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Figure 1 Principles and implementation methods of optogenetics in neuroscience. (a) Targeted excitation (as with a blue light-activated channel
rhodopsin) or inhibition (as with a yellow light-activated halorhodopsin), enabling cellular-specific stimulation [4]. (b) Cell-type genetically targeted
investigations enabled by all opsin-expressing neuron activation via widefield illumination. (c) Targeted investigations enabled by selective activation
of a specific pool of neurons via light-targeting strategies. (d) Timeline indicating critical optical developments that have enabled new optogenetic
experiments throughout the past 13 year [5,6], with blue indicating single-photon-based advances and orange indicating two-photon-based advances.
In 2007, in vivo optical stimulation was first achieved using an optical fiber [7]. In 2008, holographic light shaping was introduced for neuronal
activation [8], followed in 2009 by two-photon holographic stimulation based on spiral scanning [9]. In 2010, spiral scanning enabled two-photon
single-cell activation [10], and in 2012, in vivo holographic multiplexing allowed rapid multi-target spiral scanning stimulation [11]. By 2014, all-
optical manipulation of neural circuits was realized with both single-photon and two-photon approaches [12]. In 2016, scanless two-photon multi-
target stimulation was demonstrated [13]; and two-photon holographic optogenetics based on SLM enabled imprinting and recalling of cortical
ensembles in vivo [14]. In 2019, two-photon in vivo single-cell and ensemble manipulation revealed functional roles in perception and behavior [15—
17]. In 2020, all-optical interrogation of multiple targets in vivo [18-20], and in 2022, patterned optogenetic stimulation was successfully implemented
in mammalian tissues [21].
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Figure 2 (a) Schematic representation of 1P and 2P excitation
processes [36]. Left, Jablonski diagram of 1PE; right, Jablonski
diagram of 2PE. (b) Spatial opsin activation: left, diffuse 1P
illumination (blue) sparsely activates superficial opsins (green); right,
localized 2P focus (red) enables efficient deep-tissue activation.
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Figure 3 Serial and parallel single-photon photostimulation modes
and their implementation techniques. (a) Schematic representation of
the serial photostimulation of a series of neurons. (b) Optical scheme of
scan-based light targeting techniques [12]. (¢) Schematic representation
of the parallel photostimulation of a series of neurons. (d) Optical
scheme of projection-based light-patterning techniques [22].

BRI 22 RG] 48 B0CE SO M B AR R S5 e 37 R 4%
WX AT IR, Rl B 7 S
RFREDCE S, Z0NEEH FREHSA R
B8, SR RN i v B R A AT R R A
wARF, Iz T A D RERT 5T K £ T 1 1)
A R, JRAT IR BOC IR K R YRR E
VA BOmESR, HAE AAR s 20, st m
WA RO BE R, T KIRIRTT S BOe 2.

3 SOPMERBATARMERBARER

TR AL A RN RIS A 227 B D RE S AR S AL
HFEHE TR B AERE BOR AR T, HOL TOLIRfE
LR R R . DhRFTRAC, ATSRIRTE DT
RS, KIEM S G TEsh R b S s
A, AR RE BT B BB LR H AT,
FOLT RGURE W AL AD J 8] RUBE A R i 2K B
L, AR TR AR B )RR T TR B
W R, 52T RtBAL AL, Ot T R 4E
FH R RIS AR T B 5 PR DR B2 AR, JF HAREwsfE
TP L [F R 2 ph e e inE4pTR, H
HI CUR R H 22 Pl SRR BOR NS, H AT 3 2R DR

240002-4



LSS, T E R B )% RO

2026 £ HsS6E 4

(b) EERE OUHERI () =#HIr
FEALTIR)

V- 4 QT

(a) FRE

—‘j 5
B4 oy ERRMAOERS K. () ARSI SR
ARSI BIRE RN A FIRLE. (b) HERE A 4E
S, MR TR A (BDE R  SR AT IRIE . (o) THEMLA: 4
A, T 2 T Dl A ) s AT A L U 7 A 2 A B
RHRER L R 77 sUEE 17, Bl e B %, (d) =482t
BEALYT IF 6 R B3 D-MAPJ; i
Figure 4 Classification of single-photon patterned photostimulation
[51]. (a) Using galvanometer guidance to direct a focused beam onto
different locations within a sample. (b) Direct projection method
generates 2D patterns, with amplitude modulation via a top spatial light
modulator. (c) Computer-generated holography creates holographic
patterns, where phase modulation via a top spatial light modulator

redirects the energy of multiple individual beams in an efficient way. (d)
3D-MAP method.
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Figure 5 Principal of DMD fuction and integration of a DMD into the
photostimulation light path. (a) Two DMD mirrors with one mirror
(right) in the “off” position and the other (left) in the “on” position.
Each micromirror reflects the light either toward the projection optics or
toward a light absorber [64]. (b) Schematic drawing of the light path for
the DLP photostimulation system using a laser and the DMD to reflect
light onto stimulation sites on the slice.
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Figure 6 Principle and functional validation of 3D-MAP technology [50]. (a) A collimated laser beam illuminates the surface of a DMD with a
custom illumination angle set by scanning galvanometers. The DMD is synchronized with the scanning mirrors to match the 2D mask of the spatial
aperture to the illumination angle. (b) A focus generated by CGH stimulates the targeted area in focus but also stimulates non-targeted areas. 3D-MAP
can stimulate only the region of interest (ROI) and avoid non-targeted areas by closing the amplitude apertures along propagation directions that
project to non-targeted areas. (c) Left: 3D mapping by a single focus. Right: simultaneous stimulation of multiple foci. (d) Comparison of the actual
synaptic response by simultaneous stimulation of ROIs 1-5 in (c) (blue) with the response calculated by linearly summing when stimulating ROIs 1-5
individually (red).
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Photostimulation and optogenetic manipulation, by precisely controlling wavelength, light intensity, and spatiotemporal
distribution, offer a noninvasive, high—precision tool for life-science research. To meet diverse application requirements,
precise photostimulation strategies have become increasingly varied. Compared with conventional microscale
manipulation methods such as electrical stimulation and pharmacological delivery, optical stimulation not only enables
targeted single—cell control but can also be integrated with microscopy to monitor cellular or tissue dynamics in real time
during stimulation, and has thus seen widespread application in neuroscience and cell biology. This review systematically
summarizes advances in high—resolution optical stimulation techniques, presents the principles and characteristics of the
two major technical routes—scanning-based and parallel-based—and provides a detailed evaluation of implementation
methods under both single-photon and two—photon excitation. Finally, future development directions are discussed to
provide a comprehensive technical reference for researchers in related fields.
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