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Research on the application of optogenetic tools in learning
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Abstract: Optogenetics represents an advanced technology that facilitates precise control of gene expression and
neuronal activity in living cells through light. Introduced by neuroscientist K. Deisseroth in 2005, this methodology has
transformed neuroscience research, empowering researchers to modulate excitable tissues and neural circuits with
exceptional spatiotemporal accuracy. Optogenetics necessitates the expression of light-sensitive proteins, including

channelrhodopsins, halorhodopsins, and various microbial opsins, within specific cells. Employing viral vectors and
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tissue-specific promoters, these proteins ensure targeted expression. Exposure to designated wavelengths of light
permits these proteins to activate or inhibit cellular activity, thereby modulating neuronal behavior. The implementation
of optogenetics has significantly enhanced comprehension of learning, memory, and neural plasticity. This technology
enables the examination of the molecular dynamics associated with synaptic plasticity, long-term potentiation (LTP),
and long-term depression (LTD), which are pivotal for memory. Real-time manipulating of specific neuronal
populations can elucidate the intricate neural circuits involved in these phenomena. Additionally, optogenetics has
facilitated the exploration of potential therapeutic approaches for neurological conditions such as Alzheimer’s disease
by meticulously controlling memory-associated circuits. The utility of optogenetics transcends fundamental research,
yielding promising prospects in addiction to studies and motor function enhancement. By modulating distinct neural
circuits, it is possible to alter addiction-related behaviors and augment motor functions. Furthermore, the amalgamation
of optogenetics with cutting-edge technologies like artificial intelligence and deep learning is anticipated to refine
stimulation protocols, resulting in more precise and efficacious experimental outcomes. Notwithstanding its
transformative capacity, the clinical application of optogenetics encounters significant obstacles, including the
requisites for safe and effective gene delivery systems and the formulation of light-sensitive proteins with optimal
characteristics for applications in human beings. Future investigations should concentrate on surmounting these hurdles
while expanding the applications of optogenetics in neuroscience and related fields. The integration of optogenetics
with multidisciplinary approaches is poised to unveil new realms in brain research, yielding profound insights into

mechanisms governing memory, learning, and neural plasticity.

Combination of
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and genetics
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= Leaming and memory.
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.

TG AL 2 — R FDOGORKS R RIS AR i ROBIEMEuiEs) Y BEHME R KBS T 2 AR
B PR SRR R AR 2 e G B BT BRI B ¥R @I E B 7, A5 Ernst Bamberg.  Edward
T R 5L 0. #4 RL % K Deisseroth T Boyden. Peter Hegemann. Gero Miesenbock. Georg
2005 FE AR, AU @EE SR, Wi Nagel, L3 EAEE R K7 5148 1 5B 5T Rk
REHMEELE 2 (channelrhodopsin-2, ChR2) RS N, R A B BN R A R A AR



%£6% www.synbioj.com 089

WIS LLIR, BN T A I B A1
N RIS B .

O AR S SR B 4 AL SV 0 o
20 TEA 5 B S R, KO T
MR 12T ChR2 [ B U HLEE 1 Opsins
BINKILETE, 4R 58 LA 4 B A7 T
LA TR B R B )

A2 B M T BB A R
VLS LTI 25 0 0L 40 20 R W BSF AL
e B 1 L L R TR S A AR
P 2 B SR S 2, ST 4 S0 57 12 )
TR S LR o ek O R K
B SR SR 5 ML B 1 0
FE BT T B TR S B0 E S B, T
4048 21 75 50 R 4 25 7 8 B 1L 31 ) 3
i 2,

B 32 0 5 0 9 1 VR 2 0 B
BRI, AT S M 5 4 R 1 22
V. SORSLA AR B 2 TR R IR R, 6
T L B GRS IR 1 S 0 T
R BEOEEREREE ™,

BEAN v AT  Z  (926 HAF
W SR T O IR 2 1 R 9
TRAMIIRERIBE S U7, SRR SRR AR T
LB IR SE (., 969 By VR B 4 22 T
W J SUAE R S RIEZ AL 2 AR
A ST RN, @R AR K
(KR A R AR, e RO T2 420
BOE L L 3T OGRS
L A TR BT LN B e
SRR SLRIIT T R

1 SegfeAEF  Sid a5 h iy fa e

FAMLAL AR P OBE, WA
HEMRI. . A SRR = 2R ER
SR I AR, iac Az 0 73 AR 38 A ylic iz An
A RRVARNE 58 RGNV P PN AR R R RSN b
REJ1, MK HNIZ Y K A5 B ARE = Xtk
L AZ BV JA0 R B2 OB T A e SR Ak w] 284, 0
OB T4 (T O B T4 ) A s 35 e K

WEAZ I T R 75 2245 I8 1) B 53 G 1 0 o 48 D) 6% 1)
B, DUIE MR AR AL BT

Hebb iE N, HHHZNEE « A0 T 1949 415 k42
o, AFER XL R T HE MR R . 1%
SERARI, WA 0 A F B A I Ll i 5
HILFES), JEFEB REBIEMAMET, AX B
R I g . X — R a g8 “ LRk
& oo 3L mag” B,

W BTN, 510 H AR ) 2 1 5 T
ZI0A. R BZ IR SMES: . Xl o 2R i
b RE 5 1)y T AR A BE AL SEB, AT b [ T
ZILASMEAIUB E )R AMIERE . %3485 Hebb
TEAR A, B PEAS [R] B 3% BR 4 28 06 2 (] 1) 32
FRRA . AL, BB AN B 4 T
A. R 5B ZIEMEBME#E %, FRETA 4T
B 152 filh J S B A 3 B0, I e AR Ak A1 2 9% fih 45
(3T TR TR R, K IAE 2 O T R A AR W 2 A
W, AL TN SRS 2 3 R e 2 R 4% o 9B I
LR A B B B A B

Pl 2 3 3o 0 £ 2 5 NI 28 T2 1) 4% 250K IX 43 A TR
(i N AR, I S ol o R e R R X
7 B ) B 2R Ak BTN KD 2 H b R 4
JG. TR B DUKSP R T R s, BoR T
BINFERZ BIFRR BURPEE AN
AR, WORBE A R AR, — e R
WHeT A3 B0 s (225 IR 177 3G Ath 32 422 T 528 ¥ v
K LRI ) . X R AT ALAL 7 04 2t 4
IR T A ER AT TE.

B3 Ca) AT 3 (o) o T B K P 1 N -
YL LA 2 ST AT AZ i 22 ML) ok 25 B4R T
TR R 2 T ERE 280 o 1 3 Ca) 7 1) A ) B N -
73 I B 2R R, AN [ SRR B N B 22 0 T AR
(Al, A2, .., Am) HHEZE (B) KikES, M
M 2 B O b, e s Bz . A
5] (B NAS S 1 B AL, JF i &AL 3 B R B
A ITUEEE (Cl, C2, ..., Cn), SEILZERAbib
H, MTSCRFR 22 MLz gE. ER 1) R
TN B A FAAE 3 AR R R, AN TR SRR B N 42 T
BAEKESETHEE (B) B85, REINEZANH
Frfh & e #EA (C1, C2, ..., Cm) ™, Zifxik
R E S AR, BN A AT BEINR N



090 BRENE H6B

Repeated
stimulation Repeated
onneuron A,  stimulation
neuron R, and  on neuron B
neuron B

) <

Repeated stimulation
from messages enhances
its influence and strengthens
synaptic connection

Neuron A Neuron B

1 REEE R ERE
(B RZRMIZETC AL RAB 22 [ ) 5% fih 322 432 ) ] 308 0o 5 F) o 26 BRRIDSAS B0 588 . 20 AR BRI B S gmAg LA, JF et 7B s HIHL
I BEAR S AR Hebb VAN, W R ANl 48 0 5 % HLIf PR S i 3L (G35 3, A DG T e B 43 20 s, AT 9 v 15 5 A5 B 1) 0O R 8 o
R 5 ) [ RLEE )
Fig.1 Diagram of strengthening synaptic connections

(The diagram illustrates how synaptic connections between neurons A, R, and B are strengthened through repeated electrophysiological stimulations.
This process simulates the mechanism of repeated encoding of information and reflects the fundamental principles of long-term memory formation.
According to Hebb’s rule, if two neurons frequently and closely act together, the associated synaptic connections will be strengthened, thereby

improving the efficiency of information transmission, and enhancing the postsynaptic response.)
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Fig. 2 Specific neuronal synaptic connections enhanced by the Hebb’s rule

(Applications of the Hebb’s rule in synaptic plasticity indicate that repeated activation of specific neurons can enhance synaptic connections,
a mechanism that is fundamental in the processes of learning and memory formation.)
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(a) Input-biased-separated output architecture

[ Different input signals (represented by arrows of varying thickness indicating different input strengths) are processed separately and transmitted
to different output targets. |
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(b) Integration and transmission architecture

(All input signals are integrated at an intermediate layer and transmitted to multiple target neuronal groups.)
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Fig.3 Architecture for signal segregation and integration transmission processing
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GECO)]

(a) The optogenetic toolkit includes the distribution of different optogenetic actuators and sensors across various wavelengths "

[Depolarizing actuators include CheRiff, BLINK-1, ChR2, and PAC-K with wavelengths ranging from blue to green light. Hyperpolarizing actuators
include GtACRI1, Arch, NpHR, ArchT, Halo, ReaChR, Crimson, and Jaws with wavelengths ranging from green to red light. Optogenetic sensors
include voltage sensors (GEVI, VSFP2.3, ArcLight, ASAP, Voltron525, and FlicR1) and calcium sensors (GECI, GCaMPs, R-CaMPs, R-GECOs,
Quasars, Archonl, NIR-Butterfly, and NIR-GECO)]
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(b) Excitation spectra of three major optogenetic tools
(ChR2—blue, maximal excitation wavelength of approximately 470 nm;
NpHR—orange, maximal excitation wavelength of approximately 589 nm;

Arch—green, maximal excitation wavelength of approximately 575 nm)
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(c) Specific activation and inhibition ion channels for different light spectra
[In blue light, ChR2 channels open, allowing potassium ions (K") to enter the cell, along with sodium ions (Na") and calcium ions (Ca*") through
other channels such as CheTA, SFO, and VChRI1, leading to neuronal depolarization. Under yellow or yellow-green light, NpHR channels open,
allowing chloride ions (CI') to enter the cell, causing neuronal hyperpolarization; Arch channels open, pumping protons (H") out of the cell, also
causing hyperpolarization. Other inhibition channels such as Mac, eNpHR2.0, eBR, eNpHR3.0, and GtR3 inhibit neuronal activity through similar

mechanisms. ]
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(d) Specific effects of activation and inhibition channels on neuronal voltage “*

(Activation channels, when activated by blue light, cause the neuronal membrane potential to rise from —70 mV; inhibition channels,

when activated by yellow or yellow-green light, cause the membrane potential to drop from -70 mV.)
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Fig. 4 Optogenetic tools and their working mechanisms
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B
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CS+US CS Ccs

(a) LI BETHEIR: AN RRAEPIRIA RS IZIE R AF T B gtk
[R SR IZ AL AR L <k CF Z 8D 5 2 B Al X (CS + US) , B I 2K 28 (X CS) . A TASMZ AL AE F M72 Y6l 5 LHb-VTA £
SRR (CS + US), S M72 F I (1L CS) ]
(a) Diagram of the experimental design: Mice training patterns under two different memory formation conditions
[ The real memory group uses a traditional pairing of odor (acetophenone) and foot shock (CS + US) , and acetophenone alone (CS only). The
artificial memory group uses M72 light stimulation paired with LHb-VTA projection light stimulation (CS + US), and M72 light stimulation alone

(CS only).]

+ LHb m M72 M72
M72 M72( ]
P P » >
-—/E‘_%\‘_ B "—/\a:‘-h.ﬁﬁ“
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(b) HHZE ] B B0 1]

Gl A I A 2R J s R v RS Bl X 3. RN 7 IR, B0 7 AR AL b £ e R D
(b) Diagram for the neural circuit activation

(The brain regions activated by the two training modalities, indicating similar neural circuits, are activated by different training methods.)

(0) KIW&E Mz R &
(FER AR R GRS B ARICAZ A R B X3, 1 RJG /M CS 1531 Fos ik o JE R ICAZ I p ik 72 v K fidi £ 4 (90 5 3 2240
(¢) Schematics for the brain structure activity
(The expression of Fos in the central olfactory system and regions associated with associative memory one day after the CS induction demonstrates

the changes in brain structure activity during the memory formation process.)
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(e) The enhancement of the expression of
Fos in brain after different memory trainings

(d) 43 A% FLEA 2RI A TiddZ FCSFICS+US
&AM FosFiE AT | &k
(d) The expression of Fos under true memory and
artificial memory for CS and CS+US conditions, respectively
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() Significant enhancement of the expression of
Fos in the basolateral amygdala (BLA) in mice with
real and artificial memory formation
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=
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(g) The enhancement reflects the learning-specific
activation associated with specific memory formation
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(h) £ F &AM T BFosi% S
(BBXEEFosiIRIE, XEEG#H—PIESL TBLARBE S ST MCIZ A+ R ER)
(h) Induction of the expression of Fos under different conditions
(The white areas represent the expression of Fos, further confirming the critical role of the BLA region
in learning and memory formation.)
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Fig. 5 Artificially inserted memories and actual memories are encoded by the same neural circuit "'
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