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Fig.1 Schematic diagram of light flicker stimulation scheme

(a) Flowchart of experimental procedure. (b) Schematic diagram of light flicker stimulation device. The apparatus comprises a light-tight wooden box,

soundproofing cotton, LED bulbs and a signal generator. (c) Schematic diagram of light flicker stimulation at different frequencies. The LED bulb is

controlled by the signal generator, enabling it to flash at distinct frequencies: 20 Hz (25 ms on /25 ms off), 40 Hz (12.5 ms on/12.5 ms off) and 60 Hz

(8.33 ms on /8.33 ms off).
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Fig.2 Flowchart of in vivo electrophysiological visual stimulation program

(a) A sample stimulus map used to assess changes in mice V1 neuron activity, orientation tuning and information processing capabilities. (b) A sample

stimulus map used to assess changes in the contrast sensitivity of mice V1 neurons.
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Fig. 3 Effects of non—invasive light flicker stimulation on neuronal activity

(a) A schematic diagram of multichannel electrophysiological experiment in vivo. During recording, the electrode was inserted to depths ranging from
600 to 1 000 um, and the display screen presenting raster stimulation was placed 30 cm from the eye opposite the recorded brain region. The upper
right corner illustrates a schematic representation of neuronal firing. (b) A schematic diagram of neuron classification. After processing the original
neural release data, neurons were sorted into individual neurons using Offline Sorter software for subsequent analysis. The baseline is indicated in
yellow, while green and blue represent two distinct neurons. (c¢) The change of spontaneous response of single neuron in V1 of 20 Hz group. Control:
n=5, 165 cells; 20 Hz: n=5, 60 cells; 6=—0.61; Mann-Whitney U test, P<0.000 1. (d) The change of spontaneous response of single neuron in V1 of
40 Hz group. Control: n=5, 165 cells; 40 Hz: n=5, 110 cells; 6=-0.38; Mann-Whitney U test, P<0.000 1. (e) The change of spontaneous response of
single neuron in V1 of 60 Hz group. Control: n=5, 165 cells; 60 Hz: n=5, 70 cells; 0=-0.58; Mann-Whitney U test, P<0.000 1. (f) The change of peak
response of single neuron in V1 of 20 Hz group. Control: n=5, 165 cells; 20 Hz: n=5, 60 cells; =-0.26; Mann-Whitney U test, P<0.01. (g) The
change of peak response of single neuron in V1 of 40 Hz group. Control: n=5, 165 cells; 40 Hz: n=5, 110 cells; 6=0.03; Mann-Whitney U test, P=
0.625. (h) The change of peak response of single neuron in V1 of 60 Hz group. Control: n=5, 165 cells; 60 Hz: n=5, 70 cells; 6=-0.14; Mann-
Whitney U test, P=0.090 5. The above data are expressed as Mean+=SEM. **P<0.01, ***P<0.001, ns, no significant difference.
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Fig. 4 Effects of non—invasive light flicker stimulation on neuronal orientation tuning

(a—d) A sample diagram depicting the orientation tuning curves of a single neuron from the Control (a), 20 Hz (b), 40 Hz (c) and 60 Hz (d) groups. It
demonstrates that the closer the end of the tuning curve is to the peripheral edge, the more sensitive the neuron is to orientation. The label “Opt.Ori”
indicates the neuron’s preferred orientation, determined by fitting a double Gaussian curve. (e) The change of orientation tuning ability of single
neuron in V1 of 20 Hz group. Control: n=5, 165 cells; 20 Hz: n=5, 60 cells; 6=0.35; Mann-Whitney U test, P<0.000 1. (f) The change of orientation
tuning ability of single neuron in V1 of 40 Hz group. Control: n=5, 165 cells; 40 Hz: n=5, 110 cells; 6=0.17; Mann-Whitney U test, P<0.05. (g) The
change of orientation tuning ability of single neuron in V1 of 60 Hz group. Control: n=5, 165 cells; 60 Hz: n=5, 70 cells; 6=0.32; Mann-Whitney U
test, P<0.000 1. The above data are expressed as Mean+=SEM. *P<0.05, ***P<0.001.
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Fig. 5 Effects of non—invasive light flicker stimulation on contrast sensitivity of neurons
(a) The change of contrast threshold of single neuron in V1 of 20 Hz group. Control: n=5, 59 cells; 20 Hz: n=5, 49 cells; 0=—0.05; Mann-Whitney U
test, P=0.613 0. (b) The change of contrast threshold of single neuron in V1 of 40 Hz group. Control: n=5, 59 cells; 40 Hz: n=5, 102 cells; 0=-0.27;
Mann-Whitney U test, P<0.01. (c) The change of contrast threshold of single neuron in V1 of 60 Hz group. Control: n=>5, 59 cells; 60 Hz: n=5, 74
cells; 0=-0.25; Mann-Whitney U test, P<0.05. (d) The change of C;, of single neuron in V1 of 20 Hz group. Control: n=5, 74 cells; 20 Hz: n=5, 54
cells; 6=-0.01; Mann-Whitney U test, P=0.323 3. (¢) The change of C; of single neuron in V1 of 40 Hz group. Control: n=5, 74 cells; 40 Hz: n=5,
5, of single neuron in V1 of 60 Hz group. Control: n=5, 74 cells; 60 Hz: n=5,
74 cells; 0=-0.20; Mann-Whitney U test, P<0.05. The above data are expressed as Mean=SEM. *P<0.05, **P<0.01, ***P<0.001, ns, no significant

112 cells; 6=—0.30; Mann-Whitney U test, P<0.001. (f) The change of C.

difference.
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Fig. 6 Effects of non—invasive light flicker stimulation on neuronal information processing

(a) Schematic diagram of neuronal response variability. (b) The change of Fano Factor of single neuron in V1 of 20 Hz group. Control: n=5, 165 cells;
20 Hz: n=5, 60 cells; 0=-0.42; Mann-Whitney U test, P<0.000 1. (c) The change of Fano Factor of single neuron in V1 of 40 Hz group. Control: n=5,
165 cells; 40 Hz: n=5, 106 cells; 0=-0.27; Mann-Whitney U test, P<0.001. (d) The change of Fano Factor of single neuron in V1 of 60 Hz group.
Control: n=5, 165 cells; 60 Hz: n=5, 70 cells; 6=-0.40; Mann-Whitney U test, P<0.0001. (e) The change of SNR of single neuron in V1 of 20 Hz
group. Control: n=5, 165 cells; 20 Hz: n=5, 60 cells; 0=0.62; Mann-Whitney U test, P<0.000 1. (f) The change of SNR of single neuron in V1 of
40 Hz group. Control: n=5, 165 cells; 40 Hz: n=5, 110 cells; 6=0.45; Mann-Whitney U test, P<0.000 1. (g) The change of SNR of single neuron in V1
of 60 Hz group. Control: n=5, 165 cells; 60 Hz: n=5, 70 cells; 6=0.72; Mann-Whitney U test, P<0.000 1. The above data are expressed as Mean+

SEM. **¥*¥P<0.001.
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Fig.7 Effects of non—invasive light flicker stimulation on neuronal noise correlation

(a) The change of noise correlation between neuronal pairs in 20 Hz group. Control: n (the number of mice)=5, n (the number of neuron pairs)=2 878;

20 Hz: n (the number of mice)=5, n (the number of neuron pairs)=677; 6=-0.13; Mann-Whitney U test, P<0.001. (b) The variation of neuronal noise

correlation with distance in 20 Hz group. (c¢) The variation of neuronal noise correlation with firing rate in 20 Hz group. (d) The change of noise

correlation between neuronal pairs in 40 Hz group. Control: » (the number of mice)=5, n (the number of neuron pairs)=2 878; 40 Hz: n (the number of

mice)=5, n (the number of neuron pairs)=550; 0=—-0.19; Mann-Whitney U test, P<0.001. (¢) The variation of neuronal noise correlation with distance

in 40 Hz group. (f) The variation of neuronal noise correlation with firing rate in 40 Hz group. (g) The change of noise correlation between neuronal

pairs in 60 Hz group. Control: n (the number of mice)=5, n (the number of neuron pairs)=2 878; 60 Hz: n (the number of mice)=5, n (the number of

neuron pairs)=445; 6=—0.08; Mann-Whitney U test, P<0.01. (h) The variation of neuronal noise correlation with distance in 60 Hz group. (i) The

variation of neuronal noise correlation with firing rate in 60 Hz group. The above data are expressed as Mean+SEM. **P<(.01, ***P<0.001.
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Abstract Objective As the central hub of the classical visual pathway, the primary visual cortex not only
encodes and processes visual information but also establishes dense neural circuit connections with higher-order
cognitive brain regions. Numerous studies have shown that 40 Hz flicker stimulation can induce y oscillations in
the brain and significantly improve learning and cognitive impairments in patients with neurodegenerative
diseases. Moreover, flickering light phenomena naturally occur in daily environments. Given that the primary
visual cortex serves as the brain’s first cortical hub for receiving visual input, it is essential to comprehensively
understand how non-invasive light flicker stimulation modulates its information processing mechanisms. This
study systematically investigates the effects of non-invasive light flicker stimulation at different frequencies on
the functional properties of neurons in the primary visual cortex of adult mice, aiming to uncover how such
stimulation modulates this region and, consequently, affects overall brain function. Methods Three groups of

adult mice (approximately 12 weeks old) were exposed to light flicker stimulation at frequencies of 20 Hz, 40 Hz,
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and 60 Hz, respectively, for a duration of two months. A control group was exposed to the same light intensity
without flickering. Following the stimulation period, in vivo multi-channel electrophysiological recordings were
conducted. During these recordings, anesthetized mice were presented with various types of moving sinusoidal
light gratings to assess the effects of different flicker frequencies on the functional properties of neurons in the
primary visual cortex. Results The experimental results demonstrate that two months of light flicker stimulation
at 20 Hz, 40 Hz, and 60 Hz enhances the orientation tuning capabilities of neurons in the primary visual cortex.
Specifically, 40 Hz and 60 Hz stimulation improved contrast sensitivity, whereas 20 Hz had no significant effect.
Further analysis revealed that all three frequencies reduced neuronal response variability (as measured by the
Fano factor), increased the signal-to-noise ratio, and decreased noise correlation (r,) between neurons.
Conclusion Non-invasive light flicker stimulation enhances orientation tuning (e.g., orientation bias index) and
contrast sensitivity (e.g., contrast threshold and Cj,) in neurons of the primary visual cortex. This enhancement is
likely due to improved information processing efficiency, characterized by reduced neuronal variability and
increased signal-to-noise ratio. These findings suggest that the primary visual cortex can achieve precise and
efficient information encoding in complex lighting environments by selectively adapting to different flicker
frequencies and optimizing receptive field properties. This study provides new experimental evidence on how
various types of light flicker influence visual perception and offers insights into the mechanisms through which

specific frequencies enhance brain function.
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