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Dynamic modulation of mouse thalamocortical
visual activity by salient sounds

Clément E. Lemercier,1,3,* Patrik Krieger,1,2 and Denise Manahan-Vaughan1,2,*
SUMMARY

Visual responses of the primary visual cortex (V1) are altered by sound. Sound-driven behavioral arousal
suggests that, in addition to direct inputs from the primary auditory cortex (A1), multiple other sources
may shape V1 responses to sound. Here, we show in anesthetized mice that sound (white noise, R70dB)
drives a biphasicmodulation of V1 visually driven gamma-band activity, comprising fast-transient inhibitory
and slow, prolonged excitatory (A1-independent) arousal-driven components. An analogous yet quicker
modulation of the visual response also occurred earlier in the visual pathway, at the level of the dorsolateral
geniculate nucleus (dLGN), where sound transiently inhibited the early phasic visual response and subse-
quently induced a prolonged increase in tonic spiking activity and gamma rhythmicity. Our results demon-
strate that sound-driven modulations of visual activity are not exclusive to V1 and suggest that thalamo-
cortical inputs from the dLGN to V1 contribute to shaping V1 visual response to sound.

INTRODUCTION

The brain continuously integrates inputs from multiple sensory sources to form a comprehensive and contextually rich representation of the

external world. With regard to inputs to the primary sensory cortices, the perception of the primary modality can be altered by inputs from

other sensory modalities.1 This is particularly notable for the impact on visual processes of auditory inputs in the primary visual cortex (V1).

Sound activates a population of V1 neurons,2–6 influences V1 local inhibitory circuits,2–4,7 and enhances both visual information encoding3,5,8,9

and detection.10–12 One well-characterized source of auditory input to V1 comprises direct projections from the primary auditory cortex

(A1).2–4,7,13,14

In addition to the existence of this direct auditory pathway to V1, sound drives behavioral arousal, as evidenced by an increase in pupil

diameter,15,16 of respiration,17–19 by transitions between sleep andwakefulness20–22 and the emergence of stereotypedmotor responses.23–25

This suggests that multiple other sources could potentially contribute to V1 responsiveness to sound. Sound-driven behavioral arousal is

mediated by the activation of subcortical arousal and motor circuits.15,20–26 Such changes in behavioral state are particularly relevant in

the context of visual processes, as in V1 they are associated with dynamic changes in excitability,27 activation of a large fraction of neu-

rons,6,8,28,29 desynchronization of slow-wave patterns,20–22,30 and an increase in both stimulus detection,31,32 responsiveness,28,32,33 and en-

coding.30,34 The manifold origin of the effect of sound on V1 was recently substantiated in a report showing that sound-evoked activity in V1

can essentially be explained by the behavioral motor response to sound.29 All this prompts questions as to the putatively diverse sources

through which sound can influence V1 activity and emphasizes the need to disentangle their respective contributions in the broader context

of vision.

In this study, we aimed to better identify the arousal influences of sound on V1 visual responses and investigated at the subcortical level

whether these effects might be related to earlier changes in visual processes, specifically within the dorsolateral geniculate nucleus (dLGN).

We recorded visually driven gamma-band (40–80 Hz) oscillations as ameasure of V1 activity in the absence or presence of sound (white noise),

assessed rapid effects of sound on arousal to ascertain its influence on V1 responses, and in a separate set of experiments, conducted juxta-

cellular recordings of dLGN neurons. To be able to disambiguate arousal-driven effects from motor-driven effects of sound, we conducted

our experiments under anesthesia. In anesthetized mice, we found that sound (R70dB) drives arousal, as indicated by an increase in the an-

imal’s respiratory rhythm and pupil diameter. Sound-driven arousal was concurrent with an increase in V1 visual gamma responsiveness inde-

pendently of A1 activation. Prior to the enhancement of V1 activity, sound induced a transient desynchronization of the V1 gamma response,

suggesting, in our conditions, that the effects of sound on V1 activity can be temporally and functionally decoupled into fast-onset inhibitory

(whose origin remains undetermined) and slow, long-lasting (A1-independent) excitatory arousal-driven components. We observed an anal-

ogous yet quicker modulation of the visual response occurring at the level of dLGN, comprising a transient inhibition of the early phasic visual

response and followed by a prolonged increase in tonic spiking activity and gamma rhythmicity. Our results demonstrate that sound-driven

modulation of visual activity already occurs during the early stages of visual processing and suggest that thalamocortical inputs from the
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Figure 1. Sensory responses and crossmodal interactions in V1 and A1

(A) Illustration of the experimental arrangement.

(B) Example of functional delineation of V1 and A1 with IOS imaging. From left to right: background image of the skull surface and pial vessels (illuminated

at 546 nm), average change (over 4 trials) in cortical light reflectance (illuminated at 630 nm) in response to visual (1 s LED flash at �100 lux) and auditory

stimuli (1 s sound at 80 dB). Frames showing the response to visual and auditory stimuli were selected 2 and 1 s following stimulus onset, respectively. Data

are from the same animal; scale bar: 1 mm; scale and orientation apply to all images.

(C–F) Left: example of LFP waveforms (average of 20 trials) and corresponding wavelet power spectra showing a typical visual response in V1 (C), an auditory

response in A1 (D), a sound-evoked potential in V1 (E), and the absence of crossmodal visual response in A1 (F). In (C–F), data are from the same animal; LFP

scale bars: (C–D) 0.4 mV and (E–F) 0.2 mV. Right: grand average PSDs (across animals) at baseline (gray) and during sensory stimulation (colored) (N = 7),

along with the quantification of gamma-band power (40–80 Hz). In boxplots, Wilcoxon signed-rank test.
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dLGN to V1might contribute to shaping V1 visual responses to sound. Sound-driven arousal, occurring even in the anesthetized state, further

emphasizes the need to accurately account for alterations in animals’ internal states to correctly interpret the origins of the effects of sound on

visual processes.

RESULTS

Visual and auditory responses and crossmodal interactions in V1 and A1

First, we explored V1 and A1 responses to unimodal visual and auditory stimuli, by means of intracortical local field potential (LFP) recordings

from layer 4 (Figures 1A and 1B). We focused on this layer because of the prominence of visual-induced gamma activity within it.35 Given the

influence of body movements on V1 activity,6,8,28–30,32,33 recordings were carried out under anesthesia (urethane/acepromazine) to prevent
2 iScience 27, 109364, April 19, 2024



ll
OPEN ACCESS

iScience
Article
the behavioral motor response to sound. Stimulation of the visual field with a light-emitting diode induced rhythmic gamma-band (40–80 Hz)

fluctuations in V1 LFP (p = 0.0078), with a peak frequency of 49.51 Hz (2.20) and a half-power bandwidth of 21.19 Hz (4.90) (lower edge =

40.55 Hz [4.09], upper edge = 60.29 Hz [2.26]; N = 7) (Figure 1C). In contrast to V1, the LFP power spectrum of A1 in response to white noise

(80 dB SPL; white noise is thereafter referred to as sound) did not exhibit rhythmical fluctuations; rather, it consisted of ‘‘ON’’ and ‘‘OFF’’ audi-

tory responses (Figure 1D). The initial sensory responses, comprising the visual-evoked potential (VEP) in V1 and the auditory-evoked poten-

tial (AEP) in A1, exhibited comparable amplitudes (VEP=�0.30mV [0.25], AEP=�0.37mV [0.44], p = 0.6875, N= 7; Figures S1A and S1B). Yet,

AEPs in A1 showed a 2-fold faster onset compared with VEPs in V1 (VEP = 45 ms [8.5], AEP = 23 ms [3.5], p = 0.0156, N = 7; Figures S1A

and S1B).

We then examined crossmodal sensory responses in V1 and A1. In line with earlier findings,4 V1 exhibited a fast-onset response to sound

that was visible in the LFP as a transient upward deflection (Figures 1E and S1C). In our experiments, this sound-evoked potential (SEP) in V1

had a latency, estimated at half-peak time, of 55 ms (8.7) and an amplitude of 0.13 mV (0.02) (N = 7) (Figure S1D). Although the cessation of

sound triggered an ‘‘OFF’’ auditory response in A1 (Figure 1D), sound offset was not associated with a response in V1 (Figure S1E). In contrast

to V1, A1 LFPs did not exhibit a crossmodal visual-evoked potential (Figures 1F and S1F), but rather showed a tendency towards an increase in

voltage variability in the presence of visual stimulation compared with baseline (Figure S1F), suggesting a potential sensitivity of A1 LFP to

visual stimuli.

Salient sounds enhance V1 gamma response independently of A1 activation

We then compared V1 gamma activity during unimodal visual (V) and bimodal audiovisual (AV) stimulation and found that V1 gamma power

increased significantly when visual stimuli were combined with sound (80 dB; +64.1% [77.2], p = 0.0078, N = 9; Figures 2A–2C). The gamma

peak frequency was unaffected in the presence of sound (V = 49.7 Hz [3.3], AV = 50.1 [6.0]; p = 0.4412, N = 9). The effect was immediate upon

adding sound to the visual stimulus, fluctuated over the course of audiovisual trials, and then returned to baseline levels when the stimulus was

switched back to visual stimulation alone; note that a few subsequent trials continued to exhibit significantly higher power (Figures S2A and

S2B). Moreover, the effect was contingent on sound pressure levels, whereby a significant increase in power was observed at 80 dB (p =

0.0078, N = 9) and 70 dB (p = 0.0312, N = 7), but not at 60 dB (p = 0.5273, N = 8) (Figures 2B and 2C), indicating the requirement of salient

sounds for this effect to occur. Notably, 60 dB sound still evoked an auditory ‘‘ON’’ response in A1 (Figure 2C), albeit of lower amplitude. This

observation suggests that the increase in V1 gamma power to sound may not necessarily rely on A1 activation.

To test this possibility, we suppressed the A1 auditory response through either pharmacological activation of GABAA receptors using local

application of muscimol (p = 0.0156, N = 7; Figures 2D and 2E), or by locally photo-activating channelrhodopsin in GAD2-expressing neurons

(p = 0.0312, N = 5; Figures 2G, 2H, and S3). Under these conditions, sound continued to increase V1 gamma power (muscimol: p = 0.0156,

N = 7; opto: p = 0.0312, N = 5; Figures 2F and 2I). This finding was further supported by a comparable increase in power between the control

and muscimol experiments (AVcontrol = +164.1% [77.2], N = 9; AVmuscimol = +154,8% [39.2], N = 7). These results suggest that A1 activation is

not required for the enhancing effect of sound on the V1 gamma response.

Enhanced V1 gamma response to sound temporally aligns with a state of elevated arousal

Changes in brain state in response to arousing stimuli, including auditory stimuli,15,16,20–22 are conducive to the emergence of cortical gamma-

band activity.30 To ascertain a potential source of arousal contributing to the enhancing effect of sound on V1 gamma response, we examined

changes in the animals’ arousal state through two indicators: the pupil diameter and the respiratory rate (Figure 3). Sound triggered a reliable

pupillary dilation response with a latency of �1 s, reaching a maximum dilation of �200% above baseline �3 s after the stimulus onset that

typically exhibited a gradual return to baseline within our intertrial time interval (intertrial time interval: 10 s, trial duration: 6 s) (Figures 3A and

3B; average measurements from two experiments). The slower pupillary response to sound, as reported here, contrasts with the awake con-

dition15,16 and might be attributable to anesthesia.36

Monitoring the animal’s respiration, using a piezoelectric transducer (PZT) placed beneath the chest,37 indicated that sound (80 dB)

induced a consistent, yet slight tachypneic response (i.e., rapid breathing, in the range of 3.01 Hz [0.26] to 3.24 Hz [0.42], N = 4;

Figures 3C–3F), without altering the respiratory amplitude (baseline = 0.90 a.u. [0.11], A = 0.92 a.u. [0.14], N = 4). Sound-induced tachypnea

has been documented elsewhere.17–19 This momentary respiratory response was concomitant with sound presentation and ceased once

sound ended (Figure 3D). The magnitude of the respiratory response linearly increased with sound pressure level (60 dB = +0.08 Hz [0.11],

70 dB = +0.26 Hz [0.12], 80 dB = +0.33 Hz [0.13], N = 3; Figure 5F), indicating similarities with the effect of sound pressure level on the V1

gamma response (Figures 2B and 2C). Contrary to sound, visual stimuli did not elicit an increase in respiration rhythm (baseline = 2.80 Hz

[0.95], V = 2.80 Hz [0.90], p = 0.1814, N = 7; Figures 3G and 3H); however, akin to sound alone, the presence of sound along visual stimuli

consistently increased the respiratory rhythm (baseline = 2.94 Hz [0.75], AV = 3.15 Hz [1.01]; p = 0.0156; N = 7; Figures 3G and 3H). In both

cases, respiratory amplitude was unaltered (baseline = 0.72 a.u. [0.43], V = 0.77 a.u. [0.40], p = 0.5781, N = 7; baseline = 0.78 [0.28], AV =

0.79 a.u. [0.32], p = 0.1563, N = 7). The continuous monitoring of the animal’s respiration through PZT signals indicated that anesthesia pre-

vented sound from triggering body movements, implying that only thoracic respiratory movements could have been detected (trials with

spontaneous body movements: V = 5%, 7/140, AV = 3.6%, 5/140 trials; N = 7). In support of this, facial images of the muscular regions of

the animal’s eye contour were devoid of movement. However, our imaging field did not permit us to examine the orofacial zones. These find-

ings sugesst that, even in an anesthetized state, sound elicits a stereotyped arousal response, as evidenced here by an increase in respiratory

rhythm followed by an increase in pupil size. The sound-induced increase in V1 gamma response thus appears to temporally align with an
iScience 27, 109364, April 19, 2024 3



Figure 2. V1 gamma response is enhanced by salient sounds independently of A1 activation

(A) A sample of consecutively recorded V1 LFP waveforms and examples of V1 gamma responses with average wavelet power spectra during visual (V) and

audiovisual stimuli (AV, 80 dB). Data are from the same animal; LFP scale bars: 0.4 mV.

(B) Example of V1 power spectral densities (PSDs) during V (green) and AV (blue) stimuli, with sound delivered at various sound pressure levels (SPLs) (spectra are

selected from different experiments).

(C) Quantification of V1 gamma-band power during V and AV stimuli delivered at various SPLs (60 dB, N = 8; 70 dB, N = 7; 80 dB, N = 10). Above, examples of LFP

waveforms depict A1 auditory-evoked potentials (AEPs) at the three different tested SPLs (AEPs are from the same animal; scale bars: (y) 0.2 mV and (x) 10 ms).

(D) Illustration of the experimental arrangement used for A1 inactivation experiments involving local infusion of the GABAA receptor agonist, muscimol (�1 mL at

1 mM).

(E) Left: comparison of A1 AEP before (black) and after infusion of the GABAA-receptor agonist, muscimol (magenta) (average of 70 trials, N = 7). Right:

quantification of A1 AEP peak amplitude before and after muscimol infusion (N = 7).

(F) Left: example of V1 PSDs during V (black) and AV (80 dB, magenta) stimuli under conditions of silenced A1 auditory responses. Right: quantification of V1

gamma-band power during V and AV stimuli under conditions of silenced A1 auditory responses (N = 7).

(G–I) Replication experiment with photo-activation of GAD2-expressing neurons in A1. Panel structure is identical to (D–F), with the cyan color representing the

optogenetic condition [(H), average of 50 trials; (I), N = 5].

In (E–F) and (H–F), the lowercase letters ‘‘m’’ and ‘‘o,’’ respectively, denote themuscimol and optogenetic conditions. In (C), (E–F), and (I–F), Wilcoxon signed-rank

test.
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elevated state of arousal. Specifically, the occurrence of sound-induced tachypnea coincidedwith the timing of the sound-induced increase in

V1 gamma response.

Given the body of evidence on the entrainment of LFP oscillations by respiration38 that encompass the gamma rhythm,39–43 we then

explored the relationship between respiratory rhythm and visually driven V1 gamma activity. Fluctuations in respiratory rhythm during the

stimulation period, in comparison to the pre-stimulation baseline period, exhibited a positive, albeit weak, correlation with the power of

the V1 gamma response both during visual or audiovisual trials (V, rho = 0.1448, p = 0.0483; AV, rho = 0.1694, p = 0.0248; Figure 3I). This
4 iScience 27, 109364, April 19, 2024



Figure 3. Enhanced V1 gamma response to sound is linked to arousal

(A) Infrared photograph of the mouse pupil (scale bar: 1 mm).

(B) Pupillary response to sound (average of 30 trials, N = 2).

(C) Example of the respiratory signal recorded with a piezoelectric transducer (PZT; average of 20 segments, phase-aligned, of the initial second preceding sound

onset; scale bars: (x) 0.2 s and (y) 0.1 mV).

(D) Example of a typical wavelet spectrum of the respiratory signal (averaged over 20 trials at 80 dB), depicting the fast and transient-sound-induced tachypnea.

(E) Example of respiratory signal power spectral densities (PSDs) before (gray) and during sound (blue). Data in (D–E) are from the same experiment.

(F) Changes in respiratory rate (relative to baseline) as a function of sound pressure level (N = 3, paired observations).

(G) Example of average respiratory signal wavelet spectra during V and AV stimuli (data are from the same animal).

(H) Top: example of respiratory signal PSDs before (gray), during V (green) and AV (blue) stimuli (data from the same experiment shown in G). Bottom:

quantification of the respiratory peak frequency relative to baseline (base) during V and AV stimuli (N = 7). Wilcoxon signed-rank test.

(I) Relationship between V1 gamma power and variations in respiratory rate (compared with the pre-stimulation baseline period) during V (green) and AV (blue)

stimuli (V: n = 133 trials, AV: n = 135 trials; N = 7). Marginal plots depicting data histogram along the x and y axes. Colored lines represent linear regression, and

rho value indicates the Spearman’s rank correlation coefficient.
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suggests that a faster respiratory rhythm corresponds to a stronger V1 gamma response. Although visual stimuli did not significantly impact

respiration (Figures 3G and 3H), subtle inter-trial variations in the respiratory rhythm also exhibited such a relationship. Analysis of phase-

amplitude coupling44 did not reveal any obvious coupling between respiratory phase and V1 gamma amplitude (Figure S4). Analysis of
iScience 27, 109364, April 19, 2024 5



Figure 4. Sound enhances V1 gamma response regardless of when it occurs relative to the visual stimulus

(A) Illustration of the method used to compute differential wavelet power spectra (DWPS).

(B) Grand average (across animals) of V1 DWPS between two blocks of trials with visual stimuli alone (i.e., VTrials 2 subtracted to VTrials 1; N = 8).

(C–F) Grand average (across animals) of V1 DWPS (i.e., AVTrials 2 subtracted to VTrials 1) in response to different AV pairing. (C) Fully paired AV stimuli (N = 8);

(D) partially paired AV stimuli (N = 9); (E) unpaired AV stimuli (N = 8); (F) sound delivered for 100 ms at the midpoint of visual stimulation (N = 8). In all

protocols, the sound was delivered at 80 dB. The average temporal variation in V1 gamma-band power (relative to VTrials 1) is depicted above each panel

(shadowed area corresponds to GSEM; scale bars in all panels: 2/100 a.u). Boxplots showing the change in V1 gamma-band power between control [V, (B)]

and AV stimuli. The time ranges during which V1 gamma power significantly differs from the control are indicated above each boxplots. In (C–E), Wilcoxon-

Mann-Whitney U test.
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covariance (ANCOVA) confirmed the effect of respiration on V1 gammapower (R2= 0.1363; F(3, 264) = 13.89, p = 1.946e-08) and indicated that

sound increased the intercept of the linear regression model (V = 0.0663G 0.0096, AV = 0.1288G 0.0144; p = 1.9902e-05; Figure 3I) without

altering its slope steepness (V = 1.901e-03G 2.236e-03, AV = 2.445e-03G 2.433e-03; p = 0.8233; Figure 3I). Sound thus appears to be asso-

ciated with an enhanced level of V1 gamma power, even when fluctuations in respiratory rhythm are minimal. Moreover, the relationship be-

tween V1 gammapower and respiration appears unaltered, regardless of the presence of sound. The enhancing effect of sound on V1 gamma

responses is consequently unlikely to be specifically attributed to sound-induced tachypnea. Instead, it might rely on other, as yet uncovered,

aspects of sound-driven arousal, as well as on auditory responses not originating from A1.

Audiovisual congruency weakly influences V1 gamma response to sound

We then investigated the influence of the temporal coordination of visual and auditory stimuli. To this end, we implemented various stimu-

lation paradigms, with variable sound durations and timings relative to the visual stimulation (Figure 4). Differential wavelet power spectra

(Figure 4A) between two recording blocks, consisting solely of visual stimuli (N = 8; Figure 4B), were used as controls. The presentation of

fully temporally synchronized auditory and visual stimuli for 1 s (i.e., our standard protocol) resulted in a sustained increase in V1 gammapower

throughout the entire duration of the stimulation period (p = 0.0104, N = 8; Figure 4C). A similar increase was observed when sound was

paired with visual stimuli for only 100 ms, beginning at the start of the visual stimulation (p = 0.0359, N = 9; Figure 4D). Decoupling auditory

and visual stimuli, by presenting a sound for 100 ms, with a latency of 100ms before the onset of visual stimulation, also increased the gamma

power (p = 0.0379, N = 8; Figure 4E). This effect was rather transient and primarily occurred during the initial phase of the gamma response.

Remarkably, delivering sound for 100 ms at the midpoint of visual stimulation led to a potent and sustained increase in gamma power

(p = 0.0019, N = 8; Figure 4F). These results indicate that sound induces a prolonged increase in V1 gamma responsiveness, irrespective

of its timing relative to the visual stimulus, and provide additional evidence for an arousal-based mechanism.

Sound exerts a biphasic effect on V1 gamma response

Upon delivering a sound burst of 100 ms at the midpoint of a visual stimulation (Figures 4F and 5), the subsequent increase in V1 gamma

power was preceded by an SEP (Figure 5A). On average, SEPs in V1 recorded in illuminated conditions (Figure 5B) exhibited comparable
6 iScience 27, 109364, April 19, 2024



Figure 5. Sound induces a biphasic effect on V1 gamma activity

(A) Example of V1 LFP waveforms showing the wide- (0.1–300 Hz), low- (0.1–20 Hz), and gamma-band (40–80 Hz) components of the LFP and the gamma-band

envelope, during presentation of brief sound (100 ms at 80 dB) delivered at the midpoint of a visual stimulation (scale bars: 0.4 and 0.2 mV). Note the emergence

of a sound-evoked potential (SEP) concomitant with a decrease in gamma-band power. Below is an example of an average wavelet power spectrum with overlaid

gamma-band power (white line).

(B) Left: grand average waveform of V1 SEP. Right: distribution of V1 SEP onset time measured at half maximal response (N = 8).

(C) Average gamma-band power (normalized over the 145 ms preceding sound presentation) before (1), during (2), and after (3) sound presentation (the

shadowed area corresponds to G SEM; N = 8).

(D) Quantification of V1 gamma-band power (data normalized over the 145 ms preceding sound presentation; N = 8) before (1), during (2), and after (3) sound

presentation. The numbers 1–3 correspond to the time periods highlighted in (C) used for the quantification. Wilcoxon signed-rank test.

(E) Distribution of onset times (measured at half maximal response) for sound-induced gamma inhibition and excitation (N = 8).
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waveforms and latencies (half-peak time estimates: 48 ms [5.5]; N = 8) compared with those recorded under dark conditions (Figures 1E, S1C,

and S1D). SEPs in V1 occurred concurrently with a transient gamma desynchronization (�9.27% [32.9], p = 0.0117, N = 8; Figures 5C and 5D),

indicating that, prior to exerting its enhancing effect (+44,2% [64.3], p = 0.0078, N = 8; Figures 5C and 5D), sound transiently inhibited the

ongoing V1 gamma activity. Based on the time to reach half of the maximum inhibition and excitation, sound-induced inhibition and excita-

tion of V1 gamma activity were estimated to occur 41 ms (38.5) and 154 ms (29), respectively, after sound onset (Figure 5E). Data from indi-

vidual experiments are illustrated in Figure S5. The insertion of soundwithin the visual stimulus indicates that sound exerts a biphasic effect on

ongoing visually driven V1 gamma activity, initially inducing a fast-onset transient inhibition and subsequently leading to a long-lasting excit-

atory response.

Biphasic visual response modulation to sound also occurs at the level of dLGN

We next sought to explore whether the effects of sound on visual activity were restricted to V1 or if such effects also occurred earlier in the

anatomical hierarchy of the visual pathway. To test this possibility, we recorded juxtacellularly the visual activity of neurons in the dorsolateral

geniculate nucleus (dLGN) in the absence or presence of sound (80 dB) (Figure 6). At the level of the recorded population of dLGN-ON neu-

rons (i.e., responsive to visual stimulation onset, median recording depth: 2575 mm [372], n = 40, N = 10; Figure 6A), sound significantly

increased the overall visually driven spiking activity (V = 11.77 Hz [11.46], AV = 13.02 Hz [13.92], p = 0.0017, n = 40, N = 10; Figure 6B). Notably,

dLGN-ON neurons (Figure 6C) exhibited no response to sound alone (Figure 6D). At the level of individual neurons, sound had a mixed

impact on their overall visual response. Specifically, 70% of the recorded neurons (n = 28) displayed an overall increased visual response

of +3.5 Hz (3.3), 25% (n = 10) exhibited an overall decrease of �2.1 Hz (1.9), and 5% (n = 2) showed no change in their visual response.

Data from two example neurons with opposite visual response modulation are illustrated in Figures S6A and S6B.

Visually evoked spiking patterns varied among dLGN neurons, as illustrated by individual peristimulus time histogram (PSTH) densities

(Figure 6E). Most dLGN neurons exhibited an initial phasic visual response and could be subsequently distinguished based on whether or

not they tonically encoded the visual stimulation period (e.g., unit 1 vs. unit 30; Figure 6E). To assess temporal variations in dLGN visual spiking

patterns to sound, we computed the residual PSTH densities for each neuron between the visual and audiovisual trials (Figure 6F). Residuals

revealed that sound had a dynamic influence on the visual responses of dLGN neurons. Notably, sound was not exclusively suppressive or
iScience 27, 109364, April 19, 2024 7



Figure 6. The visual response of the dLGN is modulated biphasically by sound

(A) Population depth distribution of the recorded dLGN-ON neurons (n = 40, N = 10).

(B) Comparison of dLGN neurons overall spike rate during V and AV stimulation (n = 40, N = 10).

(C) Comparison of dLGN neurons spike rate at baseline and during visual (V) stimulation (n = 14, N = 6).

(D) Comparison of dLGN neurons spike rate at baseline and during auditory (A) stimulation (n = 14, N = 6).

In (B–D), Wilcoxon signed-rank test.

(E) Pseudocolor plot of the dLGN neuron population’s peristimulus time histogram (PSTH) density during visual (V) and audiovisual (AV) stimuli. Data are sorted in

ascending order based on the overall visually induced PSTH density. The same scale applies to V and AV panels.

(F) Pseudocolor plot of the dLGN neuron population’s residual PSTH density (AV subtracted to V), sorted as in (E).

(G) Grand average PSTH density during visual (V) and audiovisual (AV) stimuli (mean G SEM).

(H) Grand average dLGN residual PSTH density (AV subtracted to V) and an enlarged view of the initial effect of sound (mean G SEM).

(I) Average variation in spike count of the visual response of each dLGN neuron right after sound onset (0–0.08 s after sound onset).

(J) Average variation in spike count of each dLGN neuron during the continuous presence of sound (0.2–1 s).

In (I–J), downregulated and upregulated neurons are represented in blue and red, respectively.
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augmentative; rather, these effects coexisted dynamically within the same neuron (e.g., unit 1, 10, and 27; Figure 6F). At the population level,

the average residual density across neurons (Figures 6G and 6H) revealed, akin to V1, that the overall dLGN visual response to sound un-

dergoes a similar biphasic modulation, comprising an initial transient inhibition followed by a prolonged excitation (Figure 6H). The
8 iScience 27, 109364, April 19, 2024



Figure 7. dLGN visual gamma-band spiking is enhanced by sound

(A) Pseudocolor plot of the dLGN neuron population’s spike train power spectral densities (PSDs) (sorted in ascending order of PSD values) during visual (V, left),

audiovisual condition (AV, middle), and their residuals (AV subtracted to V, right). The same scale applies to V and AV panels. Below is shown the spike train PSDs

for two example neurons during V, AV stimulation, and residuals.

(B) Relationship between the spike rate of dLGN neurons and the gamma-band power of their spike trains during visual stimulation.

(C) Comparison of dLGN neurons spike train gamma-band power (40–80 Hz) during V and AV stimuli; the color code represents the spike rate of individual

neurons during visual stimulation. Wilcoxon signed-rank test.

(D) Relationship between the AV-induced variation in spike train gamma-band power and spike rate.

In (B and D), the blue line corresponds to the linear regression, and rho is the value of the Spearman’s rank correlation coefficient.
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suppressive effect of sound was particularly prominent during the onset phase of the visual response (i.e., 0–0.08 s after stimulus onset) where

most neurons exhibited phasic spiking activity. Among the subset of downregulated neurons (62.5%, n = 25, Figure 6I), the median spike rate

suppression was �3.7 Hz (4.4) (Figure 6I). In the subsequent phase of the visual stimulation (i.e., from 0.2 to 1 s after stimulus onset), during

which most neurons engaged in tonic spiking activity, the effect of sound was mainly excitatory. Among the subset of upregulated neurons

(67.5%, n = 27, Figure 6J), the median spike rate augmentation was +4.0 Hz (3.9) (Figure 6J).

Sound enhances dLGN visual gamma-band spiking

Given the contribution of the dLGN to the emergence of V1 gammaactivity,45–47 we next examinedwhether the excitatory influences of sound

on dLGN visual responses were also concomitant with a change in gamma-band spiking activity. Spectral analysis of the entire visually evoked

spike train indicated that ⁓50% of the recorded dLGN neurons exhibited rhythmic spiking activity within the gamma frequency band (Fig-

ure 7A). The degree of tuning ranged from broadband to narrowband gamma (e.g., unit 5 vs. unit 11; Figure 7A). The spiking gamma-band
iScience 27, 109364, April 19, 2024 9



Figure 8. dLGN exhibits quicker biphasic response dynamics to sound compared to V1

(A) Overlay of the biphasic visual responsemodulation to sound in V1 and dLGN (V1: N = 8, data from Figure 5C; dLGN: n = 40, N = 10, data from Figure 6H). Data

are aligned to sound onset and normalized based on the maximal increase.

(B) Comparison of the timing of sound-induced V1 gamma and dLGN spiking inhibition (V1: N = 8; dLGN: n = 22).

(C) Comparison of the timing of sound-induced V1 gamma and dLGN spiking excitation (V1: N = 8; dLGN: n = 26).

In (B–C), Wilcoxon-Mann-Whitney U test.
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power (40–80 Hz) strongly correlated with the neurons’ spike rate (Rho = 0.7424, p < 0.001; Figure 7B). Comparison between the spiking

gamma-band power in the absence or presence of sound indicated that sound increased the gamma power of the majority of neurons

that exhibited rhythmic gamma-band spiking (p = 0.0003; Figure 7C). The enhancing effect of sound on dLGN gamma spiking activity was

also visible in the power spectral density residuals of individual neurons between the audiovisual and visual trials (Figure 7A). Sound-induced

changes in both dLGN spike rate and gamma power exhibited a positive covariance (Rho = 0.4973, p = 0.0011; Figure 7D), indicating that

spike rate variations to sound are likely to be accompanied by corresponding variations in gammapower and vice versa. These results indicate

that, in addition to increasing the overall spiking activity of dLGN neurons, sound also enhances their spiking gamma rhythmicity.

Sound-driven biphasic visual response is quicker in the dLGN than in V1

Given the notable similarities in the biphasic effect of sound at both thalamic and cortical levels, that were initially suppressive and then

augmentative, we proceeded to compare their respective dynamics by creating an overlay of V1 and dLGN visual responses to sound (Fig-

ure 8A). This comparison suggested that both sound-induced inhibition and excitation occurred with faster dynamics in the dLGN than in V1.

To confirm this effect, we assessed the timing of the biphasic response in the dLGNby calculating the time to reach half-maximal suppression

or augmentation using PSTH densities from the population of downregulated (Figure 6I) and upregulated neurons (Figure 6J) and compared

the results with V1 gamma inhibition/excitation time estimates (i.e., from the Figure 5E). This comparison confirmed that both sound-induced

inhibition (dLGN= 25ms [25], n = 22, V1 = 41ms [38], N = 8, p = 0.0216; Figure 8B) and excitation (dLGN= 87ms [64], n = 26, V1 = 154ms [29],

N = 8, p = 0.0083; Figure 8C) occurred with shorter latencies in the dLGN than in V1.

DISCUSSION

Our results reveal that salient sounds (white noise,R70dB) drive a biphasic modulation of the thalamocortical visual response in anesthetized

mice and demonstrate that sound-drivenmodulation of visual activity is not exclusive to V1, but also occurs at the level of the dLGN.Given the

resemblance but nonetheless faster dynamics of the dLGN visual response to sound compared with V1, we propose that feedforward tha-

lamocortical inputs fromdLGN to V1might contribute to shaping V1 visual response to sound.More generally, in our conditions, we propose,
10 iScience 27, 109364, April 19, 2024
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that the effects of sound on V1 visual activity can be temporally and functionally decoupled into fast-onset inhibitory (whose origin remains

undetermined) and slow, long-lasting (A1-independent) excitatory arousal-driven components. The present study complements current

research efforts aimed at disentangling the multiple sources through which sound modulates visual processes.8,29,48

Distinct pathways are likely to mediate the biphasic effects of sound on V1

The characteristics of the enhanced V1 gamma responsiveness to sound, as reported here, favor an arousal-based origin. The effects required

loud sound intensities of at least 70 dB, did not require specific audiovisual congruency, exhibited a relatively late onset to sound (⁓150 ms),

persisted over time, even in the absence of sound, and occurred concomitantly with an elevated state of arousal, as evidenced by an increase

in the animal’s respiratory rhythm. Moreover, we found that this effect was independent of A1 activation. The use of anesthetics suppressed

the stereotyped behavioral motor response to sound, but failed to prevent sound-driven arousal. That said, we did not conduct causal testing

to investigate the role of A1 in the genesis of the animal’s arousal response. A possible explanation for the non-requirement of A1, in the effect

we report here, could involve the activation of subcortical ascending neuromodulatory circuits of the locus coeruleus (LC) and the basal fore-

brain (BF) to sound.15,20,21 Indeed, stimulation of the LC or BF triggers a generalized arousal response,15,20,21,26,49–51 reproducingmany of the

same effects as those we report in response to sound, including an increase in pupil size,15,20,51 respiratory rhythm,52 and cortical gamma-

band activity.53–55 Additionally, the amplitude of the visual gamma response showed a tendency to stay elevated following a block of

repeated audiovisual trials, suggesting the maintenance of high arousal levels or, alternatively, a stimulus-based repetition effect.56 The infe-

rior colliculus, a midbrain region of the ascending auditory pathway, has been proposed by others to ‘‘serve as anatomical substrate that cou-

ples audition and arousal.’’22 More generally, we anticipate that analogous effects in V1 may occur in response to arousing stimuli from other

sensory modalities. Furthermore, sound-related effects on arousal are not expected to be specific to V1 and are anticipated to also occur in

other sensory cortices, although the direction of these effects may vary depending on the modality.27

Sound alone did not trigger a gamma response in V1. Instead, it elicited an SEP in this region. During visual stimulation, V1 SEP preceded

sound-driven arousal and was temporally aligned with a transient desynchronization of V1 gamma response. The SEP in V1 was described as

reflecting hyperpolarization of V1 L2/3 pyramidal neurons that occurs upon activation of corticocortical connections fromA1 to V1.4 Although

we did not conduct causal experiments involving the manipulation of A1 activity, one could argue that the sound-induced inhibition of V1

gamma activity reported here may involve this same pathway. Indeed, several reports have attributed the inhibitory effect of sound on V1

activity to direct auditory inputs from A1 to V1.2–4,7 Moreover, the onset latency of sound-induced inhibition of V1 gamma (⁓41 ms) that

we detected was comparable with that of sound-induced V1 hyperpolarization reported by others (⁓36 ms).4 Hence, replicating the exper-

iments is essential to definitively assess the role of A1 in this phenomenon and, more broadly, to determine whether or not transient V1

gamma desynchronization represents a purely auditory phenomenon. Another question that arises pertains to the putative links existing be-

tween the modulation of V1 visual response to sound and the effects of sound on dLGN visual response.

Influences of sound on dLGN visual responses

Few studies have documented crossmodal sensory modulation occurring at the level of first-order thalamic nuclei.57–59 Here, we show that

sound drives a biphasic modulation of the dLGN visual response, in the absence of a monomodal dLGN response to auditory stimuli

alone. The use of high-throughput recording methods is, however, recommended to clearly ascertain the influence of sound alone on

dLGN activity. Modulation of dLGN visual responses to sound comprised an initial fast-onset transient inhibition of the early phasic visual

response, followed by a prolonged increase in tonic spiking activity and gamma rhythmicity. The inhibitory and excitatory effects of sound

were not restricted to phasic or tonic responsive neurons but rather coexisted within the same neurons. This suggests that sound may

influence targets that provide global inhibition and excitation to dLGN. Interestingly, a human fMRI study has also reported that sound

increases the LGN visual response and indicated that this effect occurred along with an increased LGN/V1 interregional coupling and

enhanced V1 responsiveness to low-intensity visual stimuli.60 Whether the enhancing effect of sound on dLGN activity is contingent on

arousal levels remains an open question, as arousal measures were not conducted during our dLGN recordings. Yet, under equivalent

experimental conditions, we detected rapid changes in arousal following sound presentation, suggesting that this may be the case.

Furthermore, several aspects of our findings and reports by others seem to favor an arousal-based mechanism: (1) we did not detect audi-

tory response in the dLGN; (2) activation of neuromodulatory arousal circuitry upregulates its activity;61 (3) dLGN activity, including gamma

activity, is influenced by arousal;62,63 (4) arousal modulates visual processes at all stages along the visual pathway, as evidenced by the

modulation of retinal axons projecting to the dLGN and superior colliculus.64,65 Additional investigations are required to explore the cir-

cuitry behind the sound-induced fast transient inhibition of dLGN phasic visual response. The most pressing experiment would entail

recording the dLGN visual response to sound while manipulating A1 activity, as this effect could involve the modulation of subcortical

circuits through descending A1 corticofugal projections.23,24 In line with this hypothesis, it has been recently shown that corticofugal pro-

jections from the primary somatosensory cortex (S1) mediate suppression of A1 auditory response to whisker deflection through subcor-

tical inhibition of the auditory thalamic nuclei.66 Whether a similar circuit mechanism might underlie the suppressive effect of sound on

dLGN visual response remains to be explored.

On the thalamic origins of the cortical effects of sound

All of this raises the question as to how the effects of sound originate within the visual thalamocortical circuit and as whether these effects

propagate from the dLGN to V1 in a feedforward manner or vice versa from V1 to dLGN through corticothalamic feedback. Although our
iScience 27, 109364, April 19, 2024 11
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dLGN experiments were not conducted using a protocol that allowed us to identify the biphasic effect of sound on V1 gamma activity, we

also observed a remarkable, yet quicker, biphasic sound-driven modulation of the dLGN visual response. The quicker dynamics observed

in the dLGN raise the intriguing possibility that sound-induced effects in V1 might originate first in the dLGN and then be relayed in V1

through feedforward corticothalamic inputs from the dLGN. Visual gamma activity, particularly driven by stimuli devoid of contrast, such as

those used in the present study, delivered with a light-emitting diode, exhibits narrowband spectral features.46 At the level of V1, narrow-

band gamma activity is thought to originate in a feedforward manner from dLGN inputs45–47 that probably derives from upstream retinal

inputs.67,68 From the mechanistic standpoint of narrowband gamma activity, one could argue that the excitatory effect of sound on V1

gamma responsiveness stems from the dLGN, or even earlier, and subsequently propagates to V1. The thalamocortical hypothesis of

sound-induced increase in V1 response gains additional support from a recent study, showing that corticothalamic feedback weakly con-

tributes to the influence of behavioral states on dLGN activity.69 Continuing with this hypothesis, the arousal-related effects of sound may

be linked to changes in thalamic reticular nucleus activity,70 which gates thalamocortical communication71,72 and serves as a strong modu-

lator of dLGN/V1 gamma activity.73 Although the aforementioned elements revolve around the potential contribution of the dLGN to

sound-induced increase of V1 gamma activity, the sensitivity of dLGN tonic activity to sound onset was not investigated in the present

study. Hypothesizing that sound onset could lead to a reduction of dLGN tonic spiking, the opposite effect (i.e., the sound-induced tran-

sient V1 gamma desynchronization) could, in principle, also rely on reduced dLGN activity. Experiments involving simultaneous recordings

from dLGN/V1 will provide valuable information for a more accurate characterization of the directionality of sound-driven biphasic mod-

ulation of thalamocortical visual activity.

Functional implications

At the functional level, the bimodal effect of sound on visual processes appears to resemble a reactivemechanism that could serve to optimize

the detection and responsiveness to environmental changes or potential threats. On the one hand, the transient suppression of visual activity

by soundmay serve to promote momentary prioritization of unexpected sound stimuli (as suggested by others),4 implying a shift in attention

to potential sources of danger. On the other hand, the subsequent increase in arousal and visual responsiveness may reflect an adaptive

response to salient sensory cues, thereby enhancing the overall readiness required for fast behavioral responses. Consistent with this inter-

pretation, we suggest that the increase in visual responsiveness through sound-driven arousal might contribute to the reported effect of

sound on visual information encoding3,5,8,9 and detection.10–12

Contribution of respiration/arousal to V1 gamma activity

We detected a delayed increase in pupil diameter following sound presentation, which was initiated after the V1 visual response. Although

pupil diameter is generally favored over respiration as a general indicator of arousal, most likely due to its well-established association with

internal states,15,16,20,51 our results, obtained under anesthesia, seem to suggest that respiration might represent an earlier biomarker of

arousal than changes in pupil diameter. Monitoring of the animal’s respiration through thoracic movements enabled us to highlight a poten-

tial connection between respiratory rhythm and the magnitude of the visual gamma response in V1. Mounting evidence supports a coupling

between respiration and gamma-band oscillations.38–43 Specifically, in V1, the membrane potential of neurons exhibit respiration-like rhyth-

mical fluctuations74 and the amplitude of spontaneous gamma activity phase-locks with the respiratory cycle,39,42 indicating that V1 can

indeed carry signals related to respiration. We identified a positive covariation between fluctuations in respiratory rhythm and the power

of visually-driven V1 gamma activity. Although statistically weak, the presence of this correlation in both visual and audiovisual trials

strengthen its validity. This correlation occurred without obvious phase-amplitude coupling between respiration phase and gamma ampli-

tude, suggesting that this featuremight be specific to spontaneous gamma activity.39,42 However, the relationship between the visual gamma

response and respiration might not be specific to the latter, as other markers of arousal could also exhibit such a relationship. Fluctuations in

the magnitude of the visual gamma response might, thus, be solely linked to the overall arousal state. Future investigations on this matter

could yield exciting insights on the contribution of respiration to visual processes and more broadly on the dynamic interplay between respi-

ration and arousal.75

Limitations of the study

Our study did not include random stimulus presentations, but instead used blocks of repeated stimuli of the same modality. Moreover, elec-

trophysiological signals weremonitored in ‘‘sweep’’ modewith unmonitored intertrial periods.On the one hand, these limitations hindered us

from investigating lasting arousal-related changes to sound, such as alterations in cortical state through slow-wave desynchronization.76 On

the other hand, given that urethane anesthesia is characterized by cyclical alternations of brain state,77 this may have introduced a bias due to

the potential distortion of visual responses recorded across different brain states. Intricately linked to arousal, it should be noted that sound-

induced tachypnoea is inherently associated with an unintentional motor component through an increase in the frequency of thoracic respi-

ratorymovements. Thismotor effect could be regarded as an additional factor contributing to the effects of sound on visual activity. Although

our data suggest that anesthesia effectively prevented the behavioral motor responses to sound, it must be noted that the biphasic effect of

sound on the dLGN visual response demonstrates interesting parallels with the effects of saccadic eye movements, including similar dy-

namics.78 Although others have reported in awake mice that salient sounds induce saccades,2 our measurements of the animal’s eye under

anesthesia did not show any evidence of sound-induced oculomotor movement. However, our measures were based on a limited number of

observations, and, as a result, the potential contribution of saccadic eye movements in the effects we report cannot be entirely ruled out.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Urethane Sigma-Aldrich Cat#U2500; CAS: 51-79-6

Acepromazine CP-Pharma Cat#1227; CAS: 3598-37-6

Muscimol Tocris Bioscience Cat#0289; CAS: 2763-96-4

Experimental models: Organisms/strains

Mouse/C57BL/6J Charles River Cat#632; RRID:IMSR_JAX:000664

Mouse/Ai32 Jackson Laboratories RRID: IMSR_JAX: 012569

Mouse/Gad2-IRES-Cre Jackson Laboratories RRID: IMSR_JAX: 010802

Software and algorithms

pClamp 8 / 11 Molecular Devices https://www.moleculardevices.com/

R version 3.6.3 (2020-02-29) R Core Team https://cran.r-project.org/

Other

Headstage Digitimer NL100AK

Preamplifier Digitimer NL104A

Digitizer Molecular Devices Axon Digidata 1320B / 1550B

Headstage Molecular Devices HS-2A

Amplifier Molecular Devices AxoClamp 2B

Fiber Optic Cannula Thorlabs CFM52L10
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Clément E. Le-

mercier (clement.lemercier@rub.de).

Materials availability

This study did not generate new reagents.

Data and code availability

� All data reported in this paper will be shared by the lead contact upon request.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Experimental procedures were conducted according to both European Union and German animal welfare regulations and were approved in

advance by the local government’s ethics committee (Landesamt für Arbeitsschutz, Naturschutz, Umweltchutz und Verbraucherschutz,

Nordrhein-Westfalen, Germany). Experiments were performed on wild type C57BL/6J mice (Charles River, Sulzfeld, DE; Cat#632; RRI-

D:IMSR_JAX:000664), of both sexes, aged 3-6 months. Animals were group-housed in ventilated cabinets on a 12-h reversed light/dark cycle.

Food and water were provided ad libitum. Optogenetic experiments were carried on animals obtained through crossbreeding Ai32 (Jackson

Laboratory, Bar Harbor, USA; RRID:IMSR_JAX:012569) and Gad2-IRES-cre (Jackson Laboratory; RRID:IMSR_JAX:010802) transgenic mice.

METHOD DETAILS

Surgical procedures

Mice were anesthetized by an intraperitoneal injection of a physiological saline mixture of urethane (1.2–1.4 g/kg, Sigma-Aldrich Chemie

GmbH, Steinheim, Germany) and acepromazine (0.5 mg/kg, CP-Pharma Handelsgesellschaft mbH, Burgdorf, Germany). Body temperature
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was maintained at 37�C with a closed loop heating pad (FHC Inc., Bowdoin, ME, USA), oxygen (R 99,5 %) was supplied continuously, and the

animal’s respiration rate was monitored on an oscilloscope through a piezoelectric transducer (27 mm diameter) positioned beneath its

chest.37 The scalp was locally anesthetized with bupivacaine (0.25 %, mibe GmbH Arzneimittel, Brehna, Germany), incised, and a custom

head-fixation implant comprising an attachment point and a circular hole used as recording chamber was fixed onto the right hemisphere

skull with dental acrylic (Paladur, Kulzer GmbH, Hanau, Germany). The skull was gently thinned to transparency with a dental drill (OS-40;

Osada Electric Co., Ltd. Tokyo, Japan) and intrinsic optical signal imaging was then performed to functionally guide the craniotomies

(�1 mm2) over V1 and A1. In another set of experiments, a craniotomy of �1 mm2 was performed over the dorsolateral geniculate nucleus

(dLGN), at 2.3 mm lateral and 2.5 mm posterior to bregma.79

Imaging of intrinsic optical signals

The setup intrinsic optical signal imaging comprised a data acquisition system (Imager 3001, Optical Imaging, Inc., Rehovot, Israel), a CCD

camera (Adimec 1000m; Adimec, Eindhoven, Netherlands) and a 90 mmmacro lens (Tamron Co. Ltd., Saitama, Japan). Image resolution was

1,000 x 1,000 pixels for a pixel size of �10 mm. Illumination was generated by a halogen light source (Zeiss HAL 100; Carl Zeiss MicroImaging

GmbH, Göttingen, Germany) under constant current supply, and was time-controlled with an optical shutter (Uniblitz VS14; Vincent Associ-

ates, Rochester, NY, USA). Images of the superficial blood vessel pattern were obtained by focusing the camera on the pial surface, while

illuminating the cortex at 546 nm. For functional imaging, the illumination wavelength was switched to 630 nm, focus was adjusted

�400 mm below the brain surface, and prior to acquisition, light intensity was adjusted just below the camera’s saturation level. Data acqui-

sition started after 2 sec of initial illumination and comprised 1 sec of pre-stimulation, 1 sec of stimulation and 4 sec of post-stimulation re-

cordings. Sensory stimuli and data acquisition were synchronized by establishing communication between the Imager 3001 system, the op-

tical shutter, and the programmable pulse stimulator (Master-9). Raw images were acquired at a rate of 50 frames per second (fps) and then

temporally binned to a rate of 5 fps. The change in reflectance relative to baseline was visualized as DR by calculating (R – R0), where ‘R0’

represents the average amount of light reflected prior start of the sensory stimulation, and ‘R’ represents the amount of light reflected during

any given frame. To improve the signal-to-noise ratio, a minimum of 3 trials, with 20 sec intertrial intervals, were averaged. Cortical responses

to sensory stimuli were visualized by using theWinMix 1.9 software (Optical imaging Inc.) after spatial binning (10310) and clipping (generally

2-3 times the image standard deviation).

Sensory stimulation

Monocular visual stimulation was achieved using a light-emitting diode (LED, diameter: 5 mm, 572 nm, 20�, 16,000 mcd). The LED was

controlled by a microcontroller (Arduino Uno Rev3; Arduino SRL, Monza, Italy). The LED was connected to a PVC-insulated polymethyl meth-

acrylate (PMMA) optical fiber (outer diameter: 3.5 mm, inner diameter: 3 mm, length: 40 cm) and the tip of the optical fiber was placed�1 cm

from the animal’s left eyeball. Visual stimulation consisted of a light flash of 1 sec (�100 lux, calibrated with TSL2561; Adafruit Industries, New

York, NY, USA). Auditory stimuli were produced by a triggerable arbitrary waveform generator (Rigol DG811; Rigol Technologies, Inc., Port-

land, OR, USA), connected to a power amplifier (Nobsound AK170; bandwidth: 20 Hz - 20 kHz; Nobsound, Shenzhen Cavins Technology Co.,

Ltd., China) and a loudspeaker (FR 10 - 4 U; VISATON GmbH & Co. KG, Haan, Germany) placed at a distance of �30 cm to the left of the

animal’s head. Auditory stimuli consisted of an open field white-noise burst, delivered at 80 dB SPL, unless otherwise specified (i.e., Figure 2;

calibrated with Voltcraft SL-200; Conrad Electronic SE, Hirschau, Germany), using durations of either 1 sec, or 100ms. The ambient noise level

of room was �45 dB SPL. Stimulators were triggered by a programmable pulse generator (Master-9; A.M.P. Instruments, Ltd., Jerusalem,

Israel). All experiments were carried out in the dark.

Electrophysiological recordings

Intracortical local field potentials (LFPs) were recorded by means of�1.5 MU borosilicate microelectrodes inserted in the layer 4 of V1 and A1

with the help of two separate stereotaxic micromanipulators (SM-25C; Narishige Scientific Instruments, Tokyo, Japan). Signals were amplified

(NL100AK, NL104A; Digitimer Ltd., Welwyn Garden City, UK), high-pass filtered at 0.1 Hz, digitalized at 10 kHz (Axon Digidata 1550B; Molec-

ular Devices, LLC. San Jose, CA, USA) and visualized with the pClamp 11 software (Molecular Devices).

Single-unit juxtacellular recordings of dLGN neurons were obtained using 2-3 MU borosilicate microelectrodes with the help of a motor-

ized micromanipulator (SM-1; Luigs & Neumann GmbH, Ratingen, Germany). dLGN neurons were identified on an audiomonitor by their

rapid spiking in response to either switching-on (dLGN-ON neurons) or switching-off (dLGN-OFF neurons) light flashes delivered at the

contralateral visual field of the animal.80 Neurons were recorded one by one along the gradual descent of the electrode. Signals were ampli-

fied (AxoClamp 2B; Molecular Devices), high pass filtered at 300 Hz, digitalized at 20 kHz (Axon Digidata 1320B; Molecular Devices), and visu-

alized with the pClamp 8 software (Molecular Devices). For both cortical and thalamic recordings, glass microelectrodes were filled with an

extracellular solution containing in mM:135 NaCl, 5.4 KCl, 1.8 CaCl2, 1 MgCl2, and 5 HEPES (pH �7.2).

Ligand infusion

Activity of A1 (ipsilateral to V1 recording site) was silenced with an infusion of�1 mL of the GABAA-receptor agonist, muscimol (Tocris Biosci-

ence,Wiesbaden-Nordenstadt, Germany), at a dose of 1mMdissolved in extracellular solution. Themixturewas loaded in the recordingglass

microelectrode and was ejected at the recording location (layer IV) by applying gentle positive pressure (Inverted suction-pulser; Sigmann
18 iScience 27, 109364, April 19, 2024
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Elektronik GmbH, Hüffenhardt, German). To allow the mixture to flow out of the electrode, electrode tip was mechanically enlarged. As a

result, the electrode resistance decreased �1.5 to �0.2 MU, and the auditory-evoked potentials showed reduced amplitudes compared

to when recorded using standard electrodes.

Optogenetic stimulation

Experiments involving optogenetic manipulations were performed on transgenic mice that constitutively express channelrhodopsin selec-

tively in all glutamate acid decarboxylase-2 (GAD2)-positive neurons (see Experimental model and study participant details section). Photo-

stimulation of GAD2-expressing neurons via channelrhodopsin was achieved with 470 nm light pulses delivered by a fiber-coupled LED light

source (M470F1; Thorlabs, Newton, NJ, USA). The optic fiber was positioned closely above the surface of A1 (ipsilateral to V1 recording site).

The pulse length was 1.1 sec, starting 100 ms prior to sensory stimulation, with a light intensity ranging from 0.6 to 2.4 mW. The output power

of the LED driver (DC2100; Thorlabs) was controlled by the voltage output of the programmable pulse stimulator (Master-9). The power

output at the optic fiber cannula (CFM52L10; Thorlabs) tip was measured with a photodiode power sensor (PM100D; Thorlabs).

Imaging of the pupil

Images of the pupil were acquired under infrared illumination at 40 fps with the Raspberry Pi HQ camera module (no IR-cut filter; Raspberry Pi

Foundation, Cambridge, UK) mounted on a 16 mm telephoto lens (CGL Electronics Co. Ltd., Hong Kong, China). A light flash, synchronized

with sensory stimulation delivered outside the animal’s visual field, enabled the epoching of the trials. Frames were cropped around the pupil

(width: 160, height: 90 pixels) and extracted with the FFmpegprogram. Pupil segmentation and tracking of its diameter were performed using

the ImageJ software (NIH, Bethesda, MD, USA). Pupil imaging was conducted only in a subset of experiments and was not synchronized with

electrophysiological measurements.

Monitoring of respiration and body movement

Animal respiration was monitored with a piezoelectric transducer (PZT; 27 mm diameter) placed beneath the animal’s chest.37 The PZT also

enabled the detection of bodymovements. The raw signals from the PZT were digitalized at 10 kHz (AxonDigidata 1550B;Molecular Devices)

in parallel with electrophysiological measurements. Monitoring of respiration were not systematically conducted in all experiments.

Recording protocol

Stimulus presentation was not randomized andwas presented in a block fashion, with each block consisting of 20 repetitions with an inter-trial

time interval of 10 seconds. LFPs were recorded in 6-second epochs, which included 1 second of pre-stimulation, 1 second of sensory stim-

ulation, and 4 seconds of post-stimulation. In all experiments, audio-visual blocks were alternatedwith control blocks consisting of visual stim-

ulation alone.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data processing, analysis, visualization, and statistics were conducted using the R software.81

Quantification of sensory-evoked potentials

LFP time-series were down-sampled to 1 kHz with the R package ‘gsignal’. To ensure consistent quantification of sensory-evoked potential

amplitude across trials, data were baseline-corrected by subtracting the mean voltage value from the 100 ms preceding sensory stimulation.

Spectral analysis of local field potentials

LFP time-series were down-sampled to 1 kHz and bandpass filtered between 0.1 to 300 Hz using a 2nd order Butterworth bandpass filter, with

the R package ‘gsignal’. The wavelet power spectrumof the filtered LFP time-series was obtained by applying aMorlet wavelet transformwith

the R package ‘WaveletComp v.1.1’.82 The detection period range was set from 8 to 1024 ms, in which each octave was divided into 60 sub-

octaves. V1 LFP time-series were divided into three different time periods: 1) A baseline period of 800 ms prior to stimulus onset containing

the spontaneous LFP fluctuations; 2) A transient a period of 200 ms after stimulation onset, containing the initial event-related change in the

LFP (i.e., visual-evoked potential); 3) A stimulation period ranging from 200 ms to 1 sec after stimulation onset, containing later event-related

changes in the LFP (i.e., visually-driven oscillatory activity). The power increase (D Power) in the LFP during the stimulation period (stim) relative

to the baseline period (base), was computed by subtracting the power spectral density (PSD) values of these two phases (D Power =

Powerstim – Powerbase). From these differential spectra, power, frequency, and bandwidth of the oscillations were quantified by measuring

either their band power (40 to 80 Hz), peak frequency and half bandwidth (i.e., at 50% of peak power).

Analysis of single-unit activity

Spike detection was conducted using the threshold search function of the software pClamp 11 (Molecular Devices). Peristimulus time histo-

grams (PSTHs) were determined with a bin size of 10 ms over 6-second epochs, which included 1 second of pre-stimulation, 1 second of sen-

sory stimulation, and 4 seconds of post-stimulation. From these PSTHs, Kernel density estimation (R base package ‘stats’, with the ’bw’
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argument of the ’density’ function set to 1/50) was used to estimate the density of the PSTHs. Spike train power spectra were computed from

binary spike train data with the R package ‘psd’. Change in spike rate (unless otherwise stated, i.e., Figures 6I and 6J) and power was evaluated

between the 1-second baseline period immediately prior sensory stimulation, and the 1-second stimulation period in which sensory stimuli

were delivered.
Spectral analysis of respiratory signals

PZT signals were down-sampled from 10 to 1 kHzwith the R package ‘gsignal’, andwavelet power spectra were obtained by applying aMorlet

wavelet transform with the R package ‘WaveletComp v.1.1’82 with detection range set from 100 to 4096 ms, where each octave were divided

into 60 suboctaves. Low-frequency edge artifacts resulting from wavelet time-frequency decomposition were attenuated using a ‘reflection’

approach.83 Changes in animal’s respiration amplitude and frequency in response to sensory stimuli were evaluated by quantifying the peak

power and peak frequency. These measures were derived from PSDs calculated during two intervals: half a second before and one second

during sensory stimulation.
Phase-amplitude coupling analysis

The V1 LFP time-series were down-sampled to 1 kHz, bandpass filtered between 40-80 Hz using a 4th order Butterworth bandpass filter, and

the gamma amplitude (envelope) was obtained from the Hilbert transform with the R package ‘gsignal’. Similarly, the respiration time-series

were filtered between 1-8 Hz using a 4th order Butterworth bandpass filter, and the phase angle was obtained from the Hilbert transform with

the R package ‘gsignal’. Respiratory phase was then binned into 18 bins, and the mean normalized gamma amplitude was calculated within

each bin.44
Statistics

Unless stated, data in the text are reported as M (IQR) or M [IQR]; where ‘M’ is the median and ‘IQR’ is the interquartile range. In the results

section, ‘N’ corresponds to the number of animals and ‘n’ corresponds to the number of neurons. To report statistics in the text, visual, audi-

tory, and audio-visual conditions are respectively abbreviated as V, A and AV. The analysis between the V and AV conditions was conducted

using averaged values, representing themean of 20 consecutive trials. In all statistical analyses (except for the Figure 4), the results from theAV

trials block were systematically compared to the preceding V trials block. Differences betweenmatched and unmatchedmeasurements were

respectively evaluated with the Wilcoxon signed-rank test (Figures 1, 2, 3, 6, and 7) and Wilcoxon-Mann-Whitney U test (Figures 4 and 8). A

p-value < 0.05 was considered statistically significant. Strength and direction of monotonic association between two variables were assessed

with the Spearman’s rank correlation coefficient (Figures 3 and 7). An analysis of covariance (ANCOVA) was employed to assess differences in

slopes or intercepts within linear regression models (Figure 3). Data were visualized with the R software ‘base’ and ‘ggplot2’ packages.
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