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Circuit Mechanisms of the Cholinergic System Across Behavioral Domains
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“Department of Neurology, the Second Hospital of Shandong University, Jinan 250033, China)

Abstract  Research on acetylcholine is shifting from the traditional narrative that treats it as a diffuse back-
ground modulator to a circuit-mechanistic framework organized around cell subtypes, projection pathways, and
receptor subtypes. This article summarizes the role patterns of cholinergic signaling in different brain regions and
circuits in the contexts of learning and attention, reward and addiction, as well as emotional stress and chronic pain.
In light of advances in circuit tracing, genetic manipulation, and in vivo neurotransmitter recording, this review
further proposes that integrating the true kinetics of acetylcholine release, receptor-subtype-mediated cellular and
synaptic effects, and network-level functional changes within a unified circuit framework is a key route to improve
explanatory power and testability. Major bottlenecks currently include the lack of comparable metrics for dynamics
across brain regions and tasks, and the continued reliance on nucleus-level manipulations that average over the con-
tributions of distinct cell subpopulations, thereby limiting closure of the pathway-receptor-phenotype chain. Future
studies should perform causal tests using more physiologically realistic release patterns and, through projection-
and receptor-subtype-specific manipulations combined with parallel multi-neurotransmitter recordings, establish a
transferable and predictive framework for cholinergic circuit mechanisms.
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Fig.1 Major subdivisions, representative projection targets, and major function

of the basal forebrain cholinergic system
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Table 1 Main characteristics of cholinergic receptor subtypes across representative target regions/cell types

AEIX /A 2 FEZ AR P 5E L 2w ] RUBE T AR TN
Target region/cell Predominantre-  Typical localiza- Characteristic Major functional effect Behavioral
type ceptor subtypes tion time scale
PFC PT neurons M1 mAChR Postsynaptic Slow Increases excitability and Learning, attention
recurrent output
Cortical circuits mAChRs, Pre-/postsynaptic ~ Slow and fast Modulates excitability, input Attention, cue
nAChRs gain, transmitter release weighting
Hippocampal Mainly mA- Pre-/postsynaptic  Intermediate to  Regulates encoding, retrieval, = Memory, novelty
circuits ChRs slow and rhythm organization processing
Striatal/ NAc nAChRs Mainly presyn- Fast Regulates dopamine and other ~ Reinforcement,
circuits aptic transmitter release reward, addiction
Chls-related nAChRs Local presynap-  Fast Couples Chls activity to local ~ Flexibility, learning
microcircuits tic sites transmitter signaling update
Amygdalar cir- mAChRs, Local circuit ele-  Fast and slow Modulates oscillations and Emotion, attention-
cuits nAChRs ments salience processing memory coupling
Presynaptic ter- M2/M4 mA- Presynaptic Slow to fast Regulates ACh, glutamate,
minals ChRs; some and dopamine release
nAChRs
Postsynaptic M1/M3/M5 Postsynaptic Intermediate to ~ Modulates excitability and
output neurons mAChRs slow input integration
- To.
-. none.
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DhRess b RN, B8 AChLIRA SRR ERBOR
RIRLHT, RStk xd FAR s A G S AT AR AE

BRI SR B . 5K LA B TR SRR
SRAETT A B AR PO PRI, A FEDRE 22 5] 5 R

Chls {19780 HL 30 B B 5 22 B8 22 Jh T 00 3R 22 5 5

(reward prediction error, RPE)7E I [8] 25 #4) | F- A &
FERAERT L, W8 3 AT REAE AR S5 45 54T
TR T 70 RAEAF 22 SR &, A H 2 2%
rh A BT SR A R B0 5] 96 % PV fidi T PPN

LDT/E R EERE A5 5 B KT e JBesi N T ) sk 6 k
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VYIRS, thn i ik A i 5 SURAR R S
5B RS TEEAA AT AR T R
JUBE I A o #5459 B A 72, PPN/LDTREBR RE 41 22 T
I 22 H 2 5k PATIE B B0 28 Fe i S0IRAR B A A i
Z B A, HEpAE& o S0 2 8 L
SR A, TN HAE SHALIKS) 5 5 A0 A 5 it
T b R ¥ 2 AEAE SR (M 2 A4 BT 5 I [R]i
| % 22 B ] i v R A ) R A g iR Fe R
RE R 40 0] Re ) AR ZS 5 7 2 40 T 2 ) (1) E B
TEIRAT, ASRIRUR I ACHRE T RE 0% £E AN [F] I 28 15 177
AL AR 43 B I R RRORE, AT A 2 B G IR e &R B )
o 9 VR R TR R R I R AR AL 2 TP AR AR 2R Y
Zra BRI U AT LUA Dy, B EOR v S S A s
T RYsZE , EB 4y ] B i i A BE F e e AN R $5 5 e
I8 RS i) P 22 S R o S 2028, 0 A
B AR AL T 28 28 5| IR A T AR ) e L 2 ST AR B 1)
SR T 5 BRI AL R

SETORE O B % (1) ) — ER LY U S PR U
PRS2 ST D) R T SN o BEAE I 4T A A, MHb
2 J|I15] # (interpeduncular nucleus, IPN)F 5 iE 4 5
JE T TS DA K DR RN B A 56 KA 5. 3
AR — D3R, 1 E I nT fe i R e 1 S
B o BEAH DG Rl Y, IR AE o R T A 58 1) A
R, AT S RIE o, 7R T TS 5
~, IPNZLDTHMH R 58, H2 5 0R8) OB
A7, AT 9 MHb A TPN 5 5 368 i 368 3 Jio =14 a5 8 1
TRTHAZIH AR FRAL 1 51328 2 M ML eSS P, 1K
Be 2t AR, 5 RO AH O¢ B IRBE BEATL i AN R 22
B A T R R 0 ARRE, 38 R RS & LAMHb-
IPNGE E& A%, FEI8 I TS H LA o BEAH G Y 2 25
5V 4OIRAS 5 [ e S BRI F 47 [B]EE HLA
% B B AN 22 515 45 R 1 AR HEZE, FEh T
AN [ i 2H 27322 T o R L6 O T S IR S T 22 8 5 IR AH
RIS FR AT R AR JR Gt B AR N B = AT, e —
A RMAT NG 515 25 B AR E M

AT PSR ) MR R SR VR 3 ARG SR AR /AR
B1% Chls i PPN/LDTHEGRGEFF K 35 3 J2= i i i
Wi, HEZMXAELORME. REZ. 1%,
HHIN 22 T A 5% X380 A T BT A D i 45 R o FE 324
JE T, nAChRSTE PRI U 5 18 J5 B8 JEORT IR IR [ B R A
H /R A R, mAChRs U 5 £ 2 58018 5 [A] )R
FE EREEG T . AHRAT R F B AR E AR

N SEALZE ST, B Ss SO PO . AIE
YE IR, 5 i 22 5 BRI s A T 2
A RUIRSCHF, (HAN R 2RSSR A AR A 2 [h] () 5
EVIATETT

1B AT U A5 A7 AR S R A 1L 5o %,
ANFEIEFE TR AT R, 2R BRA e R A A
ZSEK, A5 SR A RAEAN AT 55 45 44 Z TR (K AT
AR OISRA R LR, 00 F 70 3 B T4 o d it
M e RS . M SRR SR BB T R T, L4
FEIE TR G AL, 1A AL DL S5 8 b 1 445
o R, BEMCHEBMAENNIEY 52 Bk, %
R BB R RS R G VIR, B AR
BN AR A AE W 2 R PR . RH BB RE 5 Zh 7B 22 S0
FATHHHIER, B2 R NELS 5 EMN
BG5S, 2 FEEIRE R . RRMLS51TH
S SRR R AR, H AT A . ROR
i 4 A RGN AT N IR ShaA B ER S 2 38 5
KAl BE— TR RB R T S
> AR ] R B 2 A

4 NMHHBEXBEERZIEMERERE
il B R 2 AL

JREI s R 5] R e — AR~ _E R (hypo-
thalamic-pituitary-adrenal, HPA )%l 514 25 [N 45 Wb 16
P PO, SRl B i P A 2 R T IR S AT SR A
P RFESE . WAL, THIAE &S5 HPA
W AAFAERUR AR BAE R o —J7 1, SO 9% B3
ECTUESY ) RSN G BV i1 = G L S e S R 1 &7
A S A, DT 52 M JIEL 6k e 8 o %) 49 FH 0 R 5 5
% R TN 120 122 AN B i DO K (S92 B T AN [ T
ST OCHET m, M RUEE OS2 T LS
YERF, JFit— B WG I 28 NN R B 5 IS BN
MSS 2 i 5 IRk e 0] 2 6 & g A G N 20 WA 5 B
TURK 12 [ Sl I o v G X 28 TR S PR 15 S A e T 4
B SRS gD . DUE . RIS ICZ it
12, I 5 N SR aG o W S SRS 12 T W
FHIR 2R B B — 25 (B FUAE (B 6 2 T S it 1 AT
L) R AR o B8R AT i MS 5 I8 I &} £ 47 (ventral
diagonal band, vDB) A /7-7E 1] [X 73 B IHR RE MV AE, H
KRS 73 il 48 100 15 00 5 5 BN 5 5 AERS P N
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oy TN TE, MHER 5 — XIRAE Jy 1 2L REAE
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P&, ATREAEINENSZ L 1548 I N 5 5 10122 A5
ANFPREIRGEFE b I AT 70 B B BTk, AT Oy LA %
TBE LR AR R L JEORE G 3 28 22 S B 4t B LB 508 M O HE
B,
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R BRI T IR ELBRL R 52 00 155 26 1) 2 WL A R HE 1 22
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7, AChIFAE I EA R B T 25088 BN 48 7 1) %
P, 3R] BE T A Y 5 A [F] 0 ) 2 v ) e 2 T A
(B FRIAH B, O3 A A A X % 1) 3 IR S AR 38
G T PN BRI S A 124 (basolateral
amygdala, BLA) 9, B 5 W] ACh A 3 51 K5 1€ J= &6
T S DA 428 075 vt Bl P 7= A FZH 2R, DT A8 I 2%
J2 TS Wi 1 46 1012 T8 BT ORI AR I TR) 25 4 22 1, OF
20 SO G i n T B 1 AR A R T R AE (R
WAL S 2 IR T AR B AR S rh, A R
BB AE BB HERIBCR AL, JHIRYEAE 55 451
X AR AT B AT . IR, AChX)
AT AL AN Z IO B R e R H ) R BAT 2 45 IR
MM, BP0 A2 15 B o T 22 8 45 R 5 AN A
AT R IA R 2R B, X 37 BB e v 4% I LUE 2
77 XA i B 55 1 44 S 8L, T 5 AT e BE A 5% 1R M R
A R AS T 5048 FEAE FH 7 1) S5 B2, AT B
ARAS WA J7 20 55 A A A% A MELAR SR AE T Ji
KLU

B )72, 18R I A R I Ay I o
TR 1 i R i ) AR e, DR AR BE AR
FIHS S [R13E SN ATLIG 2R 24 2 5 S LAE 1R 2038

I, MARBEE RG0S 516 4 815 10 B LS R, FF
=B AR IR R R ER , BB T A5
0 B 1t TR AR AR A5 - Q] s ) 522 00 2 P SR i )
R 515 B -

BT 1 2 I IR /D BRI 7T 3205, MS JIE B
et B IRE N EI B ERNEShHEE,
I H A [A] T 5 5 38 B 0 I AR AT 2R B 1
AR BA R 73 B . BT IR R Y], MSHHBEE
LA RS TR AETEShEE, JRE A
RSB ER 2 5 PR A AT R IR . ]
MS R, i 22 70 e £ PR ] MS & rACC U I
P& AT 40 rACCHEM R 28 T FE TG 31, AT [ Byl
AU 76 o e BT 53 92 I AH G PR A AT D 5 TR
T MSHHBEREA 2 7o [RI A 22 AL B0, (H 32 B0l i Pk
SRR T IR N 1) vCA T HEAR R 2 J0 s 3 52
o BARTTE, TR MSHHBR S 1A 1] 0] 12 P %
I R S M I B — T a), PRSI R T sl B ) R
TS B L DOIRES B, X—Z5 Bt E 2R A
8 RAEVETRBAY , R 50E T HAR SR Y 1) 18
PRI 78 H 2 W I UE . R 2 E PR A, 7E P
2295 T M R A28 rh A IR AR SRR R XA O IR B
RedLfIZY . L RIR, BT MSHIME SRR -1
A (the neurokinin-1 receptors, NK1Rs) = 2 g A/ T |H
BEE M £2 T0, IX e 22 o 7 $00 2 i S 5 40
N S 5 00 T I A QIR X B 7 18 1 Wi 4 457
143 (chronic constriction injury, CCI)F 2 1 | MSyE: i
PY) )5 (substance P, SP)RJ £ A% 24 o 75 & R AU
HPFETREBUR SONE, FF BIZ M SN T B R G g T I
BEOI S ARFE DU 55 - AH S, TSGR IR B X
JEBR, BE #2270 T # ] CCUS TR T B, - R B %
IS 8 5 506 22 A0 10 T 2K 2 AH OGO As 1 P 1) R
KA. B E s — 2 &, X NS T
NKIRsHEHH AT 7 A B BUSON 5 767 i B
ot B = R 6 BEL T LB e 32 47K [R] 1 B8 6 98 4 e 5 ).
ST F , X 2h R R B X NKIRsHH AL 3 5 i
L R A0 B EBRREATL ) T e P (5] (1 a2k e 22 5 2 R
BUr R A SRR, OIS HE M NK 1Rs 5 JH B 5E 52
PR B SR PR AL T SRRk . FRERIAMZ, AT
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BLHI [FRE W] B LR M 18 R i . AE PP A0 15 1Y
o TR ACCTE S 25 B0 52 7 30 71 MeN-A-343
A AR S B A LRI B, S RS ML B 77 i
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FEMAREHUFIPHLET, $27XMeN-A-3437E ACC P 7= A= 1
BURAN EE B MIZAAEN T RN GABA_AX A
FEB AT PELWT FLBURAE T, SRR RN AR A ACC )
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AN RE e % SR A E g 2 S, )
RE L [F) g B — A m] 4 TR R A L

5 = RE B B A% 15 i T K CE R R 5
(periaqueductal gray matter, PAG)%§ 47 14545 1
Z A S5 K 5 DRI &, (EHBRRE 2R R AE1G MR
TP R E AR AT 7T AR R, 9K
JRERAS T A1 B B A1) T 7K 8 i L K 5T (ventrolateral
PAG, vIPAG) AChEEJEUK T R B . BUIE PPNH B
LT e F WEBHPE (choline acetyltransferase-positive,
ChAT")#H 4 G2 vIPAGHIIRBRAE 5, RIS,
FiE I vIPAG I 075 nAChRs 5 1 4 il AL il 40
il JR B A 2 TCIE B (EAE R, X BB AE R
M 52 26 T AR FF R RO, B I AR SRR A B
M52 2B s R I, SR LA RE 2 vIPAG
FR R AT $ 5 I R T RE AR T 52 T 5T B AR
PR AR I [ B )N 1P

18 VP T AR A1 4 T AE B R RS
P4 Re, BRI ARt 48 2R S e K R A
FIRPEE I ST, R B AN E A 2,
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BUESY, I HH I O3 PR A R A5 B B 5 54T 9K
T FUAEARL . [k ROEM R T
IF) 4 s 5 DA SRR B EH UL 1 28 RE IR A AR B A 20
TE R H BRI E IR . FEIX —HESR ) ACCHE K&
W8 R B S NG PN L5 FE 25 5 AL s 2
W, HOE ) 5 M U A IR AR AR B AH
K, MHEE, MALFER AL LM YERE 23R %
KRIEPY, FEMT RN, MR R G S & A A
Z: 5ARZS AT 5 ] BB %A ¥ e 1) EE LA 1 R R
HAF I FEANEE [R] T B — b néie g X ) B AR S 2 ) 5
BCPESZ I, T A2 A AN [F) 1% (2] 22 45 5 BT X H) P55 1
RSS2 R 2, A BRI BT i R 1% 0L
AR R 50 % R G LA BT R AT RS A RO A
KL I o 240 5 B 5 ) S Tl P BT D B
FH LG, JIEL A R O 1) T e 52 P A R ) SR K 0l B 20
5 IR B RSA FE B A0 T A X A 4T, I i
— B R B AEAT N SRR S T R E G R

TENFEOIFUZ I, FAAR 7 5 Moy gk — B4

7N, TR 55 FE R R0 T 230 H 258 i T Ao %of PR 7 T e DX
2RI SRR, AT A BEBRRE AR SHL A FEA BhoAE
AR 28 A R4 1 50 BRI N AAIESED . £E )
VS MMEER, KE SRR ) Chls 5 AL RE
AT N Z TR R PR SR SR IR B A0 BT o 6 22 M Al A 2
H, fREEA% 761X ChlsH % £ B8 H IS AR BRI S
R AR IO PR AZ IR 1] 42838 38 2(hyperpolarization-
activated cyclic nucleotide-gated channel 2, HCN2)%
&R, 5 ChIsif I BLAE Chls 942 m HCN2 & 7 7K
ST IRAIAER AY, $RIRBR % ChlsH Y HCN2 A]
REAE A PUHIAR 25 FBT S i 100, 4k 9IRS -Broca
R 2 A K (medial septum and diagonal band of
Broca, MSDB)Z I {ll] S #E (ventral subiculum, vSub)
1) BB e i N TR A A S AR AEAT A OG . AR
WA B, B8R MSDB A vSub I RS EE 5% 5 1] 52
vSubMEAGI I A VT AR BE AR FEAT Dy, T AE
vSub J i FH £ 3555 2 32 444 TR B 6 AT IS
FHRLRAY | $7R 1% [0 BR AL 5 8 SN U R  wl e B
AR RN

IR 5 A0VAI 905 B B O A B — o BB 2R
kA, T2 B 2 A i S ik ReE S R = 5
PR A B E 2 4 . BARTT S, MNa s
AR5 INHI 1 GABAZ (B 2RA4T . WIRTERT F R4t
Dife s, LR 2 R ik 5 R4 i Jog i il 1 35
L, AT AEL[R] B e g o 0 L5 1 2 T AR XA PR3N I
PR BIRE R SRE T T AR A
B I n AR S S B N T %, Sy — 7
A e T AT ] 5 1A 2 R G A 1 R A (i gk
PRI S AR AR LS o DR, AROR I U A % B
FHPS IR 5T« 5 0] 1) 4 5 SR, FEBNAS HARIAESE
NAE RA R R AR S, IR g
B PR T TS 5 517 T & .

AT HTEE S PR RE SR R 32 246045 MS/vDBAH
MR e A R T i JIEL R e A N % i JE s e
Bl KA X OREES . ARz &M
Je PAGHE AT 45 i 1E2 4421, mAChRSTE
B i A GG 4 S5 PSR IR O R A
nAChRsIZ 5%+ N7 BURSEHLE] . AHAT R
B BRI P G 4 e R B IR B
SR 5 DL K R — RS AR I . MR R,
CUA B 7 SCHEIELBRLE 2R 400 15 25 AG It 7 n 3%
HA BRI, (EEE I 3 B T4
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LR AT NG B AR IR R, RT0H 5
JZ WD TN AT A AT AR D R, T AR
7] 2 518 1t Y 9 B L 671 1 4 L TR TR o 5 4 e
XN R, BHBREE 2R G0t 18 M2 I 52 m, 7T g
B2 PRI B — 1 B AR R FOR S K
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IRV 5 TR FH 1) 98 R PR A 40 B P G B T
B SCR A | ARG BEIERE . AT N R S gk £
fiE b 22 K, B SC AR RE A 13E Bl % 4 9 1)
SpIEAR R B KR, BUA I 5k B R
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JZ, WA BN IS TR 32 AR AR F 31 18] 26 A5 Ak
FREAT R G — N A . FR, 0T IEm A
U] 7E 78 () B 4 Sl B 53 55 15 IR BT 73 22 TR 52
man TALEE , HAiyhsh = 20 BB R REYE . H
B AE 28 G001 M A IR 52 i 5 5 5 22 R F T Ik 1
SRR AR B 3 R B I 1 2 5 B4 R 2 S
IR, A R T AE W 2R 70 H RIS 2 L0 Rk 1) R it
b, GG 2R R . BT R Il R
ZYEAT ARAR VAL, 3 — A0 ] B L 3L RN L) S 1 855
255 (3K2)

5 FABEARSHEISHR

TR, X JEAR BE T FEAEME & 5 07 i R T
KT BERA . MECT DT E B S 25
WEL bl = P ] 73 9 3 S50 ) P ZE B S A 9 5, O —
R, RS THE TR IEEHESI IR AE(E 5 A
W R B IO VT 5, AR NPT BRI . W]
AT RILE [ B )R b AT R R A I A AR AR . X
R AAMERTT T SRR AR I R R, thAE IR
JE TS T HRATINS HE A RE D e 2 25 DU ) B g

WAL Y AChH AL AR I B, 230 A HE B
el B AR N BOREE 2 — . LA GRAB-ACh
FRIVARLR ML RS, R E R AETHIE . B
G ShZh ) Se L SR e B X, 5 255 € RN
AChZN J1 22284, R IR 54T N FHAF . R
&) S AR AL IR [B]_ERE TR 55 0 F LSRR, B

2515 1 AChE S I AERIUNGR . 1 — HRFS:
HIEEANETH i, TR SAT IRES R E D, E9)
42 BRGNS [ 7 P AT R R I I T e AL [F]
I, XA AR 2 [A) AR AT R PR T 5 RE B e 2T 4
SR B IR JR F DX, R BRI ASE U P A JEE A P 1)
BESRAE AR SR 85 ROV BRI BR RE 15 5 A AT g
BT B SCIRUESE , PEAR AEVE B AR Al R I
DN A B S S A, i el e RN A R
FIAR LR TS BB R K P AR 39, BT
B AEAT TR ARG B S EL R (Rl B AAT DA R RS
Pyl e 32 BB 157 . AChJR B BRI 2 DL
SRR [R] i B A I T B 55 IR S MR AL 1R 3K R
XA H AT E 2 EEMIX #5455 1 EL % FL AR
BT CARAIE . BeAb, B —ARLLR B2 (oA TR AR 1Y
Tk, SRR —2h¥) . [F—{E 5 F R LR ACh
2 Bl 5 HV R _ERRECSEID AR AR R SO AT RE,
M fEENT 22 388 5 22 e a0 B[R IR 42247 Ja g fit 17 5
FT A MR RO B AR,

BRA5 Siia 2 hh, 8t 5 T H ks 404 thifEzh
JET RERTE 7E A% ]2 T BB AR g, it — B B A 4
H SV 5 155 A B S T I HTLAR A AT o Cre/Flp A58 X
WAL SR SRR ER T IE RS &, (AT T 45 DA
[ — fifi A% FAT P9 1X 93 B 48 1) 5 i N 2L RRAR ] f
B BEMEAE, IS HOT Rk SR 5 AR ™. £
SR b, iR B N A I 2t — bR R, S
R HIT I HELBR o 22 78 I AR R BB 1) HL3 B A )iz 4%
SRS, TS AT RESE R A AR AL S U AR
TER 2, oo et 2 2 BURG € 1L ) i 4 5 D RE 2
TARAE . XM TR E EA S TR AE Ty LA [
— BEBR BEARIREAFAE 5 5 AT F v b BAN A T
ZJ7 AR RS IR T EAR SRR . B
2, REBRAE DD RE I 2 AR VE T AN 46 58 2 AR RS K
S AR 22 5, FEAH SRR bt AT e R SR
HELTGE 6 200 0 SV A 22 5 B FLAE LB LR I L B 5 R
TERR AR RS -

MALEWIL . G e AL S el R
SEVRUR, A RE R REAH < A A I R YRR S KRR P
2 3R 08 76 4 i RUBE B R AT X A 5 00, FE 3
il b, FEBRRE AU A 22 57 A0 B T ol 38 B =
FEZNREMI L ) 70 X S AR AR S R, AN R AN
(7] 10X 2% FEIR A 2L T B 7] 45 38 S S A5 A 200
Za NFHARE H MMt Ie, IE4E R B ST
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Table 2 Representative cholinergic circuits across behavioral domains: targets, mechanisms, behavioral effects,

and translational implications

1798k RUEHZ FEARX FEZ K KEEIHESERY LR HAL R U JRIR
Behavioral Source Major target Major recep-  Key methods and Main conclusion Translational implication/
domain nucleus region tors readouts limitation
Learning Basal fore- Cortex, PFC mAChRs, ACh sensors, axo-  Cortical ACh signals May inform stratification
and atten- brain nAChRs nal imaging, oscil-  are not merely diffuse and intervention in attention
tion latory coupling background modulation, deficits; however, much of
analyses ['*'%) but include local and rapid  the evidence remains correla-
dynamics that contribute tional
to attentional selection and
task performance
Learn- MS Hippocampus Predomi- ACh dynamics Cholinergic signaling sup-  Suggests the hippocampal
ing and nantly recording, theta os-  ports memory encoding cholinergic-theta axis as a
memory mAChRs cillations, human by representing novelty potential therapeutic target;
pharmacological and organizing hippocam-  causal evidence remains
studies 22! pal theta-related temporal ~ incomplete
structure
Behavioral Striatal Chls  Striatum, NAc ~ Mainly Optogenetics, Chl firing patterns and Relevant to relapse and
flexibility nAChRs ACh/DA dynam- ACh release regulate impaired flexibility in ad-
ics, extinction learning updating and diction; interpretation is
learning para- behavioral flexibility constrained by strong multi-
digms 24 transmitter coupling
Reward and  Chls; Striatum, nAChRs and  Projection mapping,  Cholinergic signaling ap- Helps explain attentional
reinforce- PPN/LDT midbrain DA- mAChRs temporal dynamics pears to modulate reward bias and maladaptive choice
ment cholinergic related regions analyses 122 cue processing and learn-  in addiction; heterogene-
neurons ing updating rather than ity across reward models
simply encoding reward remains substantial
value itself
Withdrawal ~ MHb IPN, LDT Mainly Withdrawal para- This pathway contributes Provides a candidate circuit
/aversion nicotinic digms, pathway- to aversive states and for withdrawal intervention;
mechanisms  level circuit avoidance motivation dur-  cross-model generalizability
analyses ! ing nicotine withdrawal remains to be established
Stress and BF Hippocampus,  Predomi- Projection-specific ~ Distinct cholinergic Supports symptom-dimen-
emotion amygdala, nantly manipulations, subpopulations make sion-based circuit interven-
PFC mAChRs salience-process- dissociable contributions tions; receptor- and cell-type-
ing paradigms ***  to stress-related cognitive  level mechanisms remain
and emotional symptoms insufficiently resolved
Chronic MS rACC, vCAl, Predomi- Inflammatory and Cholinergic signaling Suggests pathway-based
pain dHPC nantly neuropathic pain participates in sensory- stratification for pain treat-
mAChRs models, projection-  affective integration in ment; current evidence is
specific manipula- chronic pain, with path- largely preclinical
tions 3+ way-dependent effects
Analgesic Local ACC ACC, vIPAG M1 mAChR, Local pharmacol-  Both local cortical M1 These circuits show relative-
circuits cholinergic a7 nAChR ogy, pathway signaling and brainstem ly clear translational poten-
modulation; activation P37 cholinergic descending tial, but clinical validation is
PPN ChAT" pathways can produce still lacking

analgesic effects

NAc: fRI§#; DA: 2 B ii; MHb: A2 %; BF: JEIEHTN; tACC: WM FT 117 1% Z; vCAL: MG CAL,
NAc: nucleus accumbens; DA: dopamine; MHb: medial habenula; BF: basal forebrain; rACC: rostral anterior cingulate cortex; vCA1: ventral CA1.

i FIELBRL Fi 2R 490 £ DRORBE IO 2% 4% o B AR 41 3
R REE 1T ) 4% 2 T R G S O
P AT Ae, RINEE S W4 BE RS AR R

H Iy he 5 W

BOR T BU#E 0 IEAE O AT B ACh ) s
Ko I HHERBALS T, BORBZIEREERWY, ACh
AR I P B H 5 RIS D) B IRACBE DL AN T
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HEZE AR, ERLRE 7 3 B R DU BRI A R 4036
fn A% 5 T BE R A, AT A8 RSG5 1T I
82 55 5 [ A U090, TR L AR et S AT ) R
ERMK, HETRE. SEESTRAChWESRSYS
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AL R[] e AR R . S ] AL AR AChE 2R
RIS TR) RUBE AR AR I, A A 2 1A T AR A 3 52 )
Bl BN P EE R O e AR TR DG B A
5B MR L 52 A I 7Y 5 R AR [ 6 A L
TR s DA S AR A ] ik — 25 e A g m LN ) A
ZOm A SR . BRI
B BRC RS 2 R ER A 55 T H H it ik,
b3 i) R L W] AR A — R B AT SR A A R A
T, AT HES] AEGR RERIF 7T WA S 41 38 A 7] B . il
TS T A AL HEZE

6 11t

SR I AR B B B R 15 0 R
O B T AR BRI I0 R, 5 Y AT
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