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Overcoming off-target optical
stimulation-evoked cortical activity
in the mouse brain in vivo

Simon Weiler,1 Mateo Velez-Fort,1 and Troy W. Margrie1,2,*
SUMMARY

Exogenous opsins allow for in vivo interrogation of brain circuits at unprecedented temporal and
spatial precision. Here, we found that optical fiber laser stimulation at wavelengths of 637, 594, or
473 nm within the cortex of mice lacking expression of exogenous opsins resulted in a strong
neuronal response in the contralateral visual cortex. Evoked responses were observed even at
low laser intensities (fiber tip power 1 mW) and most pronounced at 637 nm. We took
advantage of retinal light adaptation by using a dim external light source (20 lux) that abolished
the 594 and 473 nm-evoked neuronal responses even at high laser intensities (15 mW). The
prevention of 637 nm-evoked responses, however, could only be achieved for stimulation intensities
% 2.5 mW. This highlights the need for careful selection of light wavelengths and intensities for opto-
genetic experiments. Additionally, retinal light adaptation offers an effective solution to minimize
unintended activation.

INTRODUCTION

Optogenetic tools have revolutionized the field of in vivo systems neuroscience by offering temporally precise, reversible, and cell type-spe-

cificmodulation of neural activity in the brain.1–6 For example the selective activation or silencing of populations of cells expressinggenetically

encoded wavelength-specific opsins has revealed important causal roles of neuronal circuits underlying animal behaviors.7,8 More recently,

short (473 nm) and longer wavelength-sensitive (594 nm and 637 nm) opsins have been used to independently modulate the activity of non-

overlapping neuronal populations within the same brain area9–11 and expression of dual-color opsins even enable both activation and sup-

pression of activity within the same neurons.12 In combination with the use of optical fiber implants these tools allow for spatially restricted

stimulation of neurons in deep brain areas4,13,14 and thus the dissection of the role of excitation and inhibition within specific circuits during

behavior.

Although the delivery of light from within the brain allows the interrogation of circuits in deep structures, it is crucial to consider the

non-specific effects of light propagation through brain tissue when performing optogenetic experiments—in particular, when using

high light intensities and red-shifted wavelengths. For example, electroretinogram (ERG) recordings indicate that the retina can be directly

activated by red, orange, and blue light emitted from the tip of the optical fiber implanted within the brain at laser light intensities found to

disrupt behavioral tasks in mice.15 From a behavioral standpoint such off-target retinal activation-induced artifacts may be overcome using

light adaptation that decreases the sensitivity of the retina to wavelengths of light used for optogenetic stimulation.15 Importantly, and

despite rodents being considered dichromats (highest sensitivity at ultraviolet and green light), off-target activation of the retina has

been found to be most prominent when using red light.15 This is explained not only by recent evidence showing that rodents are not

red-light blind16 but also by the increased penetration of long-wavelength light through brain tissue when compared to short

wavelengths.15,17–20

While the risk of off-target activation of retinal opsins has been shown to lead to behavioral artifacts,15 its impact on distant

downstream neuronal circuits remains unknown. Moreover, the extent to which retinal light-adaptation using external ambient

illumination impacts downstream brain activity is largely unexplored. In this study, we tested the wavelength- and intensity-dependent

effect of retinal activation by optical stimulation within the brain on cortical neuronal responses using Neuropixels recordings in the

absence of expression of any exogenous opsins. We find that while red, orange, and blue light emitted deep within the cortex can

cause pronounced modulation of contralateral visual cortical activity this may be ameliorated by the presence of an external ambient

light source.
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RESULTS
In complete darkness and in the absence of exogenous opsins optical-fiber illumination within the brain activates themouse

visual cortex

We first tested whether laser stimulation of the visual cortex at power intensities/irradiances (1/31.8; 2.5/79.6; 5/159.1; 10/318.2; 15/477.3mW/

mW/mm2) and wavelengths (637, 594, and 473 nm) regularly used for in vivo optogenetic experiments6,15,21–25 had an effect on neuronal ac-

tivity in the absence of genetically expressed exogenous opsins.15 For this, we implanted a small-diameter optic fiber in deep layers of the

visual cortex (n = 4 mice) and performedNeuropixels recordings in the contralateral visual cortex of head-fixed awakemice under conditions

of total darkness (distance between Neuropixels and optic fiber: �4 mm, Figure 1A). Importantly, to avoid direct external stimulation of the

retina via light emission from the fiber, the ferrule sleeve of the optical fiber was shielded with blackout material. To prevent light being

emitted through the brain and skull, black dental cement was used to seal the craniotomy within and around the 1 3 1.2 cm headplate.26

Finally, two eye cups were also positioned over the eyes (Figure 1A).

Under these conditions we found many individual units that changed their firing rate in response to laser stimulation using 473, 594, and

637 nm at both high (e.g., 15 mW) and low (e.g., 1 mW) laser intensities (Figures 1B and S1, significance assessed by ZETA test, see STAR

Methods). Overall, 18–37% of units responded to laser stimulation across all wavelengths and laser intensities tested (Figure 1B). When aver-

aging across all cells and animals, all wavelengths and stimulus intensities were found to evoke a significant increase in the firing rate of the

contralateral visual cortex (e.g., 15 mW: 473 nm baseline = 2.93G 0.2 Hz versus laser ON = 5.16G 0.33 Hz; 594 nm baseline = 3.41G 0.23 Hz

versus laser ON = 5.99G 0.37 Hz; 637 nm baseline = 3.29G 0.2 Hz versus laser ON = 5.99G 0.56 Hz; n = 761 units, p < 0.001, 1 mW: 473 nm

baseline = 3.28 G 0.24 Hz versus laser ON = 5.09 G 0.33 Hz; 594 nm baseline = 3.51 G 0.23 Hz versus laser ON = 5.04 G 0.31 Hz; 637 nm

baseline = 3.24 G 0.21 Hz versus laser ON = 6.6 G 0.44 Hz; n = 761 units, p < 0.001, permutation test, respectively, Figures 1C and 1D).

Red wavelength light causes the strongest modulation of neuronal activity

By pooling across laser intensities we found that red wavelength light reliably evoked responses in the largest fraction of units (range of per-

centage of responsive units: red, 29–37%; orange, 18–33%; blue, 18–24%; p < 0.05, one-way ANOVAwith Tukey-Kramer multiple comparison

corrections, Figures 1B and S2). Not only was redwavelength stimulation found to recruit the largest fraction of cells but alsomost consistently

evoked the largest change in firing rate (Figure 1D). Already at the lowest laser intensity, 637 nm light illumination led to the strongest change

in firing rates when compared to 594 and 473 nm (D firing rate 637 nm = 2.41G 0.26 versusD firing rate 594 nm= 1.01G 0.12 andD firing rate

473 nm = 1.04 G 0.13, p < 0.001, Friedman’s test with Tukey-Kramer multiple comparison corrections, Figure 1D).

Consistent with the known scattering properties of these three light wavelengths, we also observed that the onset latencies of the neuronal

responses to 637 and 594 nm laser stimulation at 15mWwere significantly shorter compared to 473 nm (latency 637 nm= 87.5G 4.038ms and

594 nm = 98.72G 4.94 ms versus latency 473 nm = 121.96 G 6.36 ms, n = 265, 249, 184 units, respectively; p < 0.01, Kruskal-Wallis test with

Tukey-Kramermultiple comparison corrections; Figure 1E). At 1mW laser stimulation intensity, 637 had the shortest latency compared to both

594 and 473 nm (latency 637 nm = 111.4G 4.69 ms versus latency 594 nm = 144.3G 8.9 ms and latency 473 nm = 141.93G 7.66 ms, n = 199,

100, 102 units, respectively, p < 0.01, Kruskal-Wallis test with Tukey-Kramer multiple comparison corrections, Figure 1E).

External ambient illumination reduces off-target light-evoked neuronal activation

To determine whether decreasing the sensitivity of the retina could diminish these observed laser-evoked responses in visual cortex we next

positioned twomonitors in front of the animal and displayed full-field gray iso-illumination at different brightness levels (20, 40, or 80 lux) dur-

ing laser stimulation (Figure 2A).

Under these conditionswe found that very few units responded to blue, orange, and red laser stimulation at laser intensities between 1 and

15mW in the presence of 20 lux external illumination (Figures 2B–2D and S2). At 15mW, evenmany of the units that were activated by red laser

stimulation in darkness significantly reduced their laser-evoked firing in the presence of ambient light (Figures 2B, 2C, and S2A, 637 nmD firing

rate dark = 5.36G 0.51 versusD firing rate 20 lux = 0.92G 0.16, n = 265 units,p< 0.001, two-sidedWilcoxon signed-rank test). At a population

level, when comparing baseline firing rates to that recorded during laser stimulation, we found no significant increase in neuronal activity at

15 mW when using 594 and 473 nm wavelengths in the presence of ambient light (20 lux; 594 nm firing rate baseline = 3.4 G 0.17 Hz versus

firing rate laser ON= 3.9G 0.17 Hz; 473 nm firing rate baseline = 3.85G 0.19 Hz versus firing rate laser ON= 4.16G 0.21 Hz, n= 761; p> 0.05,

permutation test, respectively, Figure 2E). We also found that the proportion of cells that were activated by laser stimulation at 15mWgreatly

decreased (594 nm ambient darkness: 32.7% or 249/761 versus ambient light: 1.2% or 9/761; 473 nm ambient darkness: 24.2% or 184/761

versus ambient light: 2.5% or 19/761; p < 0.001, Fisher exact test, Figure 2D). Similar observations were made across all laser intensities

and ambient light brightness conditions (Figure 2D). Generally, the proportion of remaining cells still significantly modulated by 473 and

594 nm laser stimulation under the different laser and ambient light conditions were indistinguishable to the false positive rate detected

with the ZETA test during a control period without any laser stimulation (Figure 2D).

While the majority of cells that were activated upon 637 nm laser stimulation at 15 mW in complete darkness no longer responded in the

presence of ambient light (673 nm ambient darkness: 34.8% or 265/761 versus ambient light: 3.4% or 26/761; p < 0.001, Fisher exact test; Fig-

ure 2D), we found that some cells maintained their responsiveness. Indeed, 3.4% of units recorded under ambient light conditions and laser

stimulation (at 15 mW) was still significantly higher than the false positive proportion detected with the ZETA test during a control period

where laser stimulation was absent (673 nmambient light: 3.4% or 26/761 versus control: 1.2% or 9/761; p< 0.001, Fisher exact test, Figure 2D).

This small fraction of cells responded significantly enough to cause an average population increase in activity at 15 mW (637 nm firing rate
2 iScience 27, 111152, November 15, 2024
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Figure 1. Optical-fiber illumination in the brain using different wavelengths strongly activates the mouse visual cortex in darkness

(A) Schematic of the recording setup. Red (673 nm), orange (594 nm), or blue (473 nm) laser was delivered via an optical fiber implanted in the visual cortex (VIS, left

hemisphere) of awake head-fixed mice. Translaminar Neuropixels recordings were performed in the contralateral VIS in complete darkness. Black dental cement

in and around the headplate and blackout adhesive around the optical fiber were used to prevent light emitting through the craniotomy, skull and optical fiber. In

addition, eye cups were gently positioned to touch the fur around the eye to further ensure there to be no external activation of the retina.

(B) Raster plots of spikes of three individual units in response to ten repetitions of 0.5 s of blue (left), orange (middle), or red (right) laser stimulation and the

corresponding average peri-stimulus time histogram (PSTH). Recordings were performed in complete darkness with laser power of 15 or 1 mW. Bar plots

display the average percentage of the total number of units (n = 761) activated by blue, orange and red laser stimulation across 1, 2.5, 5, 10, and 15 mW.

Open circles indicate the percentage of responding units for each laser intensity. Error bars represent the sem of the percentage of responders over the five

laser intensities.

(C) Average spike density functions for all units aligned to the onset (dotted line) of red, orange or blue laser stimulation (n = 761 cells, n = 4 mice) using either

15 mW (top) or 1 mW (bottom). Gray shaded area indicates sem.

(D) Average difference in firing rates (meanG sem) between a baseline window (0.2 s before stimulation) and a response window (0.5 s after onset of stimulation)

for red, orange, or blue laser stimulation at different laser power. Asterisks indicate significant differences (p < 0.001) between red and blue (black) as well as red

and orange (gray).

(E) Violin plots displaying onset latencies of red, orange and blue laser-evoked responses at 15 mW (top) and 1 mW (bottom) laser stimulation. Individual data

points (circles), median (black circle) and first and third quartiles are displayed (black lines). Asterisks indicate significant differences (p < 0.001).
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baseline = 3.51G 0.2 Hz versus firing rate laser ON = 4.22G 0.2 Hz, n = 761 units, p < 0.05, permutation test, Figure 2E). Only at laser powers

equal or less than 2.5 mW at 20–80 lux ambient light brightness, was the proportion of laser-activated units found to be indistinguishable to

the false positive rate (673 nm ambient light: 3% or 23/761 versus control: 1.2% or 9/761; p < 0.001, Fisher exact test, Figure 2D) and the

average population did not significantly increase in activity upon laser stimulation (637 nm firing rate baseline = 3.5 G 0.2 Hz versus firing

rate laser ON = 3.92 G 0.2 Hz, n = 761 units, p > 0.05, permutation test; Figures 2F and S2A).

Taken together, these results show that in darkness, optical-fiber stimulation within themouse brain internally activates the retina and sub-

sequently the visual cortex and that while ambient light can prevent off-target retinal activation over a range of experimentally relevant laser

intensities for orange and blue light, it does not completely abolish responses to red light at high laser power.

DISCUSSION

In this study, we found that in darkness, delivery of red, orange, and blue light through optical fibers in live brain tissue lacking exogenous

opsins is sufficient to robustly activate cortical neurons. Surprisingly, we find that this unintended neuronal activation is triggered even at

the lowest levels of laser intensities commonly used in in vivo optogenetic experiments.6,15,21–25
iScience 27, 111152, November 15, 2024 3
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Figure 2. External ambient illumination eliminates internal light-evoked neuronal activation in the visual cortex

(A) Schematic of the recording setup. Red (673 nm), orange (594 nm), or blue (473 nm) laser was delivered via an optical fiber implanted in the visual cortex (VIS, left

hemisphere) of awake head-fixedmice. Translaminar Neuropixels recordings were performed on the contralateral VIS. External illumination was delivered via two

monitors displaying a full screen iso-illuminant gray image.

(B) Raster plots of spikes of three individual units (same cells as in Figure 1B) in response to ten repetitions of 0.5 s of blue (left), orange (middle), or red (right) laser

stimulation and the corresponding average peri-stimulus time histogram (PSTH). Recordings were performed either in complete darkness with laser power of 15

or 1 mW or under ambient light conditions (indicated by the gray bar). Bar plots display the average percentage of the total number of units (n = 761 units, n = 4

mice) activated by blue, orange, and red laser stimulation across 1, 2.5, 5, 10, and 15 mW under darkness or ambient light conditions. Open circles indicate the

percentage of responding units for each laser intensity. Error bars represent the sem of the percentage of responders over the five laser intensities.

(C) Scatterplot displaying the average laser-evoked firing rate change for those cells that responded under darkness versus ambient light conditions for blue

(n = 184), orange (n = 249), red (n = 265) laser stimulations at 15 mW.

(D) Heatmaps displaying the percentage of units modulated by blue (left), orange (middle) and red (right) laser stimulation under dark (top row) and different

ambient light conditions and laser powers. Bottom row displays the false positive percentage for pooled dark and ambient light conditions according to the

ZETA test used to assess significant modulation during a control period when laser stimulation was absent. Asterisks indicate significant differences (*** p <

0.001, * p < 0.05) between percentages of modulated units under stimulation periods (rows 1–4) compared to baseline periods without any laser stimulation

(row 5).

(E) Average spike density functions for all units aligned to the onset (dotted line) of red, orange, or blue laser stimulation (n = 761 cells, n = 4mice) using 20 lux of

ambient light brightness and 15 mW laser stimulation intensity. Gray shaded area indicates sem.

(F) Same as E for 2.5 mW laser stimulation intensity.
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In order to exclude the possibility this might be due to potential external activation of the eye via light leakage from the craniotomy

itself, we shielded the eyes with eye cups in darkness, covered the dorsal surface of the skull, and craniotomy with black dental cement

and used a blackout sleeve around the fiber connector. The simplest explanation for the light-evoked increase in neuronal activity

observed in the absence of exogenous opsins is due to off-target activation of endogenous opsins within the retina. In this scenario,

light from the fiber tip propagates through the brain tissue,15,17–20 reaching the back of the eye at intensities that are sufficient to acti-

vate retinal photoreceptors and therefore subsequent visual pathways. This idea is supported by periorbital ERG recordings showing

that light from implanted optical fibers in the somatosensory cortex can be detected by the retina.15 Given the interhemispheric cortical

distances between the optical probe and the recording electrodes and the long latencies to response onset, our data cannot be ex-

plained by any photoelectric27 or intracranial heating28–30 effect that display onset times in the millisecond range. Furthermore, it is

difficult to reconcile how external illumination could overcome these previously described non-specific responses28–30 to intracranial

laser stimulation.
4 iScience 27, 111152, November 15, 2024



ll
OPEN ACCESS

iScience
Article
While it is the case that all three wavelengths tested here led to the unintended activation of neurons, high intensity red light caused the

most severe effect both in complete darkness and ambient light. At first, this seems to be at odds with the sensitivity of rodent retinal opsins

for red wavelengths, which peaks at ultraviolet and green spectra and therefore should show little to no activation under red and stronger

activation under blue and orange wavelengths. However, it has been recently shown that the rodent retina is more responsive to red light

than previously thought, although possibly through the activation of intrinsically photosensitive retinal ganglion cells.16 In addition, rodent

opsin spectral properties still show a red-shifted absorption, albeit a 10- to 100-fold less for 637 nm compared to green (�500 nm31,32). There-

fore, the reduced retinal sensitivity for red could be compensated by less scattering of red light throughbrain tissue compared to orange/blue

light, which yields a sufficient illumination intensity when reaching the retina. Indeed, red-shifted wavelengths scatter less through media

including brain tissue, thereby traveling further and preserving higher irradiance compared to orange and blue light.15,17–20 In line with

this, periorbital ERG recordings have shown that illumination of the retina from an optical fiber implanted in the brain is 50-fold greater

when red wavelengths are used compared to shorter wavelengths. Consequently, both the retinal responses measured in a previous study15

as well as the cortical response latencies measured in our study are shorter under red light when compared to orange/blue light stimulation.

In the current study, we observed strong spiking responses within the primary and secondary visual cortex to intracranial light stimulation.

Given the intra and interhemispheric connectivity of the visual cortex,33 as an example, it is very likely that neuronal activation caused by laser

stimulation within the brain impacts many areas distant from primary visual pathways. It is expected that off-target activation via subthreshold

activity will have a far reaching impact within downstream circuits making this problem even more widespread. It therefore seems best prac-

tice to test optogenetic experimental protocols in the absence of exogenous opsins regardless of the identity of the brain area under

investigation.

Finally, we show that brain laser stimulation in darkness consistently evokes unintended neuronal activation, while leveraging retinal light-

adaptation by exposing the animal to relatively dim ambient light offers a practical and easily implementable solution. We show that this

approach is effective under relatively high laser stimulation intensities (particularly for blue/orange wavelengths), while maintaining a low

ambient illumination. Factors such as the duration, intensity, and wavelength, as well as the fiber implantation site and the proximity of

both the stimulation and recording site to the eyes and visual pathway, should be carefully considered prior to establishing optogenetic

experiments.
Limitations of the study

In this study, we performed extracellular recordings in the visual cortex of mice and found strong off-target effects when using optical fiber

stimulation. These data are limited in the sense we have only recorded spiking activity and therefore the potential subthreshold effects on

downstream circuits remain unknown. In addition, whole brain wide field imaging with single cell resolution would perhaps provide a

more complete overview regarding the extent of off-target activation.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Preprocessed data structure Figshare RRID:SCR_004328; https://doi.org/10.6084/m9.figshare.27109249.v1

Custom analysis code GitHub SCR_002630; https://doi.org/10.5281/zenodo.13842774

Experimental models: Organisms/strains

Mouse C57BL/6 Charles Rivers Laboratories N/A

Software and algorithms

MATLAB 2024 Mathworks RRID:SCR_001622; https://www.mathworks.com/products/matlab.html

Python (version 3.7.9) Python Software Foundation RRID:SCR_008394; https://www.python.org/

Other

637 nm laser source Thorlabs S4FC637

594 nm laser source Coherent OBIS 594 nm LS 60 mW

473 nm laser source Coherent OBIS 473 nm LX 150 mW
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All experiments were performed on 20–36 weeks old C57BL/6 male mice in accordance with the UK Home Office regulations (Animal (Scien-

tific Procedures) Act 1986), approved by the AnimalWelfare and Ethical Review Body (AWERB; SainsburyWellcomeCenter for Neural Circuits

and Behavior) and in compliance with ARRIVE guidelines. Every effort was made to minimize the number of animals and their suffering.
METHOD DETAILS

Surgical procedures

Mice were anesthetized under isoflurane (2%–5%), carprofen or meloxicam was administered (5 mg/kg or 1–2 mg/kg, respectively; s.c.) and

eyes were protected with eye gel Lubrithal (Dechra). Mice were then fixed to a stereotaxic frame and their body temperature maintained at

37�C–38�C. Theywere implantedwith a head plate fixed to the skull usingHistoacryl (BraunMedical) andC&BMetabond (SunMedical). Addi-

tionally, we added a layer of black dental cement (kemdent) on top of theMetabond. For the implantation of the optical fiber, a craniotomy of

�1 mm radius was drilled over the region of interest using a 0.3 mm burr dental drill (Osada Electric). The optical cannula (Newdoon 200 mi-

crons, 1.5 mm, NA 0.37) was then inserted 550 mm from the pial surface into the primary visual cortex and fixed to the skull using light-cured

resin dental cement Relyx Unicem 2 (3M). The skull was then covered with C&BMetabond and subsequently covered with black cement. An-

imals were allowed to recover for at least 48 h. On the day of extracellular recording (after habituation to head-fixation that typically took 2–3

sessions of 30 min each), animals were anesthetized under isoflurane (2%–5%), their whiskers trimmed (to 2 to 5 mm long) to avoid any whisker

related proprioception and a small craniotomy (13 1 mm) was drilled over the brain region of interest using a 0.3 mm dental drill. The crani-

otomy was sealed with silicon kwik-cast (World Precision Instruments) and the animals were allowed to recover for at least 2 h previous to

recording.
Experimental setup

The visual stimulus was presented on two portable monitors (300 fps; MG300, Magedok). Screens were placed 6 cm from each eye at a 90�

angle to each other (visual field covered: �75� of elevation and �270� azimuth). In addition, an LED strip (Goove) surrounding the experi-

mental setup was turned on (�1 m away from the animal). The brightness was measured with a Luxmeter (ILM 1337, Isotech) at the position

of the eye of the animal. In ambient light experimental conditions, isoluminant gray screens with different brightness (20, 40 and 80 lux) were

presented using the Psychophysics Toolbox.34 In complete darkness conditions, the screens and LED strip were turnedOFF and two small eye

cups were positioned gently on the fur surrounding the eyes. In both light and dark conditions, a light shield was positioned at the base of the

optical fiber. A Faraday cage was built around the experimental apparatus to provide both electrical noise isolation and pitch darkness.
Extracellular recordings

The Neuropixels 2.0 (4 shanks) was first coated with DiI (Molecular Probes, Thermo Fisher Scientific). The probe was then positioned with an

angle of 45� to the brain surface and the tip inserted 1500 mm from the pial surface using micro-manipulators (Luigs and Neumann) in either

the primary or secondary visual cortex. The probe was allowed to settle for approximately 30 min before recordings. The reference electrode
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consisted of a Ag/AgCl wire positioned close (<2mm) to the craniotomy. The craniotomy, as well as the reference wire, were covered by Agar

3% prepared in cortex buffer (NaCl 125 mM, KCl 5 mM, Glucose 10 mM, HEPES 10 mM, CaCl2 2 mM, MgSO4 2 mM, pH 7.4). The Agar was

then submerged by cortex buffer. The Neuropixels probe was connected to a PXIe card inside a National Instruments chassis. SpikeGLX

v20201103-phase30 (https://github.com/billkarsh/SpikeGLX) was used to acquire data. Data was filtered at 300 Hz during or after acquisition.
Laser stimulation

An optical cord (NewdoonMM200/220NA 0.37) was used to provide the laser stimulation (637 nm: Thorlabs S4FC637; 594 nm:CoherentOBIS

594 nm LS 60 mW; 473 nm: Coherent OBIS 473 nm LX 150 mW). In pitch darkness and ambient light with gray screens, 10 laser stimulations

were presented in 5 blocks of increasing laser intensities (1, 2.5, 5, 10 and 15 mW). Within each block, each laser stimulation lasted 0.5 s and

was separated by 4 s. Each block was separated by 14 s. Laser power was measured after the fiber tip using a digital power meter (PM100D,

Thorlabs). Irradiance was calculated using: http://web.stanford.edu/group/dlab/cgi-bin/graph/chart.php.
Probe localization

Following silicon probe recordings, animals were deeply anesthetized and transcardially perfused with cold phosphate buffer (PB, 0.1 M) fol-

lowed by 4% paraformaldehyde (PFA) in PB (0.1 M) and brains left overnight in 4% PFA at 4�C. Brains were then embedded in 4% agar and

imaged using serial two-photon tomography,35 using a custom system controlled by ScanImage (Vidrio Technologies) and BakingTray.36 Im-

ages were acquired as tiles with 5–10 mmaxial sampling and 2.27 x 2.27–4.133 4.13 mmpixels, and stitched using StitchIt.37 Images were then

registered to the AllenMouse Brain CommonCoordinate Framework version 3 (CCFv3,38 25 mm resolution) using brainreg.39,40 The atlas data

was provided by the BrainGlobe Atlas API.41 Probe tracks were confirmed by DiI fluorescence and were traced using brainreg-segment.39
Spike sorting and analysis

Spike sorting and unit quality control were performed using a fork of the ecephys_spike_sorting pipeline42 modified for SpikeGLX data

(https://github.com/jenniferColonell/ecephys_spike_sorting; for Neuropixels 2.0 commit 60c40251ed568fb036b4364e615a261d3afc4800).

Raw data acquired with SpikeGLX were filtered with CatGT (https://billkarsh.github.io/SpikeGLX/#catgt) and Kilosort2 was run. For single

unit analysis only clusters deemed ‘‘good’’ were considered (https://github.com/MouseLand/Kilosort; commit 2a399268d6e1710-

f482aed5924ba90d52718452a). Double counted spikes were removed.42 All units (wide- and narrow-spiking units) were pulled for further

analysis.

Firing rates during baseline and laser stimulation periods were calculated on a trial-by-trial basis. Spike trains were convolved with a 5 ms-

wide Gaussian window, to obtain a continuous spike rate.

Laser-responsive units were identified using the ZETA (Zenith of Event-based Time-lockedAnomalies) test.43 The ZETA test is a parameter-

free statistical test that enables testing whether neurons show a time-dependent modulation of their firing rates by an event. The ZETA test

was restricted to the period during the 0.5 s laser stimulation and ran with 100 random re-samplings to identify which neurons showed signif-

icantly light-modulated spiking activity (p < 0.05). To estimate a false positive percentage of the ZETA test, we applied the ZETA test on a

control period without any laser stimulation. The ZETA test was restricted to a 0.5 s period and performed ten times before and between

each stimulation block. Since units recorded in the primary and secondary visual cortices responded similarly to off-target stimulation these

units were pooled.

To calculate the change in firing rate two windows of interest of 200 ms and 500 ms were taken: immediately before (baseline, 200 ms) and

immediately after laser stimulation onset (response, 500 ms). The average of the spike rate trace during baseline and response window were

then subtracted.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics

Details of all n and statistical analysis are provided either in the results and/or in the figure legends. Before comparison of data, individual

datasets were checked for normality using the Anderson-Darling test in MATLAB 2024. Statistical analyses were performed using MATLAB

2024. Asterisks indicate significance values as follows: *p < 0.05, **p < 0.01, ***p < 0.001.
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