) Cumulative distribution of L1 neurons’ peak Ca®* response amplitudes to sound (n = 27 cells).
(C) Population Ca®* response of five L1 neurons to sound stimulation alone (blue) and that of five L2/L3 neurons to visual stimulation alone (red) imaged in the

same mouse, both normalized to their respective peak amplitude.

(D) PSTH of spike responses of an example L1 neuron to sound stimulation alone. Solid black line marks the sound duration.

(E) Average PSTH for 6 L1 neurons. Inset, peak firing rates of individual neurons and their mean. Bar, SD.

(F) PSTH for responses of an example L2/L3 neuron to visual stimulation alone. Black bar marks the duration of moving gratings.

(G) Average onset latencies of L1 neuron spike responses to sound stimulation and L2/L3 neuron spike responses to gratings. Onset latency was determined from
the PSTH of an individual cell by the time spike rate exceeds the average baseline firing rate plus two SDs of baseline fluctuations. Bar, SD. **p < 0.01; ttest; n =6

for L1 and 14 for L2/L3.

input among all the major cell types in V1. In L2/L3, pyramidal
cells as well as PV, SOM, and VIP inhibitory neurons also
received direct A1 inputs but to a smaller, varying degree, with
the inputs to pyramidal and PV neurons stronger than those to
SOM and VIP cells. Neither type of neuron below 400 pm
received direct A1 input. A previous study has reported a
sound-induced hyperpolarization in V1 L2/L3 pyramidal neu-
rons, and it is suggested that a L5 to L2/L3 inhibitory route under-
lies this suppressive effect (lurilli et al., 2012). Our results do not
support the latter notion. Instead, our data indicate that L1 neu-
rons are the primary target of A1 input. Sound stimulation can
directly excite V1 L1 neurons, which likely results in the hyperpo-
larization of pyramidal cells observed in the lurilli et al. (2012)
study. Further supporting this notion are the observations that
the onset latency of L1 neuron responses to sound alone
(~40 ms; Figure 6G) was comparable to that of the hyperpolar-
ization previously observed (lurilli et al., 2012) and that sponta-
neous firing rates of L2/L3 pyramidal cells are reduced when

L1 is activated either by sound or by optogenetic stimulation of
A1-V1 axons (Figure S1B). L1 neurons connect to all the cell
types, including all inhibitory types, in the underlying L2/L3 (Jiang
et al., 2013; Lee et al., 2015; Wozny and Williams, 2011; Xu and
Callaway, 2009; Zagha et al., 2013) and thereby are in a suitable
position to provide general inhibition to L2/L3 pyramidal cells
and to produce disinhibitory effects by inhibiting certain L2/L3
inhibitory neurons. Such an L1-mediated top-down circuit is a
likely candidate for mediating the auditory modulation of visual
processing, since suppressing L1 activity reduces the sound ef-
fect of sharpening OS. It is thus tempting to postulate that L1 can
serve as a hub of top-down modulation, receiving inputs from
different sensory modalities or even non-sensory higher cortical
areas (Zhang et al., 2014). Interestingly, while A1 profoundly in-
nervates V1, viral injections in V1 in our experiments did not
reveal any connectivity from V1 to A1 (Figure S4B; also see Oh
et al., 2014). This suggests that direct connections between A1
and V1 may be unidirectional, at least in some species.

Neuron 89, 1031-1045, March 2, 2016 ©2016 Elsevier Inc. 1039
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Figure 7. Suppressing L1 Neurons Reduces the Sound-Induced OS Sharpening Effect

(A) Left: schematic diagram of the experimental setup. Green LED illumination was applied to V1 surface. Middle: expression pattern of ArchT-GFP in a GAD2-Cre
mouse. Right: average fluorescence intensity of ArchT-GFP at different depths across animals examined (n = 4). Shaded, 95% confidence level.

(B) Tuning curves of evoked firing rate for two example L2/L3 pyramidal neurons. Red, blue, and green lines represent visual stimulation only, visual plus sound

stimulation, visual plus sound plus inhibiting L1, respectively.

(C) Average tuning curves in three different conditions across all the cells recorded (n = 11).
(D-G) Normalized evoked firing rates at the preferred (D) and orthogonal orientation (E), average evoked firing rates across all orientations (F) as well as gOSI
values (G) under the three different conditions. Data represent mean + SEM. *p < 0.05; **p < 0.01; one-way ANOVA with repeated measures.

Sound Effect on L1 Neuron Responses

Consistent with an involvement of L1, sound stimulation resulted
in an elevation of visual responses in L1 neurons. The effect was
dependent on the sound intensity. The minimum test intensity at
which there was a significant increase in L1 responses was 60 dB
SPL (Figure S6B), while the intensity threshold of A1 neurons was
lower than 40 dB SPL (Li et al., 2014; Liu et al., 2007; Sun et al.,
2013). The largest increase occurred when the maximum test
intensity (80 dB SPL) was applied (Figure S6B). These results
suggest that there is a certain intensity threshold for the cross-
modal interaction coming into play. Interestingly, the relative
increase of response level in L1 neurons was larger at their
preferred than orthogonal orientation (Figures 5F and 5G), allow-
ing them to produce larger disinhibitory effects at the preferred
orientation. Such a “supralinear” effect is possible and could
be mediated by certain voltage-dependent conductances such
as N-methyl-D-aspartate (NMDA) receptors and dendritic Ca®*
channels (Lavzin et al., 2012; Xu et al., 2012).

L2/L3 Inhibitory Neuron Subtypes

PV, SOM, and VIP neurons together account for nearly 100% of
the inhibitory cell population, and VIP neurons comprise the
largest inhibitory subgroup in L2/L3 (Rudy et al., 2011). All of
these inhibitory subtypes receive some direct A1 input, but to
varying degrees. They are also innervated by L1 inhibitory neu-

1040 Neuron 89, 1031-1045, March 2, 2016 ©2016 Elsevier Inc.

rons (Jiang et al., 2013). Additionally, within the L2/L3 inhibitory
neuron population, there is complex inhibition between inhibitory
cells (Pfeffer et al., 2013). These interactions together predict
that the effects of sound on L2/L3 inhibitory neuron responses
could be complex, which may depend on the delicate balance
among the excitation from A1, inhibition from L1 of V1, and
intra-laminar or local inhibition. Indeed, for PV neurons, we did
not observe any significant changes of response levels in the
presence of sound. PV neurons are thus unlikely to play a signif-
icant role in mediating the sound-induced effect on OS of pyra-
midal cells. The number of visually driven SOM neurons was so
low that neither could these cells be a major player.

What types of inhibitory neuron in L2/L3 are more likely to
contribute to the sound modulation of OS, in particular the disin-
hibitory effect seen at the preferred orientation of pyramidal
cells? Several previous studies have suggested that VIP neu-
rons, the most abundant L2/L3 inhibitory neurons, are the major
driver of a disinhibitory circuit: their activation by various long-
range projections inhibits SOM neurons, which in turn disinhibits
pyramidal cells (Fu et al., 2014; Lee et al., 2013; Pfeffer et al.,
2013; Piet al., 2013). Contrary to what is expected from previous
studies, VIP neurons were in fact suppressed in the presence of
sound. There was a decrease in their overall Ca®* response level
and an even greater decrease of the response at the preferred
orientation. The latter effect may overcome the increased L1
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Figure 8. Effects of Sound Stimulation on PV, SOM, and VIP Neurons in L2/L3

(A and B) Plots of peak Ca®* response amplitude at the preferred orientation (A) and of average response amplitude across orientations (B) in the sound-on versus
sound-off conditions for PV neurons (n = 30). Insets show mean normalized response amplitudes. Bar, SEM. n.s., nonsignificant. p > 0.05; Wilcoxon signed-rank
test.

(C and D) Plots of response amplitudes for SOM neurons (n = 8) at the preferred orientation (C) and of average response amplitude across orientations (D). Data
are presented in the same manner as in (A) and (B). n.s., nonsignificant. p > 0.05; paired t test.

(E and F) Plots of response amplitudes for VIP neurons (n = 40) at the preferred orientation (E) and of average response amplitude across orientations (F).
***p < 0.001; Wilcoxon signed-rank test (E) or paired t test (F).

(G) Color map of AF/FO for an example L2/3 VIP neuron.

(H) Top: tuning curves of peak AF/FO. Bottom: time-dependent AF/FO averaged across all orientations for the same cell shown in (G). Red, visual stimulation
alone; blue, visual plus sound stimulation.

(I) Average of Gaussian fits of tuning curves of individual VIP neurons. *p < 0.05; ***p < 0.001; Wilcoxon signed-rank test.

inhibition in pyramidal cells, resulting in an overall disinhibitory  erentially decreasing their firing rate at the preferred orientation,
effect at this stimulus orientation. Since excitation and inhibition  suggests that these inhibitory neurons are in a suitable position
in an excitatory cell display a similar preferred orientation (Li to mediate a disinhibitory effect at the preferred orientation of
et al., 2012b, 2015b; Liu et al., 2011), it is possible that the con-  their connected pyramidal cells.

nected VIP and pyramidal cells share similar orientation prefer- Altogether, our results demonstrate that auditory input can
ences. Although a slice recording study shows that a VIP neu- modulate visual processing in V1 principal neurons through a
ron’s connection to a pyramidal cell is relatively weak (Pfeffer  projection from A1 to V1 superficial layers, in particular L1.
et al., 2013), optogenetic activation of VIP neurons causes asig- Such cross-modality top-down modulation may be abundant
nificant decrease of firing rate in at least a subset of pyramidal in sensory systems. It is likely advantageous for animals’ survival
cells (Lee et al., 2012), indicating that VIP neurons as a popula-  in that other senses (audition in this case, and probably somato-
tion are able to modulate pyramidal cell firing rates. Together, sensation also) can aid the visual system by improving the per-
the behavior of VIP neurons in the presence of sound, i.e., pref-  formance and discriminability of V1 principal neurons, especially

Neuron 89, 1031-1045, March 2, 2016 ©2016 Elsevier Inc. 1041



Cell’ress

under low visual contrast conditions. As such, barely detectable
images of predators in a dim environment may be better
perceived by rodents when there are sounds coincidentally
associated with the threats. Arising from the current results are
several intriguing questions: how this top-down circuit is formed
during development and whether it is hardwired or can be
shaped by visual or auditory experience (Petrus et al., 2014,
2015). Studying the A1-V1 circuit in the developing brain of
both naive and experientially manipulated animals will thus be
an exciting future research direction.

EXPERIMENTAL PROCEDURES

All procedures were carried out in accordance with USC Animal Care and
Use Committee. Adult female mice were used. The Cre lines used in this study
were obtained from The Jackson Laboratory (with C57BL/6J background).
Viral vectors, AAV2/9.EF10.DIO.hChR2(H134R)-EYFP.WPRE.hGH, AAV9.
hSyn.hChR2(H134R)-eYFP.WPRE.hGH, AAV2/1.Syn.GCaMP6s.WPRE.SV40,
AAV2/1.Syn.Flex.GCaMP6s.WPRE.SV40, AAV1-CAG-FLEX-ArchT-GFP, were
obtained from UPenn Vector Core and UNC vector core. Viral injections were
performed as we previously reported (Liang et al., 2015; Xiong et al., 2015)
(see Supplemental Experimental Procedures: Viral Injections). Injections of
retrograde tracers followed a previous study (Zingg et al., 2014) (see Supple-
mental Experimental Procedures: Retrograde Tracer Injection). For imaging
brain slices, the animal was deeply anesthetized and transcardially perfused
with 4% paraformaldehyde. Brain tissue was sliced into 150-um sections using
a vibratome (Leica), and sections were mounted onto glass slides and imaged
under a confocal microscope (Olympus).

For in vivo recordings, we sedated the mouse with an intramuscular injection
of chlorprothixene hydrochloride (10 mg/kg in 4 mg/ml water solution) and then
anesthetized it with urethane (1.2 g/kg, i.p., at 20% w/v in saline). Surgery pro-
cedures followed previous studies (Li et al., 2013; Liu et al., 2009; Mangini and
Pearlman, 1980; Niell and Stryker, 2008) (see Supplemental Experimental Pro-
cedures: Animal Surgery). For awake recordings, 1 week before experiments,
mice were anesthetized with isoflurane (1.5% by volume), and a screw for head
fixation was mounted on top of the skull with dental cement. Surgery proce-
dures followed our previous studies (Xiong et al., 2013; Zhou et al., 2014)
(see Supplemental Experimental Procedures: Animal Surgery). On the day of
recording, the head screw was tightly fit into a metal post and the mouse
was allowed to run smoothly on a rotatable plate (Liang et al., 2015). Due to po-
tential complex effects of locomotion on visual responses (Fu et al., 2014; Niell
and Stryker, 2010), we have only selected recording trials in which animals re-
mained stationary.

Cell-attached loose-patch recordings were performed with an Axopatch
200B amplifier (Molecular Devices) using 4-6 MQ glass pipettes, following
our previous studies (Liang et al., 2015; Liu et al., 2009) (see Supplemental
Experimental Procedures: In Vivo Electrophysiology). The spike signal was
filtered at 10 kHz and sampled at 20 kHz. All the neurons recorded under
this condition showed regular spikes (the spike waveform had a trough-to-
peak interval of 0.85 + 0.10 ms; n = 72 cells), consistent with the sampling
bias toward excitatory neurons as shown previously with cell morphology re-
constructions (Liu et al., 2010; Wu et al., 2008). The recordings were done in
L2/L3 (200-350 pm from the pia) and L4 (375-510 um). The layer assignment
of the blindly recorded neurons was made mostly according to the vertical
travel distance of the electrode. To record from fast-spiking (FS) inhibitory
neurons, smaller pipettes with a higher impedance (10 MQ) were used,
and neurons with fast spikes (trough-to-peak interval of the spike waveform <
0.5 ms) were actively searched (Wu et al., 2008). We made recordings in the
monocular zone of the V1.

To measure orientation tuning, we applied drifting sinusoidal gratings
(spatial frequency of 0.04 cycles per degree and temporal frequency of 2Hz)
of 12 directions (30° steps) in a random sequence. We recorded spontaneous
activity when presenting a uniform gray background. The visual stimulation
with and without sound or LED illumination were alternated, but the stimulus
sequence was randomized independently for sound/LED off and sound/LED
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on trials. We set the inter-stimulus interval at 10 s to allow a full recovery of
ChR2 function from desensitization (Li et al., 2013). Each cell was recorded un-
der high contrast (95%) and low contrast (25%) conditions. We applied five to
ten sets of stimuli to each cell, with the sequence different between sets. The
long recording time in our experimental conditions prevented us from applying
different combinations of spatial and temporal frequency. To better drive as
large a fraction as possible of V1 neurons, we have carefully chosen our visual
stimuli (0.04 cpd, 2 Hz) based on a previous study of a large number of neurons
(Niell and Stryker, 2008), which shows that the largest fraction of mouse V1
cells prefers the spatial frequency of 0.04 cpd, the average preferred spatial
frequency in L2/L3 is ~0.04 cpd, and most units prefer a temporal frequency
of ~2Hz. Since the level of change in selectivity was not correlated with the
initial selectivity level or the overall response level (Figures S4D-4F), it is likely
that both optimally driven and non-optimally driven neurons could increase
their selectivity under sound/A1 stimulation.

The auditory stimulation consisted of white noise pulses at 70 dB SPL pre-
sented at 10 Hz (50 ms on, 50 ms off) throughout the duration of the visual
stimulus. The onset and offset of auditory stimulation were the same as visual
stimulation. The sound was delivered by a single speaker located contralateral
to the recording side. The visual stimuli alone and those coupled with sound
were alternated, but the stimulus sequence was randomized independently
for sound-off and sound-on trials.

To photoactivate hChR2, we used a blue (470 nm) fiber-coupled LED
(0.8-mm diameter; Doric Lenses) placed on top of the exposed cortical sur-
face. LED light spanned the entire area of V1. We applied black-pigment-
stained agar to cover the tip of the optic fiber to prevent LED light leakage
reaching the contralateral eye. We had verified that LED light did not directly
stimulate the contralateral eye in wild-type mice (data not shown). The LED
was driven by the analog output from a NIDAQ board (National Instruments).
The intensity of LED was around 5 mW (measured at the tip of the fiber).
To photoactivate ArchT, we used a green light (530 nm) fiber-coupled LED
(0.8-mm diameter; Doric Lenses) and followed the same procedure as with
hChR2.

Slice recordings were performed following our previous studies (Li et al.,
2014; Ji et al., 2015) (see Supplemental Experimental Procedures: In Vitro
Electrophysiology). Coronal cortical slices of 350-um thickness were cut
from the infected brain hemisphere by a vibrating microtome (Leica
VT1000s). Recording was made under an upright fluorescence microscope
(Olympus BX51WI) equipped with an infrared light source. Whole-cell
voltage-clamp recordings were selectively performed on fluorescence-labeled
inhibitory neurons in PV-Cre, SOM-Cre, VIP-Cre, and GAD2-Cre::tdTomato
slices or non-fluorescent excitatory cells in GAD2-Cre::tdTomato slices under
epifluorescence imaging in V1. TTX (a sodium channel blocker; 1uM) and
4-aminopyridine (a potassium channel blocker; 1mM) were present in the
external solution. Excitatory synaptic currents were recorded by clamping
the cell’s membrane potential at —70 mV. Signals were filtered at 2 kHz and
sampled at 10 kHz. In each slice, multiple neurons were recorded. The cortical
depth of each recorded cell was based on the vertical distance of the cell body
from the pial surface of the cortex, which was set as 0 um. The distance was
measured with a micromanipulator coupled with a digital reader (SD, Instru-
ment DR1000). L1 was defined as 0-150 um. Blue light pulses were delivered
from a mercury Arc lamp gated by an electronic shutter. The power was 3 mW
measured at the focal plane. Brief light pulses (3 ms) were applied individually
(0.033 Hz). For each condition, 10-30 trials were given, and responses were
averaged.

Ca?* imaging was performed after at least 2 weeks of viral expression. We
used a custom-built Mai Tai (Spectra-physics)-based two-photon system
and recorded data using a custom-modified version of the Scanimage soft-
ware (Pologruto et al., 2003). Imaging from labeled cells was performed in mul-
tiple subregions each spanning ~200 x 200 up to ~400 x 400 um. Scan lines
were drawn across each of the clearly visible cell bodies (typically 5-15 cells)
and then imaged continuously (rapidly alternating between all the scan lines)
while presenting moving sinusoidal grating stimuli (1.5 s) at 10-s intervals. De-
pending on the number of scan lines, the scan rate ranged between 25 and
70 Hz. Within each scan line, we manually defined regions of interests (ROls)
based on the presence of fluorescence transients. The selected ROIs were
compared with the two-dimensional snapshot of the region to make sure



that we were imaging the labeled cell bodies rather than neuropils. The signal
within a ROl was processed using standard methods to derive fractional
change over baseline, i.e., AF/FO (Jia et al., 2011). Neurons located within
150 um below the pia surface were considered L1 cells.

For analysis, we counted the spikes evoked by drifting sinusoidal gratings
within a time window covering the visual stimulation duration with a 70-ms
delay and subtracted the average spontaneous firing rate from the stimulus-
evoked spike rate. We quantified the strength of OS with a gOSI, which con-
siders responses at all test orientations (Marifio et al., 2005):

90SI=(|Y_R(6) x| /> R()

iis y—1. 0 is the angle of the moving direction. R(6) is the response level at
angle 6. The preferred orientation was determined from this vector sum of all
the responses. We then averaged responses to the gratings of opposite direc-
tions, obtained the orientation tuning curve between 0 and 180 degrees, and
fitted it with a Gaussian function: R(6) = A X exp(—0.5 X (6 — )2/ 62 + B. ¢
is the determined preferred orientation, and o is the tuning width. We also
computed an orientation selectivity index (OSI) defined as (Rpret = Rorth)/(Rpref +
Rorn), Where Ryt is the response level at the angle of ¢, and Rony is that at the
angle of ¢ + 90. The gOSI and OSI values vary between 0 and 1, with 0 being
the value for an untuned neuron and 1 for a perfectly tuned neuron (Carandini
and Ferster, 2000; Marifo et al., 2005; Ringach et al., 2002). To compare tuning
between conditions, the preferred orientation was the peak of the Gaussian fit
for the data in the sound/LED off condition (e.g., in Figure 2E, right panel) or
was the test orientation closest to the peak of the Gaussian fit in the sound/
LED off condition (e.g., in Figures 1B, 1C, 2E left panel, and 2G). Similarly,
the orthogonal orientation (e.g., in Figures 1D and 2H) was also determined
based on the data in the sound/LED off condition of each cell. Tuning
curves were aligned according to the preferred orientation (set as zero degree)
before averaging. The global direction selectivity index (gDSI) was quantified
according to:

gDSI=|| Y R(0) xe" || /> R(0)

For slice recording data, peak response (EPSC) amplitude was measured for
each cell. To take into account the varying levels of channelrhodopsin expres-
sion among different slices, we quantified a relative response amplitude. Spe-
cifically, in each slice, at least three L2/L3 pyramidal cells were recorded, and
their EPSC amplitudes were averaged to obtain a mean pyramidal cell
response for that slice. The mean pyramidal cell responses of different slices
were then averaged to obtain a global average pyramidal cell response. In
each slice, a scaling factor was determined by the ratio between the mean
pyramidal cell response for that slice and the global average pyramidal cell
response. EPSC amplitudes of all of cells recorded in the same slice were
then scaled according to the scaling factor for that slice.

For statistical analysis, we first performed Lilliefors test to check whether
the data were normally distributed. In the case of a normal distribution, we
performed paired t test. Otherwise, we performed a non-parametric test (Wil-
coxon signed-rank test in this study). For the L1 inhibition experiment, one-way
ANOVA with repeated measures with Bonferroni post hoc test was performed.
For the slice recording experiment, the relative input strengths of different
groups were compared using one-way ANOVA with Bonferroni post hoc
test. No statistical method was used to pre-determine sample sizes, but
our sample sizes were similar to those reported in previous publications in
the field.
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