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Abstract: In scientific research, it is often needed to knock in, knock out, knock down, or overexpress a specific
gene in model organisms or specific types of cells to achieve precise regulation of experimental independent
variables. In this case, various transgenic mice are required. The cyclization recombinase (Cre) can directly interact
with different loxP (locus X over P1) DNA sequences without any cofactors to perform specific gene knock-in or
knock-out at specific targets. Because of its advantages of simple action principles, high spatial specificity, and
high reorganization efficiency, the Cre—loxP system is widely used in scientific research. Furthermore, the CreERT2
system (mutant of the fusion protein of Cre and estrogen receptor ligand binding domain) and the tetracycline (Tet)-
on/off system, derived from the Cre—loxP system, have made the recombination of the target gene occur in temporal-
specificity on the basis of spatial-specificity. This dual specificity of time and space is indispensable for research
in specific directions such as fear memory and engram cells on the basis of reducing the impacts on experimental
animals. Therefore, these derived systems have broad application prospects.
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1 Cre-loxP ZZHIARK T
1.1 Cre

Cre 72 FH W B 4 P, 256 (R 4 7 4 9 1 029 bp (base
pair) (1 DNA F Be4m i i) i 343 & L B 41 % 1 2
Ji, 3T BN 38.5 kDU, 1% 5 /0N 1) R 35k i 445 74
S RN R PR R Sk iy 45 AL A2 R, 2 A5 A3k TR e 1A
T AHE, TE45 6 0 AUR B BT 77 450, re 5 A
R (deoxyribonucleic acid, DNA) 4T A 1) K/
VAL 7E oy ek . 7R E AL FE R ARG 5 P A
WA G, R PR B 55 X 35 72 3 K i 5 DNA 1) 45
EBHEA KR, NiRRSE X R,

CreJ8 TANW MR A SRR, A
E FH 5 € DNA JF 51 I AN 75 ZEAT o] oAt B 5 A% T
% S5 40 B K 7 192 5 DL AN BA I FE B = 1R A,
[F I, Cre B2 5 B & 7 51 o B %€ AL E 5K,
T 5 A% 20 6 B i v 36 98 5 R 4 0 N 4 AR, aX
—ReME RV 2 R A2 B U A R, 72 Cre
13 UL AR /D RS LR A B BN 3 1R
SEHATA R G R B A
1.2 LoxP /&%

LoxP /3 41 /& I\ K i AT 18 P, W 1 44 & B0 i)
34 bp ) DNA £ 41, B 24> 13 bp I 2 [ 5 & 5 51 F o
5] 8 bp (18] [ 77 51 20 i, 72 Cre FIHE S 1 15U 25 & 4r
Ro IR 24N oxP [F 41 (1 7 1A R B O R pkse 7 b (a]
HAREER B ffrdniz (B 1),
1.3 Cre5loxP FHIHIEEER

£ 5 DNA (AR EAE FH, Cre 6/ A EWEHE5 1)
YEH FIE R Cre LA RGIY SR /K . 12)iE B.D.J 5 DNA X
WEEE; M P aE BAYIRIEER SRR (tyrosine,
Tyr) 324 5% HE, Jy Cre 19 32 BLiG 14 oty 18 K IR &
I% (histidine, His) 289 FIFE Z IR (arginine, Arg) 292 5% %
Z 58N, 4 DNA K B AZLE loxP T 5, Cre
5 DNA [F2E 1R KN, 5 BE4F 5 1 1R 51 loxP /77 %71
DL 56 6F 2 4> 1oxP 72 41 [A] Y DNA v Bedi AT H4H .

Cre /15 24> loxP 7 41] [H] ff) DNA Jv Bt #4115
A HAIE AR . AR loxP 7 41 (67 B B 7 1), EE4H.
A4 R 3G LT O a1 2R 2 4 oxP JF AL T 1R 1 5%

|

ATAACTTCGTATA

A TGTATG C

DNA 5% I, HJ7 [ AH[HE, Cre 887 V) 2 4> 1oxP 7 4
(B ) DNA H Bt @ Wi 24> loxP 147 T [7] 1 4 DNA
B b, HJ7 A, Cre B8 H 2S5 24> 1oxP [5 51 5] )
DNA Fr Bz, @t B 2 4> loxP & 41 23 AL T 2
DNA #f 8i Js tfk I, Cre BE 3 2 3 2 % DNA 8 1158
sl YL AR 1K 55 47
2 Cre-loxP AGE /MR IARAMEE
2.1 Cre.loxP @& /R

FIH /N B BB T 41 B9 (embryonic stem cells, ES
cells) FT ¥R+ AR, ot J5 4 @2 264 19 loxP K& Cre /N, FF
HHATAZHC, MM 133554 Cre-loxP RS IER/N R .
211 HWEIxPHEENR HWEHSHR-FIET
il ~1oxP— H ) 5 K] - 1E §ifi b 1c 5 Bl ~1ox P [F] Y55 41 -
i ARICEE K=" (24N loxP ¥ 41 [A] 1), 22 FH 1 3 IR g 4%
8~ [F 5 I 51| ~loxP—stop—loxP— B [ 3 K - IF i b ic
IRl = [7 5 41— 61 i A 1 22 (KL= (2 A LoxP /7 B[R] 1), £
TR RN R AT R IE) 1 DNA H BAE AT
BA . K% DNA J B HLEE L S 00 S B0 33 8 e
&7 TN ES 4 Mo, B A IE 47 0 % v 3 5 1% DNA
BRIV A I ES 40 . R 07 128 HA 1X ES 40 P S8 A
SNNRBEM T, FR SR R NS NR T
BN, SRR A FEIREAS TR A AN R KR E
/N BRS B AR B /N BR A 2Z, FF T DNA Bl i% H &[]
BEREFINRETDIR, BRET /DRI, 155
loxP JFFI 44 /N
2.1.2 ME Crefi& /R DAWE B A& P, 5 K 4
W, &t g1 P, it 3G i X B A5 B Cre B A
B, Mg L~ A5 FF 51 -Cre— 1E 07 AR 10 32 R - [R5 5 41—
7 A 10 R = PR 4T B 2 Ak, 1) 4 2 1oxP 245 /)N B
1713545 Cre 4 &/, EA 73 2R 26141 Cre /N

B B AE Cre J5 471 Bl 0N 4H 23 55 40 B e S5 1k 1) 32 1]
JE B, AT A SRR %R S M DN ) A 23 4 A R
AR N G S IR T 5 0% 8 3 T A ELVE L DLJE B
Rl 2R 1A, Btk Cre 7545 78 B ZH 23 40 i 9 3Rk, it
3R A3 25 2F 1 Cre /N B, BISEIL T Cre-loxP R G K=
e PE . 3R 1 HI2 T LA FH I 2 o0k =
¥

TATACGAAGTTAT

\J

TATTGAAGCATAT

T ACATAC G

ATATGCTTCAATA

Figure 1 Schematic diagram of primary structure and cleavage sites of a locus X over P1 (loxP) sequence. A, T, C, and G represent the

sequences of deoxynucleotides from the 5' end to the 3' end in the primary structure of a single loxP sequence. Purple arrows indicate cycli-

zation recombinase (Cre) specific cleavage sites
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Table 1 Neuron-specific promoters

Promoter

Neuron specificity

Vglut2 (vesicular glutamate transporter 2)

Cambklla (o subunit of Ca?'/calmodulin dependent protein kinase I1)

Gadl (glutamate decarboxylase 1)

Vgat [vesicular y-aminobutyric acid (GABA) transporter]
Th (tyrosine hydroxylase)

c-fos

Are (activity-regulated cytoskeleton-associated protein)
Pv (parvalbumin)

Vip (vasoactive intestinal polypeptide)

Glutamatergic neurons
Glutamatergic neurons
GABAergic neurons
GABAergic neurons
Dopaminergic neurons
Active neurons

Active neurons

PV positive neurons
VIP positive neurons

2.1.3 23 KAERIRIAEE CreloxP /D B 4238, AT
733 Cre-loxP #HEF/NR . LoxP 44 /N R 5 AR 2%
PE Cre /N B AR AZ 3R 45 58 MR L DR/ B, B/ BT A
Y1 N I AFAE Cre—loxP R 4E; 5 5% ATV Cre /N B AR AT
IRAF AT PR BE RN B, BV A 7R E I 2 2 i
{E1E Cre-loxP R4, SEIL KA1 2k R 4 4
22 Cre/MRE5IAERS

M L3R 2858 1) 77723845 Cre—loxP /)y B A 72 55
WAL, FoAT S50 A K L A 5 PR MR B2 R A5 i
W 0 75 1 KR, BRI 22 ) S N D I R AE 2%
1% Cre /I R 145 58 30357 V8 5 455 17 LoxP 7 71 A H (1 2k
AR B R B, o K AN 5] 1 4 S5 K R 2, 45
RNA - a A% 2 A 5 10 4% 22 S5 HOR SEEL 2 i R
TP L DR i 4, T B RN RBAIG i Rk 4

TERAF A Cre 2l /N RS, #4“~loxP-stop—
loxP- H 15 K - 45 1d 2 =7 (2 4™ LoxP J5 41 [A] [)) B%
“—1ox2272-1oxP- H ] % | ¢ [ [ 4] ~1ox2272-1oxP-
FRic & K=" [10x2272 A Cre B 4H A7 45, H loxP 751 24
AL AT R 2 4> 10x2272 2\, 2 4 loxP e ).
%1 FX DIO (double inverted orientation) JGF] DNA F B .
4 DNA Jr BUF N0 25 800, 38 8 I AH 9%
(adeno-associated virus, AAV). 7E§F 2 780 v 3t #5 5
H R 7 B AAV, FIH AAV 12 et 28 70 it & 1)
J5T HE DNA #E N 15 = 2 i A% A2 ) s XUE DNA Ui 25
T 40 A b O B S BRI R A 1 H ) DNA 7
NVE S X33 40 2 76 ), Cre 76 20 23 20 i 45 5 1
JE BT HIAE R AT SR A A R R Ak, RS T AE E AN
1% TP IR 9 B WUEE DNA T BOPE SR A1 Cre 1 FH R 5k
B 75 TR e 1 1) 8 AT G

T3 BE A5 T 10 B 1R 25 DRI A A 2 8 A% 2 i 4
22 J0E TR IR 58 25 W) W0 1) 32 A (designer receptors
exclusively activated by designer drugs, DREADDs) &
I8 AR 2 5 R 4 o TR R D BRIl TE R .
KERXREHWERHE TEAR T N-ANUY
(clozapine N-oxide, CNO) BY, i J'6/35 Y6 1 1) 3 R 4% 34

T BRI UO g BE A T Y E A 2 R AT DA Ca R
Bt R R PR R b 22 368 ST AR B A5 D S FR A 7R, AT
5% — R i X B 22 T IR Ca?t B HLAE DA K i 8 34
Jo S AR A
23 LoxP/NE5TERSE

5 Cre/INRIBCA T B 8 )58 BT, 75 3K 15 loxP
ai G /ANR G, K- H VR R A% S 3 F -Cre—" ) DNA
J BN R PR A A S B H bR
X 42k, {55 B B G loxP /)N BRUFF € A7 . H T Cre fE4H
SURF R R B 7 10 B R R TE R 8 R B Gl i rp Rk
HOR A 5 /N B loxP 7 AR, SR BLTE 4 25 B 41
Hh R AT SR R R 4%
24 Cre5loxP TERSE

a3 R R 4 - 2 SURE R 1 R Bl F - Cre—frid Bt
Kl =75 “-DIO- H ) & K - b5 ic 2% R -7 1) T 2 35
AAV, 75 57 A BN BRI R 52 A7 3 R S B0 2 B
T, (ERF M B B0 T RSB N SEI Ak AR RS IR R 4%
3 CreloxP ZAZEHITE RS

£ Cre—loxP Z 4t th ML, B2 5@ i iz R gi it
A7 GRAR 5 B B R A T S IR AR ) A M S R R A
W R g, HoHh 4 o] CAYE RS () AT R R v T
Cre & % FE X 9 18 T BE i CreERT2 R G AU IR £ (tet-
racycline, Tet)-on/off R4t. CreERT2 £ ¢ A #l 1% J5 /K
P b 1 45, Tet-on/off & 5 52 £ 5k K P L1 4% .
CreERT2 il Tet-on/off [ 3= T 4 1A BLLE I 8] 465 57 14
|, 3X 5 Cre-loxP & 4t B A 173 [ 4 71 (44840
Rr 5 M) T2 SR B 1 HLAME L, 78 7 B H O RN R
AR HEAT IR R] b R A A 2 B BT AR R G
3.1 CreERT2 &%

Z RGNS Cre 5 N 3244 (estrogen receptor,
ER) [HfciA45 41X (ligand binding domain, LBD) A&,
3 VBRI Y B AL T ISR (Y Rl B A CreER.
ZEAAGEANMMR, WO EHYRE. RA MRS
)5, MlE [ Cre A 8 I ¥ S AR A0 A 8 2R (1 VR e 2
190 (heat shock protein 90, HSP90) % & 3k, F+1E
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H S 1%0E A5 SRR 3k N A%, 1305015 3 DNA
R loxP AL R R AE A . KRR A TT DL aE I 4 )
PR I 45 2T TR), 523000k [R] i 2 B )R S 1 D R 428

N T dRE G VR T ME CE 1 T, £ CreER [
ER-LBD fif 1 /> 5 5848 (G521R) #t 7T 43 2 W i )& 41
YN A 1 E V3R S L) i 5 55 (tamoxifen) Al
4-F5 K Ath 3L & %5 (4-hydroxytamoxifen, 4-OHT) i 5
[¥) 9 5 A, iy 4 >N CreERT. Tfii 75 — Fh CreER %42 {4
BEAE B XS 4-OHT (1 8O PE 128 15 T CreERT, 1X Fh R A2
A5t /& CreERT2 (&1 2), H: ER-LBD H1 7 4E 3 4N 55 5275
C400V .M453A F1L544A02 1T,

3.2 Tet-on/off R%

%R GRIET KA B Tnl0 # )% 1 PR &R
BT, 2B T E B E VU R E & A (tetracy-
cline repressor protein, tetR) 5 I 3£ & #: 2\ T DNA F
%l (tetracycline operator DNA sequence, tetO). =441 B
WG Tet B H AT A58 /185 2 (doxycycline, Dox) f7-1E
I, tetR 5 tetO 45 &, FLIE DU R PUIER KI R IE; k2,
2 Tet 8¢ Dox /£ 7E B, BN Tet fil Dox 5 tetR 7 # & )
SEAIE, P tetR £ IR 25 4 R AR 2038, JF M tetO |
fil S, 36 B tetR X DUPA 2R BRI\ 1 WO B il b, (6 DU A 3R
A EARE. T IEE, AIET T 2R A1
EEREAE RS
3.2.1 Tet-off R4 (& Tet\ Dox Bf H I EERIX) 1%
F 40 & B FE DU IR 2 % S0 TR 1 (tetracycline tran-
scription activator, tTA) 5 VU 3£ 2 Jx N G fF (tetracy-
cline-responsive element, TRE). tTA f $f tetR X Al
VP16 [X, tetR [X J9 P4 34 5 BH & 5 [ [ DNA 45 75 [X;
VP16 [X Jy 52047 0K T 29 B VP16 [ 5% S B0 X35
TRE 7 tetO X .PminCMV (minimal cytomegalovirus

(Promoter ) [CreJERTH DNA

Stop

promoter) X1 Cre [751. tetO [X H 74> BAHZEN tetO
(tetO7) J7 HI 4 %, 5 (TA H [ tetR X &5 45 ; PminCMV
Xy /s ELAI 0 75 015 81, B B 3h S RE
JIRAG . M A7 E Dox B, 51 2 tetR X AZ 14, tTA A
it 5 TRE 45 &, PminCMV [X B & AN 2 LU ) Cre #
Ko 2L R Dox I, tTA H1 Y tetR [X 55 TRE H1 ] tetO
X 454, £ VP16 [X 5 PminCMV [X [ 3L [ /E F T~ J5 2l
Cre FIH 3% (3 .4)e181,
3.2.2 Tet-on &% (5 Tet.Dox B B ERE FRIE) %
48 F A VYA R K BOE R (reverse tetra-
cycline transcription activator, rtTA) Il TRE. 4 Tet-off
ARG 2, rtTA B4 [ X tetR (reverse tetracycline
repressor protein, rtetR) X A1 VP16 X, rtetR & H tetR 1]
AN R IR R ARSI, RABJG H =AM B %
5 tetR 5E A« WA M A7 1E Dox B, rtetR 7
Dox IEH T A4 1l 5 tetO X &5 &, Ji 3l Cre B 3%, 4
Bl T i B DR g 4B o LN TG Tet/Dox I, rtetR X AN fig
L tetO X454, Toik)a 3 Cre s (] 5)1020,
4 NAZG

A ERBRAIE Cre-loxP R4t M HATAE REAE
22N P TTI  FRAH 56 R
4.1 FMHEBHGIIRR

S & N-H 2 -D- R & Z % % A& (N-methyl-D-
aspartic acid receptor, NMDAR) FH W75, w4 5] 42 A
A A 7 2 (medial prefrontal cortex, mPFC) il 4h 4+
GATR KT ISR b T B 1) 8 0, AFL 2 5 Ak A 8 A A N 5
2 W = A AR B AR A BB 1 AN TE R . 2020 4F
HIS £ K 27 [ 24 58 Gerhard 2512145 £ RNAI (ribonucleic
acid interference) £ R Ml Cre-loxP & 4t, F| A #4 H 1
F K] Glun2b shRNA (GluN2B: NMDAR (] 1 /™ % ;

HSP9(D

&reER

Target gene expression

f |
DT> @rromorcipfinersei] —— - | {>@Promoteififvet g

LoxP LoxP

LoxP

Figure2 Schematic diagram of CreERT2 (mutant of the fusion protein of Cre and estrogen receptor ligand binding domain) system. CreERT2

is expressed under the action of tissue-specific promoters and binds to heat shock protein 90 (HSP90) in the cytoplasm, does not enter the

nucleus, and the target gene is not expressed. CreERT2 dissociates from HSP90 under the action of 4-OHT (4-hydroxytamoxifen), and

enters the nucleus for gene editing. Stop: Stop sequence that prevents expression of the target gene
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shRNA: short hairpin RNA) 195 & 34K A Camkllo (a Cre. Gadl (glutamate decarboxylase 1)-Cre /)N i, 45 5%
subunit of Ca?*/calmodulin dependent protein kinase II)- PEHLEUIS T mPFC 4 2R e #1142 76 A1 GABA (y-amino-

§ !

> combination

TP

® .
N collaboration

l tetO7 =¢
[ ) (oo o
@ .

Target gene (Cre) expression

Figure 3 Schematic diagram of Tet-off system composition. The Tet-off system includes two parts, tTA (tetracycline transcription activator)
and TRE (tetracycline-responsive element). Among them, tTA includes tetR (tetracycline repressor protein) region and VP16 region; TRE
includes tetO7 (7 repeats of tetracycline operator DNA sequence) region, PminCMV (minimal cytomegalovirus promoter) region, and target
gene region (ie, Cre). tetR region can bind to tetO7 region in the absence of doxycycline (Dox), and initiate the expression of Cre under the

action of VP16 and PminCMV

@
G 2l

tTA

AL mRNA

T tTA
gne i7p

Cre expression
tTA

VP

tetO7 PminCMV E3

tet07 PminCMV [Cre]]

Figure 4 Schematic diagram of Tet-off system. The expression of tTA under the action of a specific promoter. When Dox is present in the
cells, tetR region binds to Dox but not tetO7 region, and Cre cannot be expressed. When intracellular Dox is eliminated, tTA and tetR bind to

TRE tetO7. Then under the action of tTA VP16 region, the expression of Cre was started

Cre expression

tR VP

tet07 PminCMV [Cre]] »\ [ tct07 PminCMV[ICre]

Figure 5 Schematic diagram of Tet-on system. When there is no Dox in the cells, rteR cannot bind to tetO7, and Cre is not expressed.
Only when Dox is present in the cells, rtTA, rtetR, and Dox bind to form rtTA-Dox complex can bind to TRE tetO7, and mediate the expres-

sion of Cre under the action of VP16. rtTA: Reverse tetracycline transcription activator; rtetR: Reverse tetracycline repressor protein
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butyric acid) A& # & 7t NMDAR ] Glun2b % [,
45 G OB UK AT N SRS, 3 — B UE W] T mPFC
) GABA et & i AR A A RAEME T B
NMDAR-GIuN2B V. % 52 G 1% i 4 PR T 47 400 48 1F:
FH 8 £

4.2 MEERSORE

2016 4F 7 H 4% K % Eban-Rothschild %22 I Th
(tyrosine hydroxylase)-Cre /Iy ., 75 H i B M % &5 X
(ventral tegmental area, VTA) VI 5} 2 Ff Cre {8 1197 75
(% i H A LR A4 Ca? 9 AR ET L BUR B v TE
A DREADDs), F 7 Hid 5% T VTA £ Ll (dopamine,
DA) R 48 T LE b W  FEE AR B A P 3 12 RO £ PR 0TS
AN ] VTA DA e 48 70 J5 /I o B B AR 1) A 1) %
i 55 Y FE I [A], 35170 &3 VTA DA BE# 2 o /e fg 3t /N
B R M R E AR T

2019 4F A8 27 B 3T 24 B 16 Yu S23M8 ) Velur2
(vesicular glutamate transporter 2)-Cre /) & fll Vgat
(vesicular GABA transporter)-Cre /) i, [F] £ 45 & £ Fh
Cre fCH6 B3 B (1517 19 B 15 K Ca? 9OGIRER VI
i A £ ) DREADDs), K 3 VTA 7% &% fie #1 £4 7C
HTGABA RE #4870 73 A AEAR 12 /) B0t B A i S v %
HEEEEN .

AR, AR 500 % K A Cre /N IR & 2 P 55,
53 WL 5% BAR BB A% 2 (1% D12 A4 BH P i 48 e 1 428 o
P4 W) PN A 55 k% A 22 e B A A P IR A 3 AR
FHESY S A0 X 6 4 22 15 48 Bl - b . GABA R #H 48 ot -
VTA DA BEH 48 70 1 2238 2% A 5 2 M RIS 5 B 5 /1y
B P RO, R I e R, TS B AR RS T
TR R — R B & T M BOEIRAS, TR AT AN S
B B 22 T, TR 1% B R 42 e fE AR
PRI AR SR BEAE
43 #HRTH

AR, RO B EHEAR, 46
Cre—loxP ¥ B PR /)N B 7E /N BR AL 2347 J9 I 50 4580 ) v
AR .

2019 4 Wi 11K % Dong %527V 7E B 52 Fr i X 4R 4%
(thalamic reticular nucleus, TRN) AH JCH# 28 34 2 75 /)N B
HEH (flight) 47 4 7 f4E R I A Py (parvalbumin)-Cre
/INER, G 7E TRN SZAR 8 A7 73 3 465 7 Ca> 2 S iR 5
00 1) A S BRUER B T 1 AAV W52, 25 4l PV OBH P A
ZICHIEE . BT TR L, /N BAE 28 B TRN PV B4
P22 0 B SO R DG I8 A% 22 BOR H 1 TRN PV FH
PE#HZ U R I8 AT O 5 3 98D, T & B TRN AH
KIZIIRAEN T/ R AT AT RIEE LR .

2019 40 M K 22 1H 45 1l 43 % Lee 5528 7E B ¢

mPFC VIP (vasoactive intestinal polypeptide) FH 4 i £
TCAH A 2 I B AE /)N B B 3E 4T Ay v (R R FH I A A Vip-
Cre/NER, &5 G457 Ca? IR EE 54 MG BURES 1
i I ) AAV, W %2 F] mPFC VIP 1 #4078 & 2E (0]
BEAT I 0 HH S S AT I, TR &R AT
N IN, M R B mPFC VIP B 1 4 25 50 78 /)N B8 [ i
ITAT R EEEN.

4.4 FIBIBIZ

X R EAZ B A — AN RO B e A H ok
) FH T2 R R 25 A S 5 i B SR AT AR IR A7 5 FL AR/
BRI AR 5 IA B AR IZ B DLIEL AR 5 S B 0 2R
142, WL RREZ R IUIE; 5 fa nTE T LA R 52 B[R]
T ORI F B R I 9% A S B AT AR 2 1)
THBR . G0 R B F% T A R B B i #h 42 To e
RYEACAZ B W AR 2K P S 1 4 FH B 7R SEAE A (R I
[F) B P E R AR IR A i # 42 e, IX I S B FR R
[ 45 57 4 5 Ik T) 4Rl 5 P /) Cre ERT2 Y, Tet-on/off R 45

2019 4 48 v 5% H7 K 27 BT VT 43 B2 1) Lacagnina
ZE2Mif ] Arc (activity-regulated cytoskeleton-associated
protein)-CreERT2 /N R, (Are M RPF IR, 78 #0148 0
IR IA, A4 TR IOE B bR B ), S5 6 1T A i S
WK [F] (dentate gyrus, DG) [X 2 3l A 5 485 7 0% A 00
) P O BBURE S T I TE £ ) AAV, BB CreERT2 il
R O R B, HRBENZ, BOGEUR
B lIEE A AR RIE . e AT B2 S 5
S5 B AEALAZ W AR Y ZR I 3 5 4-OHT, M1 i 723X 2
AN AN [R) SE S o AR OS2 o0 (0 AR O BRE RS
P TC 5 BRI IR I 22 TT) e e ME R SR Y, IR AE
J B8 1) SR o R A Ol A% 2 N OO A 42 0T,
T R IR PR AT 0 28 e A B2 I B2 % v B
PER, T 2RV IR #h 2 o AR K E K .

2018 4FJifi - 46 S 6 HE 12 % Bt Khalaf %550 ]
Tet-off & 4t K H c-fos-Cre /N RTS8 . SLI6 A A
Ty DG [X {2 f7E 59 0% 72 1) DREADDs, JEHF 445 T
Dox, M i 88 5 (R TG 6 8 Bl i o o 78 SR B dh AT 2 2R
TCAZ PR, 25 Bk Dox, 1EH& I SEI0 45 R 5 4k 4245 T
Dox, - /& (A B R AZ F 52 B 72 rh 0 1 #0427t
F ik hM3Dq (A #4% P DREADDs () — Fi), M1 i —
A5 48 1) T A O E0E A 22 G, R IR AR OO )
Zu5RARIEIZ I E IR A E Y R R

CreERT2 5 Tet-on/off 5 %t 7E R 4H 1 42 (1 )82 FH 42
7, Cre BT (18 3 1B 1 W] DA 4 230K B e alip 2 6
RIS 1, 0] DL e-fos 1% 98 I N A0 28 T0 IS R
5 (1) BB B DR 6F B 1) 8 30, AT A] AR 58 A [R5 72
HEOE & TT AR B A OR EAE R . BRI R R — %



ik % Cre-loxP F 48 & HATAE 5 G875V BT SRR ff 28k 27 v B0 2 11

2041

1\ A — 2R B b 48 O AE i — AR B B 2 AR A
ATREANIR], Rz, ANFSEAL 22 S — A B A H Y
{ER AT REJE — B A 1 o X PP 7 R0 ik B LR
e, W RE R A A BRI A T K

5 REERE

Cre—loxP 2 4t 75 241 21 41 Mo 5 53 1% 5 3 7 (19 IK
R, g5 SR E RS, 1% R E A ARG K4SV
e B (R R . EZRANIATAE RS, CreERT-
tamoxifen 5 4t £ #l 1% 5 7K P %F Cre N A% I (8] 3 47 1
%, Tet-on/off 2 GL £ 74 5 /K1 XS Cre J5 2 % 5% [ i
(AT 4 . RIIX 2 AMATAE R G AE B 2 Al e 1
FAJE At b [ L 2% R R P BN TR S 1, R DfRR ) 4% o
H I JE RLE AT I T Ab KGR IE, N AT S5t + 40T

A B 5 B34 B B Cre—loxP R G4 — EHIA L,
EE G Cre loxP 4l & /) B R g et R v =2 ) FH ) 9050 2 4
JEHE, ASBEHERR S N FT FE DNA F B il AL E 2 75 Ak
TIEMRALE, an 507 B8 5 T /e 2 5 SOl 58 R T
RERE AR, Pt LUK 06 4T 48 DNA A& 54 A S Ad A B
By S AT W o FLIR, Ak I Cre o 1 32 48 it mT
REH A — 5 SE 0, R A4 e 5 B 2EL L 0 4 i 3 B L A2
2 B T AR, DRI A 1 e BE AR B Cre 5
loxP 7 41| AR T] fig 2 4k Cre—loxP F 4t ¥ & J& 77 [F)
Z—

B & BTk 9k b R SAR U8 £ BT SCBRRS R B 5 1R ST
5y EIR A RO SRR H B 55T S0k R S RHREG MR
A TR AR B AS SAB

FI ORI FITA 1R 57 B AR 55 70 5

References

[1] Wang LX, Wang Y, Hu YL, et al. Progress in the study of the
structure and function of Cre recombinase [J]. Chin J Biotechnol
(Y TREZAR), 2002, 18: 531-535.

[2] Lv T, Qiao Y, Wang Y. Research progress of Cre recombinase
[J]. J Northeast Agric Univ (ZRIb4& K% %4R%), 2009, 40: 125-
129.

[3] Guo F, Gopaul DN, van Duyne GD. Structure of Cre recombinase
complexed with DNA in a site-specific recombination synapse
[J]. Nature, 1997, 389: 40-46.

[4]  Schook LB, Rund L, Begnini KR, et al. Emerging technologies
to create inducible and genetically defined porcine cancer models
[J]. Front Genet, 2016, 7: 28.

[5] LeY, Gagneten S, Tombaccini D, et al. Nuclear targeting deter-
minants of the phage Pl Cre DNA recombinase [J]. Nucleic
Acids Res, 1999, 27: 4703-4709.

[6] Van Duyne GD. Cre recombinase [J]. Microbiol Spectr, 2015, 3:
MDNA3-0014-2014.

(7]

(8]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

Kong WJ, Chang YX, Zan CF, et al. Construction and applica-
tion of conditional knockout mice based on Cre-loxP system [J].
Chin J Lab Diagn (41 [H 523812 Wi %), 2017, 21: 2208-2211.
Mendoza SD, El-Shamayleh Y, Horwitz GD. AAV-mediated
delivery of optogenetic constructs to the macaque brain triggers
humoral immune responses [J]. J Neurophysiol, 2017, 117: 2004-
2013.

Maes ME, Colombo G, Schulz R, et al. Targeting microglia with
lentivirus and AAV: recent advances and remaining challenges
[J]. Neurosci Lett, 2019, 707: 134310.

Guettier JM, Gautam D, Scarselli M, et al. A chemical-genetic
approach to study G protein regulation of beta cell function in
vivo [J]. Proc Natl Acad Sci U S A, 2009, 106: 19197-19202.
Yizhar O, Fenno LE, Davidson TJ, et al. Optogenetics in neural
systems [J]. Neuron, 2011, 71: 9-34.

Monvoisin A, Alva JA, Hofmann JJ, et al. VE-cadherin-CreERT2
transgenic mouse: a model for inducible recombination in the
endothelium [J]. Dev Dyn, 2006, 235: 3413-3422.

Henry SP, Jang CW, Deng JM, et al. Generation of aggrecan-
CreERT2 knockin mice for inducible Cre activity in adult cartilage
[J]. Genesis, 2009, 47: 805-814.

Anastassiadis K, Glaser S, Kranz A, et al. A practical summary
of site-specific recombination, conditional mutagenesis, and
tamoxifen induction of CreERT2 [J]. Methods Enzymol, 2010,
477:109-123.

Lizen B, Claus M, Jeannotte L, et al. Perinatal induction of Cre
recombination with tamoxifen [J]. Transgenic Res, 2015, 24:
1065-1077.

Navabpour S, Kwapis JL, Jarome TJ. A neuroscientist's guide to
transgenic mice and other genetic tools [J]. Neurosci Biobehav
Rev, 2020, 108: 732-748.

Belteki G, Haigh J, Kabacs N, et al. Conditional and inducible
transgene expression in mice through the combinatorial use of
Cre-mediated recombination and tetracycline induction [J].
Nucleic Acids Res, 2005, 33: e51.

Hioki H, Kuramoto E, Konno M, et al. High-level transgene
expression in neurons by lentivirus with Tet-off system [J].
Neurosci Res, 2009, 63: 149-154.

Barde I, Zanta-Boussif MA, Paisant S, et al. Efficient control of
gene expression in the hematopoietic system using a single Tet-
on inducible lentiviral vector [J]. Mol Ther, 2006, 13: 382-390.
Mizuguchi H, Hayakawa T. The Tet-off system is more effective
than the Tet-on system for regulating transgene expression in a
single adenovirus vector [J]. J Gene Med, 2002, 4: 240-247.
Gerhard DM, Pothula S, Liu RJ, et al. GABA interneurons are
the cellular trigger for ketamine's rapid antidepressant actions
[J]. J Clin Invest, 2020, 130: 1336-1349.

Eban-Rothschild A, Rothschild G, Giardino WIJ, et al. VTA
dopaminergic neurons regulate ethologically relevant sleep-wake

behaviors [J]. Nat Neurosci, 2016, 19: 1356-1366.



y

2042 - 22224 Acta Pharmaceutica Sinica 2020, 55(9): 2035 —2042

[23]

[24]

[25]

[26]

[27]

Yu X, Li W, Ma Y, et al. GABA and glutamate neurons in the
VTA regulate sleep and wakefulness [J]. Nat Neurosci, 2019, 22:
106-119.

Luo YJ, Li YD, Wang L, et al. Nucleus accumbens controls
wakefulness by a subpopulation of neurons expressing dopamine
D1 receptors [J]. Nat Commun, 2018, 9: 1576.

Yang SR, Hu ZZ, Luo YJ, et al. The rostromedial tegmental
nucleus is essential for non-rapid eye movement sleep [J]. PLoS
Biol, 2018, 16: €2002909.

Zhang Z, Liu WY, Diao YP, et al. Superior colliculus GABAergic
neurons are essential for acute dark induction of wakefulness in
mice [J]. Curr Biol, 2019, 29: 637-644.

Dong P, Wang H, Shen XF, et al. A novel cortico-intrathalamic

(28]

[29]

[30]

[31]

circuit for flight behavior [J]. Nat Neurosci, 2019, 22: 941-949.
Lee AT, Cunniff MM, See JZ, et al. VIP interneurons contribute
to avoidance behavior by regulating information flow across
hippocampal-prefrontal networks [J]. Neuron, 2019, 102: 1223-
1234.

Lacagnina AF, Brockway ET, Crovetti CR, et al. Distinct hippo-
campal engrams control extinction and relapse of fear memory
[J]. Nat Neurosci, 2019, 22: 753-761.

Khalaf O, Resch S, Dixsaut L, et al. Reactivation of recall-
induced neurons contributes to remote fear memory attenuation
[J]. Science, 2018, 360: 1239-1242.

Harno E, Cottrell EC, White A. Metabolic pitfalls of CNS
Cre-based technology [J]. Cell Metab, 2013, 18: 21-28.



