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[ Abstract] Purinergic signaling is involved in multiple physiological and pathological processes. Psychological

stress, as an inharmonious state in response to stressors, is closely related to the function or dysfunction of purinergic
signaling. Abnormal expression of ATP interceptors caused by stress leads to psychological stress-related diseases, such as
anxiety, depression, post-traumatic stress disorder and schizophrenia. Recent studies demonstrate that a complex network
of purinergic signaling (such as ATP, adenosine and P2X2R, P2X3R, P2X4R, P2X7R, AIR, A2AR) plays a key role in
psychological stress, but the specific mechanism remains to be further studied. And few studies focus on the application of
ATP real-time detecting to psychological stress animal models, so the specific biological role of ATP in the process of
stress is still unknown. This review will summarize the relationship between purinergic signaling and psychological stress
and propose to apply the duplicate ATP real-time detection technology and purinergic compounds on psychological stress

research in order to provide novel potential targets for the treatment of stress-related diseases.

[Key words] Purinergic signaling Psychological stress ATP Adenosine Purinergic receptor

MRS JEAFTE T A N A — R B GRS SR /N
F, K5 i Z iR ATP. 19724F, BURNSTOCK#(#%
T UCK ATPA IR A AL AME 1, R RIS BEpl 221, Fifl
Jei R B0 A kg S8 SRR A 2 1 R A8 SR A 25 o i 2%y 1 A
i, 19764F, BURNSTOCK#FZ 42 Hi 4 /1 1 IEEn4 {5 5
T 3 W A7 AR T FE A P, DT B R A8 1 I 2 AT
19784F I, W4 37 R ki S e YU AN s g e, MILAAIEERS
S ERAR LLB AR . RN AR 5 S HSZARTE N LA AR 2
K BRI R T2 A AR B S E A R e I
WA 5 B R 22 A 8 A R B 5 IO R X 14 155 4 1 A
R K i Dy e R A DU WA {5 5 S I A R DG 2 %
TR . M ZRARATIEAR | I 05 B A i . FVARAH SRS il
BB, L pl & BLEAT R4 N RS

4 (stress) AR d5c . H1 Hans Selyedi t, 24114

* R A 1 (No.2019YFC1709101) ¥ I
A JE{F1E#, E-mail: tangyong@cdutcm.edu.cn

X PSR AR AL B 1) — PN I AR AR S 32 1)
JRUM A — 7o B BB ARPIR S 38 e S i - T A -
B AR R A R RS, SRR LR TR (5
5300, SN Bz TR OK -, G 2ME R L AR 1
20— RGN O BRI AR 235 R
MR S A ALY BRI AT A S B 7 AR SCHUX
LA AR BT FE R SR BEAT 253, DI AR A I 5 12
AR A R L REL B

1 DENHIFAERES R

1.1 DEMHSIRERESATPRERZERNRE
OS2 IR /b8 RS IR @&k SIS IR G NS L
I A R (55 ATPRE S P2X7 . P2X25Z A S i
S, R RN 31 ha sy At O B R, 13
FHRGEAT ARSI ATPHR B & BE, Z2ME R U5 15 minif 5
ATPRETRHE N Z91.54%, 30 min | [ 245 K248 K F,



34 PR AE2A A (B 2R

5 524

60 min 5 B LU N2 1.54%; ATPHY S Bt — 4
T WA {5 5 P2 X7 32 M SUNLRP3 M /IMA, S8 40 e
4% (interleukin, IL) - 1B A9 BERTIE TIN5 45 T HE s 3 5
P2X7Z AR5 A-804598(10 mg/kg) W 5 4= BHLIIL-18 &%
3 R 1 0 B PR e BB R P o B RE A, B
SO BN OIS N ATPRECIG N, 3 — 25 S0 W34 27
M, IR AE N, T FBUE 26 50 it s
S AT N P L U (R ) B, i FHATPAE W) KO
AR B A2 o DD P L7 SRR TR A5 B S T
IR B2 8 W H ATP YR BE A% 457 ATP SO0 BRI
J AT M P2 X 2% A ] AL 08 L B AR BEA T ™ K
MR T RN, 8 5 CAL, CA2, CA3, i
B SMIUE A Z | BRI 21, SR o722 Kt
e )2 P2X7Z RN, R B RS, SZARSRIA A
WAL, X 5 SR N IR S R P2 X7 2 AR A A5 R
lo IR, WA {5 ATP K HESZ 4K AN ) 0 R 384 £
SN o 2k BN 5 | B ATP RSO 22, 38 o T
P2X73Z M5 & AE N 18 1 O BRI ATPRE IO 2, 7T
REEP2X2Z AT RE R WAIN T o 6P 2 R 58, (OB
G RN O N N -0 L B [ A o e g
JRIBT . TR FTFAT 1] 55 224N AH DGR DX SN o B TR
A, FAD AR X Y 4[5S ATP S HL 2 AR AS (R i 2 55 4F,
MRS (55 ATP IR AT SRR M 200 . B 0 e Jo 440 il
NS AR AR A, AL OFR 3, HORW RS B
AN [0 BN R, 75 5 I 1) ot 22 240 i DS TR — 2
Qo] SR SO BV OS5 5 ATPRECE I, e 4
OIR RO L7 55 P AL 5 R 4 M ATP A Bk
TIREFEM, 12 HAB A 7 SRR TR — 2B 5 .
1.2 BN S EARH (adenosine, ADO ) BRHEZ &
BE

DBERERT 5 R ATPREL, ATPAECD39, CD737K it
FVERT, 20 ADO. BRI, (O3 SN ER S bt mT
e S FHADORIAEM . A B 7045 BE I £ BR il #E2 mLAY
TR B LA o i B 2 T AR RY 38 33 RT-PCRAG
KMadora,. adora,, . adora,, ,Madora,, mRNAKF
B A A TG S PR L Ak 2B B AR MR T AT O
PO, SR FRURR T Mot 2 ik I 6 % £ K i ffd R AD O
IR, 45 R EE T 5. 180 minfif, ADOMEN1.32 %
11752, ADOIE M P1Z AN FHAYIEM, B EE
AR RE—A, . Ay A FIASZAR, FiA, KA, 2
AR 3 A 0 B VR B 17 4 B R s R R T A
FH o 38 R TSR BCAR 2 S g A I /)N BRURS A AN 7T 5t
GO B SR ARG T Al 22 TC A, 2RI 25 R R N, 2R

FAEMERIIKS , 1 Sl 22 TT A, B2 ARFEIRIE N7 A= fiy L
R TN RAR IS SN U, K SS9 38 W Uk AR
FEAT A AL 1 AN, I L3 o i 1 F AR 235 i e R )
IR R A ZARFIR LA, Ak, M8V S S 3L
PRI P I VO B v, RS B o e R e PR R IR
LA SZ RIS e d >, DL RS ROR, B
/N RN Y ADO B HAZ K Y L5 Bl 8 . ADO M H:
SEAA AL RO B R th A, (HA S ARTE M AN
PSS rh SR AT, X PR TE N LAY, A AT REA,
A Z A B A TR . (HADO R HAZ R B0 1 111
L OENIERE, AR T — 5. J34h, ATPiE
CD39. CD73/K il — R 1 (adenonisine disphosphate,
ADP) . —#BR AR 1 (adenosine monophosphate, AMP) &
ADO, HH1CD39, CD73. ADP X AMPTELHN HUR A i
R IR AL, QIR ARARMFFE R I 18]

2 BERESH SO

2.1 ATPREZENFLERH

IR, ATP M HZ RS 508N . EIFATP
B, FEAOE P2X L P2Y 244, H i PaX 7% 1A%t
ATPWEF I AR, ZEMIAFATP R YR B35 5100 ~
1 000 wmol/LEF B 5 1 HAR A2 (B ATPELIE 1950% A7
SR EE AL ~ 10 pmol/LP ., HRATAYWFSY BB R IR
FEICEANM . /N B P2X 7, P2X4, P2Y 1A
ZIGINP2X3Z Ak, W5 KB, ATP# L P2X7Z 1R T
5 3 T A B AR 2 fh T A | A 2 e AR I DL RN D
AT RIIRE, FEJR 5 PR AE AH DG 1 B R o R A
FHRY, P2X73Z KT 2 40 A TR M RGE, WA K T
FNE S IX, FEA T B IC R ANML . /N TR /b5
JE AN AFE AR 2 T AN |, 250 B S B0 A 22
RIE, P2X732 R B FEAL- 18R, TL-1p St
e AL TR R B RO (531, DT 5 2 {2
B I B T 3 B ST A 43, 3 A B O YR G
S REATINA, AT ULEEME Bz TR AL L 4 BT T
A At % IR, W B TR T B i P2X 72 IR T R R
KGR BRI, HE 03 B 22 40E, 1 P03 B
KAGLEIERT, ANAE RS | PR S L), P2X 732 (R B30 il
| Brilliant Blue G(BBG) i 8 -t ol 38 T PRI PE N 305 5
B4 /N BRI B2 22 1 T DX AT I AZZ 1) /DS i AT s, LA
K HP AR 25 005 I HP2X 72 K 1 #5 Pt FI BBG EK
A43807935 A TS5 A BRI M P A T 60 194 3 380
BOREAT A, P2X7wE 5% /I BRUZE 2 68 108 O BB VKRS
A BT ER S A AT (A ZE /NI R



ERE

SO ERAE 5 5 LN T Tt e 35

PN UHCAZ ORI ST & B, il T P2 X7 37 (AR P 1k i
PN A438079 2340 FH IHEERMEICAZ Y TH BR "~ , BMEICTZ
MR 58 IEIT R R R EY), P2X7Z RS 5l S
FEIEMVE AR, P2X732 RALE AT B0 ik 28 9
RAFE IR, Ik, P2X732 A8 7 M 2 R,
TVHB . A5 RS FOBURE 75 R B v T 2

BEA, B ) LA 2 32 7 300 A R 2 G s 110 L 5o
WL KB G R R R S S A FIRE .
JiR 2 e A 5 O35, B 98 & P2 X3 Z IR 7 15 MRl 221
B, LR Z R BH MM  p Lk, AW LR R
W E SR T ATPIA S A5, 7E 28 TR IR S,
P2X 352 {4 HE [ F AL W 1Y 5, WA A TP & 1Y) i Ui 2
FEALRE R, AT SR R B IR EME S LIRS0,
P S P2X3 2 RS DU A31749 1 B 1 22 il 7 - 5%
BT AL SRR P 0, PRI, P2X3 324 AT R 7 I 38 1)
A SR LA, IO, P2XASZ IRAEE Y I B
G )15 2 W T U B A V8 0 s R S P2 X4 IE A
RN AR R, /N BUTE BR 3 Th K Sk S 52 46 v o B
BOREAT N, G20 T 2R 2k h i A AR AT O
P2X 44547057 5-BDBD W45 1 Pl et 225 I S A PEAS AT
RN RO S S I B 2 T BT B AR T A A
P2XAREAR MR 5P R o 2 — 2D I AR v 5 o 22
PR K- - S SO ™ F A AR REA T S BRI, AN [T
17 F 3K P2XAZZ KT REXE ML I AN 9 (6.
Hb, P2Y 132 R L1 & IR AE A TEAT R vh R A .l ]
I FEGTP2Y 132 A (1 S M P RIMRS 2179 K B4R
TR AR R E S T R SRR T O (HAE S — IR
FPEIIF AR L IMRS 21792 5 242 84T R, H,
P2Y L& 755 55 51| W SO D15 45 B P AT A AE 4l
2.2 ADORHZE N S0 i

ADO B AZARTE A Tl PRI 3 S S0 15 25 0%
il R HEE EEAEH . WAL, Sk O BEGS F0
LI 5 AD O 5 (1.0 LI il 2L AT e B — 35, AT
AT LA 7 AD O F FT REASCDL T 220 B 38
Ji7 o ADOXF i Ty . 1) 5% i) 5 AR T A, FHA, 2 AR T
P, T AL FILA 2 A AR A 28 2R G D RE RO 1 FH A R
PRI, ADO 23 i A FIA, 32 A 5 L EOH DG 17 26
T, AT, A b S REAE . LY I 4N A S 8 T
AESPATPRIADOMIWE, A Z RN T T BRI I R4
R A O M I R T BR, R SR A B2 RS P 8 -
cyclopentyl-1,3-dimethylxanthine(CPT) () FH I BH W T
FE TR I ST 4 e R CAZ B BRAE Y B T R AL
AW, B A sl VR R 2is Ko ) SRR, W

VERAREFENEA FIA, SEARSE TR AT, il B A
A PR A5 A LA B BT 35 SRR 1) 5 2 2k 2 B mpm Al
HIEE AT 515 AR MG 2B B UIOC R,
MR DR VE A A, (52 AR B 5 0 700 T A 280 977 P o 3R 98K
IR AL FICALRRERT™ o 72D — IR 5E h & S S 1Y
PO BN 25 T B SEAMARAT Dy, iz sh7E s £
TEBAT R A IRl BT, U R T AL AR S B L AT
W 30 3 VR AL S A 377 CGS216807E BEIE A1
WA RIS AL 2 A4, TS BT T 38 3 i b A JEAE
FHYT D, AL BRI HOTE B IR 25 B0 B DR i
RO R AR T R R R B BOROCR 1 T ST N S
A H BURS Bh 20 1 Bl , 7R3 — e vh 2 M e o
PR M TN L A, SZ RIS P A E Y, ede
R iz 5 H 2 (excitatory amino acid transporter 2,
EAAT2) ZAL S Kt FEM R AR iz EN, 25
) Jie 5 20 v ) % R R e iz i #1810 B S
EAAT2RIBCF T FEAEC, I HEAAT23RIA M T Rl il
FEIPECREAT ™, BIR I A MLA, 32 AR e Bt i bR vl
PE B E R, FFIREAAT2 mRNAFIGE (135K, 01
IO T R EAAT 23K T I A] GE 2 i T 28 I 5 441 i
A B IR, PRI A, SRR T8 P 08 T B 0
R SRIEAT A EA IR AR, i HA BB AR, alfE
RTINS T BRI AR AR R, 5 AR
S, I AR B SR B AL B2 A R T O A T BN TR
BRI b BRI 2550, JF HAMRAE iR 2503097 7
TR A A SRR IR K, A, S AR
/N B T 8 A IARAEA Ty, Sl A XA R A
B L DR/ BRI REA T R A 58 b R B, EIRA 2R
T BGEIVABFEAT Ay, AR HTIIAR 04 1 HI AT BESE o 3
NETA I K R homerlafy R iA N F Z f5 i —Iibt
FERI, K ZA SRS FRIK 5 v A BRI ARREA T R, (2
WGP R A AR RIS | 1 A AR TC R Rk i
FEPR /IS R S5 52 000 3 3 7R I K B0 O R, (R
FROXE 9 A 2 AR TC i FARFE HE IR B, Vg A 2 1A 3
KB B PR B B ™ R AR AT Dy, OF Hadad 5 i 5
homerlaZ & BA/E . B, A SZORLEAR] 14 X A] g
TERC PO R F . B TRFATP I3 ADOFIT i
PR RFR] LU 43 i S ADP I s A IS ] BE 4, I HL 75 22 2 Fiilg
IR, BRI, 4] ADP AT A AD O BT PRt i /b 2
B EIRERRE AEN 580 h, O BB TIR S 5 min,
JikiF5 W T Fe ki % (hypothalamic oxytocin, OT) ¥k B2
T, T B- MR B s — A% IR . PRI R A% M S
ADP AT LAFF & fish e O TR A4 240 M P U0 23 405 25 TV 2, HL



36 PR A2 (B 2D

5 528

T AEIE 3 R K Y CD 38 M I I 52 4k v 437 B 5 7 38 1
M2AY 3 (K, ADPUL T RELERI ARV EH]

3 BRERE

WA BE A7 1A TT 3R P1FIP23Z 44, 43 5k Ml Zh f9 ADO
FATPHIE . PIZAEGHE FHIRZ K, /- FADOM A
PAENT . BARGIRA, L Ay AL FIA, 4RI IERE
P2Z (R FEP2X M P2Y P K K, B M AN 1 ATPILI .
P2XZ M L R 1] 4 B 3 3, X BH B A e bk, A
P2X1 ~ 7-E/N A P2Y A2 (RS2 GER B B SZ 44, A 45
P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, P2Y13FIP2Y14
SR SR, MEAMZ AT WA M AT Bl i CD39AICD73 [
fiff, AT P MK ATP /3 W ADP. AMPHIADO., Hh
CD39¥ ATPFIADP#; 4L AMP, CD734¥ AMPH: 4k Ny
ADO, BEWAES K2 RS 5RO B A A MUKk R
T AR A, I 0 B VB B A 4 B v 2 DDA G .
LA T Z 4 FATP, ADOLL K& P2X2, P2X3,
P2X4, P2X7. P2Y1. A, A, MK, ZEATPI £ ADOMY I
2, ADP, AMPLL K. CD39, CD73 & 4% % #4111,
LX) [T R A 5 N AR B R SR A B R 7
MWANSATP X ADPZEAIIP2Y2, 4. 6. 11 ~ 143X 7421k
DL 55 ATPEE A 19 573 AMK P2 X 2 (A2 A5t A A SO,
P A B B R

P 28 705 filh T L ARSI ATPAE FH 28 filh J5 P2X 2.
P2X4, P2X6LA K P2YZZAR, XL Z AR [A £ ADP | JR 1T —
WL MR TF = BERRIOE . ATPRLAMZ AT B /3 i ADO,
ADOIE A SZAAE S 2 il i 40 i 9835 5, ATPAEF Al LA
AT P2Y 32 (A ) 5 R ik i 2 P2 X 3AZ (AR K R A S R
BEOGE B 2 M ATVE . BT ATPEIR - 28 O AH B A
FH A 2 A 0, IR AATPS 5 A48 I R A A
R 15t 7E — A 2 1T 5 00 2 0 PR 3R % A TN R
Jig? HATPRECE A M AT o b e fie, IR A 76 W& A=
WP ATPYURE T BRI EE? DR Z R
AW R | RGBT AR BN AR A T ATP
HORE TR, A J5 B S v Rl SR PR AR W 095 9 2o e v MR
W5 5 IS 23K, ANATPAE IR IRER | BREH %, tmT
3 XoF o BHLR SR D A8 A Y A R 2 A PR R A
T, B M4 1355 R 7 1t T A S 15 2 B M 1 1)
Gy JEAE, DT B 2 — 2 ) W R A5 AR e A MK e
TR ) A

EERS BEAL G WEAE F THRR BT ORI B, dn
B ATT A ) PO R B ] TR PR A 43 BLAE, S %
PR 1K B IR Y7 SO IR AR, 2T e

2238 i FD AL HERY NS (5 5 R R 250 CAn O b 25 et St
R RS ER R A ) I L SR E 0 B
WA, (ERARIEADII

2 £ X W

[1] BURNSTOCK G. Purinergic nerves. Pharmacol Rev, 1972, 24(3):
509-581.

[2] BURNSTOCK G. Introduction to purinergic signaling. Methods Mol
Biol, 2020, 2041: 1-15.

[3] BURNSTOCK G. Purinergic receptors. ] Theor Biol, 1976, 62(2):
491-503.

[4] LONDOSC, COOPER D M, WOLFEF J. Subclasses of external adenosine
receptors. Proc Natl Acad Sci U S A, 1980, 77(5): 2551-2554.

[5] VAN CALKER D, MULLER M, HAMPRECHT B. Adenosine regulates
via two different types of receptors, the accumulation of cyclic AMP in
cultured brain cells. ] Neurochem, 1979, 33(5): 999-1005.

[6] BURNSTOCK G, KENNEDY C. Is there a basis for distinguishing two
types of P2-purinoceptor? Gen Pharmacol, 1985, 16(5): 433-440.

[7] FREDHOLM BB, API J, JACOBSON K A, et al. International union of
pharmacology. X X V. Nomenclature and classification of adenosine
receptors. Pharmacol Rev, 2001, 53(4): 527-552.

[8] LUSTIGKD, SHIAU AK, BRAKE AJ, et al. Expression cloning of an
ATP receptor from mouse neuroblastoma cells. Proc Natl Acad Sci U S
A, 1993,90(11): 5113-5117.

[9] BRAKE AJ, WAGENBACH M J, JULIUS D. New structural motif for
ligand-gated ion channels defined by an ionotropic ATP receptor.
Nature, 1994, 371(6497): 519-523.

[10] ZHAOW, ZHANGY, JIR, et al. Expression of P2X receptors in the rat
anterior pituitary. Purinerg Signal, 2020, 16(1): 17-28.

[11] BURNSTOCK G. Purine and purinergic receptors. Brain Neurosci Adv,
2018, 2:2398212818817494[2020-12-28]. https://www.ncbi.nlm.nih.
gov/pmc/articles/PMC7058212/. doi: 10.1177/2398212818817494.

[12] TANG Z, YE W, CHEN H, et al. Role of purines in regulation of
metabolic reprogramming. Purinerg Signal, 2019, 15(4): 423-438.

[13] BELLEFEUILLE S D, MOLLE C M, GENDRON F P. Reviewing the role
of P2Y receptors in specific gastrointestinal cancers. Purinerg Signal,
2019, 15(4): 451-463.

[14] VELAZQUEZ-MIRANDA E, DIAZ-MUNOZ M, VAZQUEZ-CUEVAS
F G. Purinergic signaling in hepatic disease. Purinerg Signal, 2019, 15(4):
477-489.

[15] KRUGEL U. Purinergic receptors in psychiatric disorders.
Neuropharmacology, 2016, 104: 212-225.

[16] JACOBSON K A, MULLER C E. Medicinal chemistry of adenosine, P2Y
and P2X receptors. Neuropharmacology, 2016, 104: 31-49.

[17] ORTIZ R, ULRICH H, ZARATE C A, Jr, et al. Purinergic system
dysfunction in mood disorders: a key target for developing improved
therapeutics. Prog Neuropsychopharmacol Biol Psychiatry, 2015, 57:
117-131.

[18] CHROUSOS G P, GOLD P W. The concepts of stress and stress system


http://dx.doi.org/10.1007/978-1-4939-9717-6_1
http://dx.doi.org/10.1007/978-1-4939-9717-6_1
http://dx.doi.org/10.1016/0022-5193(76)90133-8
http://dx.doi.org/10.1073/pnas.77.5.2551
http://dx.doi.org/10.1111/j.1471-4159.1979.tb05236.x
http://dx.doi.org/10.1016/0306-3623(85)90001-1
http://dx.doi.org/10.1073/pnas.90.11.5113
http://dx.doi.org/10.1073/pnas.90.11.5113
http://dx.doi.org/10.1038/371519a0
http://dx.doi.org/10.1007/s11302-019-09685-y
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7058212/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7058212/
http://dx.doi.org/10.1177/2398212818817494
http://dx.doi.org/10.1007/s11302-019-09676-z
http://dx.doi.org/10.1007/s11302-019-09678-x
http://dx.doi.org/10.1007/s11302-019-09680-3
http://dx.doi.org/10.1016/j.neuropharm.2015.10.032
http://dx.doi.org/10.1016/j.neuropharm.2015.12.001
http://dx.doi.org/10.1016/j.pnpbp.2014.10.016
http://dx.doi.org/10.1007/978-1-4939-9717-6_1
http://dx.doi.org/10.1007/978-1-4939-9717-6_1
http://dx.doi.org/10.1016/0022-5193(76)90133-8
http://dx.doi.org/10.1073/pnas.77.5.2551
http://dx.doi.org/10.1111/j.1471-4159.1979.tb05236.x
http://dx.doi.org/10.1016/0306-3623(85)90001-1
http://dx.doi.org/10.1073/pnas.90.11.5113
http://dx.doi.org/10.1073/pnas.90.11.5113
http://dx.doi.org/10.1038/371519a0
http://dx.doi.org/10.1007/s11302-019-09685-y
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7058212/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7058212/
http://dx.doi.org/10.1177/2398212818817494
http://dx.doi.org/10.1007/s11302-019-09676-z
http://dx.doi.org/10.1007/s11302-019-09678-x
http://dx.doi.org/10.1007/s11302-019-09680-3
http://dx.doi.org/10.1016/j.neuropharm.2015.10.032
http://dx.doi.org/10.1016/j.neuropharm.2015.12.001
http://dx.doi.org/10.1016/j.pnpbp.2014.10.016

ERE

SO ERAE 5 5 LN T Tt e 37

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

disorders. Overview of physical and behavioral homeostasis. JAMA,
1992, 267(9): 1244-1252.

SHAHRAJABIAN M H, SUN W, SOLEYMANT A, et al. Traditional
herbal medicines to overcome stress, anxiety and improve mental health
in outbreaks of human coronaviruses. Phytother Res, 2020[2020-12-28].
https://doi.org/10.1002/ptr.6888.

POPPELAARS E S, KLACKL J, PLETZER B, et al. Social-evaluative
threat: Stress response stages and influences of biological sex and
neuroticism. Psychoneuroendocrinology, 2019, 109: 104378[2020-12-
28]. https://doi.org/10.1016/j.psyneuen.2019.104378.

HALL B S, MODA RN, LISTON C. Glucocorticoid mechanisms of
functional connectivity changes in stress-related neuropsychiatric
disorders. Neurobiol Stress, 2015, 1: 174-183.

IWATAM, OTAKT, LIXY, etal Psychological stress activates the
inflammasome via release of adenosine triphosphate and stimulation of
the purinergic type 2X7 receptor. Biol Psychiatry, 2016, 80(1): 12-22.
CAO X, LILP, WANG Q, et al. Astrocyte-derived ATP modulates
depressive-like behaviors. Nat Med, 2013, 19(6): 773-777.

KONGSUI R, BEYNON S B, JOHNSON S J, et al. Chronic stress
induces prolonged suppression of the P2X7 receptor within multiple
regions of the hippocampus: a cumulative threshold spectra analysis.
Brain Behav Immun, 2014, 42: 69-80.

PIATO AL, ROSEMBERG D B, CAPIOTTIK M, et al. Acute restraint
stress in zebrafish: behavioral parameters and purinergic signaling.
Neurochem Res, 2011, 36(10): 1876-1886.

ZIMMERMANN F F, ALTENHOFEN S, KIST L W, et al.
Unpredictable chronic stress alters adenosine metabolism in zebrafish
brain. Mol Neurobiol, 2016, 53(4): 2518-2528.

KASTER M P, MACHADO N J, SILVA H B, et al. Caffeine acts through
neuronal adenosine A,, receptors to prevent mood and memory
dysfunction triggered by chronic stress. Proc Natl Acad Sci U S A, 2015,
112(25): 7833-7838.

CRESPO M, LEON-NAVARRO D A, MARTIN M. Early-life
hyperthermic seizures upregulate adenosine A(2A) receptors in the cortex
and promote depressive-like behavior in adult rats. Epilepsy Behav, 2018,
86:173-178.

HAOT, DUX, YANGS, et al. Astrocytes-induced neuronal inhibition
contributes to depressive-like behaviors during chronic stress. Life Sci,
2020, 258: 118099[2020-12-28]. https://doi.org/10.1016/j.1fs.2020.118099.
ABBRACCHIO M P, BURNSTOCK G, VERKHRATSKY A, et al.
Purinergic signalling in the nervous system: an overview. Trends
Neurosci, 2009, 32(1): 19-29.

RIBEIRO D E, RONCALHO A L, GLASER T, et al. P2X7 receptor
signaling in stress and depression. Int ] Mol Sci, 2019, 20(11):
2778[2020-12-28]. https://doi.org/10.3390/ijms20112778.
HISAOKA-NAKASHIMA K, AZUMA H, ISHIKAWA F, et al.
Corticosterone induces HMGBI release in primary cultured rat cortical
astrocytes: involvement of pannexin-1 and P2X7 receptor-dependent
mechanisms. Cells, 2020, 9(5): 1068[2020-12-28]. https://doi.org/

10.3390/cells9051068.

(33]

[34]

(35]

(36]

(37]

(38]

(39]

[40]

(41]

(42]

[43]

[44]

(45]

[46]

JIMENEZ-MATEOS EM, SMITH J, NICKE A, et al. Regulation of
P2X7 receptor expression and function in the brain. Brain Res Bull, 2019,
151: 153-163.

METZGER MW, WALSER S M, APRILE-GARCIAF, et al. Genetically
dissecting P2rx7 expression within the central nervous system using
conditional humanized mice. Purinerg Signal, 2017, 13(2): 153-170.
ILLES P, VERKHRATSKY A, TANG Y. Pathological ATPergic signaling
in major depression and bipolar disorder. Front Mol Neurosci, 2019, 12:
331[2020-12-28]. https://doi.org/10.3389/fnmol.2019.00331.

FAROOQ R K, TANTI A, AINOUCHE S, et al. A P2X7 receptor
antagonist reverses behavioural alterations, microglial activation and
neuroendocrine dysregulation in an unpredictable chronic mild stress
(UCMS) model of depression in mice. Psychoneuroendocrinology, 2018,
97:120-130.

YUEN, HUANG H, ZHU X, et al. Activation of P2X7 receptor and
NLRP3 inflammasome assembly in hippocampal glial cells mediates
chronic stress-induced depressive-like behaviors. ] Neuroinflammation,
2017, 14(1): 102[2020-12-28]. https://jneuroinflammation.biomedcentral.
com/articles/10.1186/s12974-017-0865-y. doi: 10.1186/s12974-017-0865-y.
DOMINGOS L B, HOTT S C, TERZIAN A L B, et al. P2X7 purinergic
receptors participate in the expression and extinction processes of
contextual fear conditioning memory in mice. Neuropharmacology,
2018, 128: 474-481.

WEIL, SYED MORTADZA S A, YANJ, et al. ATP-activated P2X7
receptor in the pathophysiology of mood disorders and as an emerging
target for the development of novel antidepressant therapeutics. Neurosci
Biobehav Rev, 2018, 87: 192-205.

HUS, SUNQ, DU W, et al. Adult stress promotes purinergic signaling
to induce visceral pain in rats with neonatal maternal deprivation.
Neurosci Bull, 2020, 36(11): 1271-1280.

BORTOLATO M, YARDLEY M M, KHOJA S, et al. Pharmacological
insights into the role of P2X4 receptors in behavioural regulation: lessons
from ivermectin. Int ] Neuropsychopharmacol, 2013, 16(5): 1059-1070.
LIL, ZOU Y, LIU B, et al. Contribution of the P2X4 receptor in rat
hippocampus to the comorbidity of chronic pain and depression. ACS
Chem Neurosci, 2020, 11(24): 4387-4397.

VERMA R, CRONIN C G, HUDOBENKO J, et al. Deletion of the P2X4
receptor is neuroprotective acutely, but induces a depressive phenotype
during recovery from ischemic stroke. Brain Behav Immun, 2017, 66:
302-312.

KITTNER H, FRANKE H, FISCHER W, et al. Stimulation of P2Y1
receptors causes anxiolytic-like effects in the rat elevated plus-maze:
implications for the involvement of P2Y1 receptor-mediated nitric oxide
production. Neuropsychopharmacology, 2003, 28(3): 435-444.
WAWRZYNIAK A J, DILSIZIAN V, KRANTZ D S, et al. High
concordance between mental stress-induced and adenosine-induced
myocardial ischemia assessed using SPECT in heart failure patients:
hemodynamic and biomarker correlates. ] Nucl Med, 2015, 56(10):
1527-1533.

GOMES CV, KASTERM P, TOME A R, et al. Adenosine receptors and


https://doi.org/10.1002/ptr.6888
https://doi.org/10.1016/j.psyneuen.2019.104378
http://dx.doi.org/10.1016/j.ynstr.2014.10.008
http://dx.doi.org/10.1016/j.biopsych.2015.11.026
http://dx.doi.org/10.1038/nm.3162
http://dx.doi.org/10.1016/j.bbi.2014.05.017
http://dx.doi.org/10.1007/s11064-011-0509-z
http://dx.doi.org/10.1007/s12035-015-9270-7
http://dx.doi.org/10.1073/pnas.1423088112
http://dx.doi.org/10.1016/j.yebeh.2018.06.048
https://doi.org/10.1016/j.lfs.2020.118099
http://dx.doi.org/10.1016/j.tins.2008.10.001
http://dx.doi.org/10.1016/j.tins.2008.10.001
https://doi.org/10.3390/ijms20112778
https://doi.org/10.3390/cells9051068
https://doi.org/10.3390/cells9051068
http://dx.doi.org/10.1016/j.brainresbull.2018.12.008
http://dx.doi.org/10.1007/s11302-016-9546-z
https://doi.org/10.3389/fnmol.2019.00331
http://dx.doi.org/10.1016/j.psyneuen.2018.07.016
https://jneuroinflammation.biomedcentral.com/articles/10.1186/s12974-017-0865-y
https://jneuroinflammation.biomedcentral.com/articles/10.1186/s12974-017-0865-y
http://dx.doi.org/10.1186/s12974-017-0865-y
http://dx.doi.org/10.1016/j.neuropharm.2017.08.005
http://dx.doi.org/10.1016/j.neubiorev.2018.02.005
http://dx.doi.org/10.1016/j.neubiorev.2018.02.005
http://dx.doi.org/10.1007/s12264-020-00575-7
http://dx.doi.org/10.1017/S1461145712000909
http://dx.doi.org/10.1021/acschemneuro.0c00623
http://dx.doi.org/10.1021/acschemneuro.0c00623
http://dx.doi.org/10.1016/j.bbi.2017.07.155
http://dx.doi.org/10.1038/sj.npp.1300043
http://dx.doi.org/10.2967/jnumed.115.157990
https://doi.org/10.1002/ptr.6888
https://doi.org/10.1016/j.psyneuen.2019.104378
http://dx.doi.org/10.1016/j.ynstr.2014.10.008
http://dx.doi.org/10.1016/j.biopsych.2015.11.026
http://dx.doi.org/10.1038/nm.3162
http://dx.doi.org/10.1016/j.bbi.2014.05.017
http://dx.doi.org/10.1007/s11064-011-0509-z
http://dx.doi.org/10.1007/s12035-015-9270-7
http://dx.doi.org/10.1073/pnas.1423088112
http://dx.doi.org/10.1016/j.yebeh.2018.06.048
https://doi.org/10.1016/j.lfs.2020.118099
http://dx.doi.org/10.1016/j.tins.2008.10.001
http://dx.doi.org/10.1016/j.tins.2008.10.001
https://doi.org/10.3390/ijms20112778
https://doi.org/10.3390/cells9051068
https://doi.org/10.3390/cells9051068
http://dx.doi.org/10.1016/j.brainresbull.2018.12.008
http://dx.doi.org/10.1007/s11302-016-9546-z
https://doi.org/10.3389/fnmol.2019.00331
http://dx.doi.org/10.1016/j.psyneuen.2018.07.016
https://jneuroinflammation.biomedcentral.com/articles/10.1186/s12974-017-0865-y
https://jneuroinflammation.biomedcentral.com/articles/10.1186/s12974-017-0865-y
http://dx.doi.org/10.1186/s12974-017-0865-y
http://dx.doi.org/10.1016/j.neuropharm.2017.08.005
http://dx.doi.org/10.1016/j.neubiorev.2018.02.005
http://dx.doi.org/10.1016/j.neubiorev.2018.02.005
http://dx.doi.org/10.1007/s12264-020-00575-7
http://dx.doi.org/10.1017/S1461145712000909
http://dx.doi.org/10.1021/acschemneuro.0c00623
http://dx.doi.org/10.1021/acschemneuro.0c00623
http://dx.doi.org/10.1016/j.bbi.2017.07.155
http://dx.doi.org/10.1038/sj.npp.1300043
http://dx.doi.org/10.2967/jnumed.115.157990

38

PR AE2A A (B 2R

5 524

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

brain diseases: neuroprotection and neurodegeneration. Biochim Biophys
Acta, 2011, 1808(5): 1380-1399.

LIY, LIL, WU J, et al. Activation of astrocytes in hippocampus
decreases fear memory through adenosine A; receptors. Elife, 2020, 9:
€57155[2020-12-28]. https://elifesciences.org/articles/57155. doi:
10.7554/eLife.57155.

PASMAN W J, BOESSEN R, DONNERYY, et al. Effect of caffeine on
attention and alertness measured in a home-setting, using web-based
cognition tests. JMIR Res Protoc, 2017, 6(9): €169[2020-12-28].
https://www.researchprotocols.org/2017/9/e169/. doi: 10.2196/resprot.
6727.

LEEM Y H, JANG ] H, PARK]S, et al. Exercise exerts an anxiolytic
effect against repeated restraint stress through 5-HT,,-mediated
suppression of the adenosine A, , receptor in the basolateral amygdala.
Psychoneuroendocrinology, 2019, 108: 182-189.

OLIVEIRA L, COSTA A C, NORONHA-MATOS J B, et al.
Amplification of neuromuscular transmission by methylprednisolone
involves activation of presynaptic facilitatory adenosine A,, receptors and
redistribution of synaptic vesicles. Neuropharmacology, 2015, 89: 64-76.
PINHEIRO H, GASPAR R, BAPTISTA F 1, et al. Adenosine A,,
receptor blockade modulates glucocorticoid-induced morphological
alterations in axons, but not in dendrites, of hippocampal neurons.
Front Pharmacol, 2018, 9:219[2020-12-28]. https://doi.org/10.3389/
fphar.2018.00219.

BLACKER CJ, MILLISCHER V, WEBB L M, et al. EAAT2 as a research
target in bipolar disorder and unipolar depression: a systematic review.
Mol Neuropsychiatry, 2020, 5(Suppl 1): 44-59.

MATOS M, SHEN HY, AUGUSTOE, et al. Deletion of adenosine A,,
receptors from astrocytes disrupts glutamate homeostasis leading to
psychomotor and cognitive impairment: relevance to schizophrenia. Biol
Psychiatry, 2015, 78(11): 763-774.

SERCHOV T, SCHWARZ I, THEISS A, et al. Enhanced adenosine A,

receptor and homerla expression in hippocampus modulates the

[55]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

[63]

£ & & Ir

resilience to stress-induced depression-like behavior. Neuropharmacology,
2020, 162: 107834[2020-12-28]. doi: 10.1016/j.neuropharm.2019.107834.
SERCHOV T, CLEMENT HW, SCHWARZ M K, et al. Increased
signaling via adenosine A1 receptors, sleep deprivation, imipramine, and
ketamine inhibit depressive-like behavior via induction of homerla.
Neuron, 2015, 87(3): 549-562.
FUENTES E, PALOMO 1. Extracellular ATP metabolism on vascular
endothelial cells: a pathway with pro-thrombotic and anti-thrombotic
molecules. Vascul Pharmacol, 2015, 75: 1-6.
VILLANUEVA-CASTILLO B, RIVERA-MANCILLA E, HAANESK A,
et al. The role of purinergic P2Y}, and P2Y; receptors in ADP(S-induced
inhibition of the cardioaccelerator sympathetic drive in pithed rats.
Purinerg Signal, 2020, 16(1): 73-84.
ZHONG J, AMINA S, LIANG M, et al. Cyclic ADP-ribose and heat
regulate oxytocin release via CD38 and TRPM2 in the hypothalamus
during social or psychological stress in mice. Front Neurosci, 2016, 10:
304[2020-12-28]. https://doi.org/10.3389/fnins.2016.00304.
BURNSTOCK G. Purinergic signalling and disorders of the central
nervous system. Nat Rev Drug Discov, 2008, 7(7): 575-590.
PENG W, WU Z, SONG K, et al. Regulation of sleep homeostasis
mediator adenosine by basal forebrain glutamatergic neurons. Science,
2020, 369(6508): eabb0556[2020-12-28]. https://science.sciencemag.
org/content/369/6508/eabb0556.long. doi: 10.1126/science.abb0556.
CIESLAK M, CZARNECKA J, ROSZEK K. The roles of purinergic
signaling in psychiatric disorders. Acta Biochim Pol, 2016, 63(1): 1-9.
BURNSTOCK G. The therapeutic potential of purinergic signalling.
Biochem Pharmacol, 2018, 151: 157-165.
CHEN J F, CUNHA R A. The belated US FDA approval of the adenosine
A, receptor antagonist istradefylline for treatment of Parkinson's disease.
Purinerg Signal, 2020, 16(2): 167-174.

(2020 - 11 — 1045cF, 2020 - 12 — 29f& 1))

EIL S

JE5, OF5E 5L, DU AR R BB I S B S L DU A ARER A Sk N, BT G P B 25K
FEF A BERIBE I | 125 I 6] A= 27 DU )1 4 T S s AT | P RN 5 (RAR IR L[] %
PR RSN R T EM AR 2 R NS N e T2 FER G
IR NS LB AR FATEZ 0, AT Purinergic Signal . Frontiers in Neuroscience®| £ %4,
Neurosci Bull, Frontiers in Oncology . Neuropharmacology . World J Acupunct Moxibustion ., {48 N\
T ZRE) CRIFR R gD K EE25 25 ) I 2 . AR IR T N F2 450 (6 X d i A o0t R [
G IR A TR (9733 HRID PR, [H 5K A SR Bk G R RWFFE TR, h R rpu 5
PR PRI A4 [ SR, S I (5 S 5 sl [l B 5 T


http://dx.doi.org/10.1016/j.bbamem.2010.12.001
http://dx.doi.org/10.1016/j.bbamem.2010.12.001
https://elifesciences.org/articles/57155
http://dx.doi.org/10.7554/eLife.57155
https://www.researchprotocols.org/2017/9/e169/
http://dx.doi.org/10.2196/resprot.6727
http://dx.doi.org/10.2196/resprot.6727
http://dx.doi.org/10.1016/j.psyneuen.2019.06.005
http://dx.doi.org/10.1016/j.neuropharm.2014.09.004
https://doi.org/10.3389/fphar.2018.00219
https://doi.org/10.3389/fphar.2018.00219
http://dx.doi.org/10.1159/000501885
http://dx.doi.org/10.1016/j.biopsych.2015.02.026
http://dx.doi.org/10.1016/j.biopsych.2015.02.026
http://dx.doi.org/10.1016/j.neuropharm.2019.107834
http://dx.doi.org/10.1016/j.neuron.2015.07.010
http://dx.doi.org/10.1016/j.vph.2015.05.002
http://dx.doi.org/10.1007/s11302-020-09689-z
https://doi.org/10.3389/fnins.2016.00304
http://dx.doi.org/10.1038/nrd2605
https://science.sciencemag.org/content/369/6508/eabb0556.long
https://science.sciencemag.org/content/369/6508/eabb0556.long
http://dx.doi.org/10.1126/science.abb0556
http://dx.doi.org/10.18388/abp.2015_1004
http://dx.doi.org/10.1016/j.bcp.2017.07.016
http://dx.doi.org/10.1007/s11302-020-09694-2
http://dx.doi.org/10.1016/j.bbamem.2010.12.001
http://dx.doi.org/10.1016/j.bbamem.2010.12.001
https://elifesciences.org/articles/57155
http://dx.doi.org/10.7554/eLife.57155
https://www.researchprotocols.org/2017/9/e169/
http://dx.doi.org/10.2196/resprot.6727
http://dx.doi.org/10.2196/resprot.6727
http://dx.doi.org/10.1016/j.psyneuen.2019.06.005
http://dx.doi.org/10.1016/j.neuropharm.2014.09.004
https://doi.org/10.3389/fphar.2018.00219
https://doi.org/10.3389/fphar.2018.00219
http://dx.doi.org/10.1159/000501885
http://dx.doi.org/10.1016/j.biopsych.2015.02.026
http://dx.doi.org/10.1016/j.biopsych.2015.02.026
http://dx.doi.org/10.1016/j.neuropharm.2019.107834
http://dx.doi.org/10.1016/j.neuron.2015.07.010
http://dx.doi.org/10.1016/j.vph.2015.05.002
http://dx.doi.org/10.1007/s11302-020-09689-z
https://doi.org/10.3389/fnins.2016.00304
http://dx.doi.org/10.1038/nrd2605
https://science.sciencemag.org/content/369/6508/eabb0556.long
https://science.sciencemag.org/content/369/6508/eabb0556.long
http://dx.doi.org/10.1126/science.abb0556
http://dx.doi.org/10.18388/abp.2015_1004
http://dx.doi.org/10.1016/j.bcp.2017.07.016
http://dx.doi.org/10.1007/s11302-020-09694-2
http://dx.doi.org/10.1016/j.bbamem.2010.12.001
http://dx.doi.org/10.1016/j.bbamem.2010.12.001
https://elifesciences.org/articles/57155
http://dx.doi.org/10.7554/eLife.57155
https://www.researchprotocols.org/2017/9/e169/
http://dx.doi.org/10.2196/resprot.6727
http://dx.doi.org/10.2196/resprot.6727
http://dx.doi.org/10.1016/j.psyneuen.2019.06.005
http://dx.doi.org/10.1016/j.neuropharm.2014.09.004
https://doi.org/10.3389/fphar.2018.00219
https://doi.org/10.3389/fphar.2018.00219
http://dx.doi.org/10.1159/000501885
http://dx.doi.org/10.1016/j.biopsych.2015.02.026
http://dx.doi.org/10.1016/j.biopsych.2015.02.026
http://dx.doi.org/10.1016/j.bbamem.2010.12.001
http://dx.doi.org/10.1016/j.bbamem.2010.12.001
https://elifesciences.org/articles/57155
http://dx.doi.org/10.7554/eLife.57155
https://www.researchprotocols.org/2017/9/e169/
http://dx.doi.org/10.2196/resprot.6727
http://dx.doi.org/10.2196/resprot.6727
http://dx.doi.org/10.1016/j.psyneuen.2019.06.005
http://dx.doi.org/10.1016/j.neuropharm.2014.09.004
https://doi.org/10.3389/fphar.2018.00219
https://doi.org/10.3389/fphar.2018.00219
http://dx.doi.org/10.1159/000501885
http://dx.doi.org/10.1016/j.biopsych.2015.02.026
http://dx.doi.org/10.1016/j.biopsych.2015.02.026
http://dx.doi.org/10.1016/j.neuropharm.2019.107834
http://dx.doi.org/10.1016/j.neuron.2015.07.010
http://dx.doi.org/10.1016/j.vph.2015.05.002
http://dx.doi.org/10.1007/s11302-020-09689-z
https://doi.org/10.3389/fnins.2016.00304
http://dx.doi.org/10.1038/nrd2605
https://science.sciencemag.org/content/369/6508/eabb0556.long
https://science.sciencemag.org/content/369/6508/eabb0556.long
http://dx.doi.org/10.1126/science.abb0556
http://dx.doi.org/10.18388/abp.2015_1004
http://dx.doi.org/10.1016/j.bcp.2017.07.016
http://dx.doi.org/10.1007/s11302-020-09694-2
http://dx.doi.org/10.1016/j.neuropharm.2019.107834
http://dx.doi.org/10.1016/j.neuron.2015.07.010
http://dx.doi.org/10.1016/j.vph.2015.05.002
http://dx.doi.org/10.1007/s11302-020-09689-z
https://doi.org/10.3389/fnins.2016.00304
http://dx.doi.org/10.1038/nrd2605
https://science.sciencemag.org/content/369/6508/eabb0556.long
https://science.sciencemag.org/content/369/6508/eabb0556.long
http://dx.doi.org/10.1126/science.abb0556
http://dx.doi.org/10.18388/abp.2015_1004
http://dx.doi.org/10.1016/j.bcp.2017.07.016
http://dx.doi.org/10.1007/s11302-020-09694-2

