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Morphine, the main alkaloid with pharmacological
activity in opium poppy extract, not only exhibits potent
analgesic and sedative effects, but also modulates
muscle spasms and histamine release in the peripheral
nervous system [1]. The adverse reactions of morphine
include constipation, pruritus, respiratory depression,
and asthma attacks, severely limiting its clinical
application, with addiction being the most harmful
consequence [2]. Research into the mechanisms of
morphine addiction has been a focus, as it can
contribute to mitigating morphine's side effects and
developing new analgesic drugs.

Researchers have conducted a series of studies on
morphine addiction from various perspectives, including
molecular biology mechanisms, neurotransmitter system
mechanisms, receptor mechanisms, ion channel
mechanisms, etc. Among these, the ion channel
mechanism is an important direction of research,
serving as a crucial entry point for studying new targets
and drugs. Current researches indicate that
voltage-gated, ligand-gated, and mechanical-gated ion
channels are all involved in the mechanism of morphine
addiction. Therefore, this article provides a review of
voltage-gated, ligand-gated, and mechanical-gated ion
channel mechanisms for morphine addiction.
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1. Overview of morphine addiction

Drug addiction is a chronic neurological and
psychiatric disorder characterized by an excessive
craving for psychoactive substances to seek pleasure or
alleviate pain, leading to fundamental changes in
cognition, memory, and emotion. The core clinical
symptom of drug addiction is the long-term recurrent
cycle of drug withdrawal and drug craving. As the drug
addiction progresses, the pleasure derived from drug use
diminishes, increasing the demand for psychoactive
substances and exacerbating drug dependence [3].

Morphine addiction occurs when drugs such as
morphine act on the body, producing rewarding effects.
Its mechanism involves morphine acting on p receptors
on y-aminobutyric acid (GABA) neurons in the ventral
tegmental area (VTA). Morphine binds to p receptors,
inhibiting GABA neurons, thereby relieving their
inhibition on dopamine (DA) neurons and promoting
DA release from the VTA to the nucleus accumbens
(NAc), where it binds to DA receptors, ultimately
producing rewarding effects [4].

2. Ion channel mechanisms of morphine
addiction

2.1 Voltage gated ion channels and morphine
addiction

2.1.1 Hyperpolarization-activated,cyclic nucleotide-gated
(HCN) channels and morphine addiction

HCN channels are widely distributed in the central
nervous system, including important regions related to
drug addiction: the NAc, prefrontal cortex (PFC), VTA,
and hippocampus [5]. Belonging to the voltage-gated ion
channel superfamily, they can be activated by
intracellular cyclic nucleotides. Morphine can increase
the production of cyclic adenosine monophosphate
(cAMP) in vitro, which is involved in chronic morphine
analgesic tolerance and regulates downstream effector
HCN channels by directly binding to intracellular cyclic
nucleotide binding sites located at the C-terminus. The
regulatory effect of cyclic nucleotides depends on
different HCN subunits, with cAMP sensitivity being
higher in HCN2 and HCN4, weaker in HCN1, and absent
in HCN3 channels [6]. The specific inhibitor ZD7288
blocks the spinal cord HCN channel and effectively
delays morphine-induced analgesic tolerance. Enhanced
reward response is associated with overexpression of
HCN?2 in the abdominal segmental region of morphine-
sensitized rats [6]. Inhibiting HCN channels effectively
reduces the development of morphine-induced chronic
analgesic tolerance.

2.1.2 Small-conductance calcium-activated potassium
(SK) channels and morphine addiction

SK channels are potassium channels that are
K'selective, voltage independent, and activated by an

increase in intracellular Ca2*concentration. Their K*
current is an important mechanism for the formation of
neuronal action potential afterhyperpolarization. The role
of SK channels in action potential afterhyperpolarization
determines that they are important regulatory factors for
cell excitability. Therefore, they may be involved in the
formation of morphine-induced pain sensitization by
altering neuronal excitability [7].

The excitability of neurons in the NAc and medial
prefrontal cortex (mPFC) can be influenced by the
amplitude of the afterhyperpolarization, including
medium afterhyperpolarization and fast
afterhyperpolarization, with the former being regulated
by SK channels. SK channels affect neuronal
excitability by promoting afterhyperpolarization and
regulating synaptic plasticity. Research on rodents
indicates that the SK2 channel in the infralimbic (IL)
area of the mPFC, mediated by metabotropic glutamate
receptor 5 (mGluS), regulates the disappearance of
drug-seeking behavior through synaptic plasticity.

On the other hand, Racl, a member of the Rho
family of small GTPases, may modulate SK channel
activity and firing patterns, affecting synaptic plasticity of
neurons in the nucleus accumbens (NAc) and mPFC, and
thus influencing repeated drug exposure [8]. Increased
expression of the SK3 subunit in the mPFC leads to
morphine withdrawal in experimental animals [7-8].
During morphine withdrawal, the activity of protein
phosphatase 2 (PP2A), which enhances SK channels in
the mPFC and NAc, is increased. In addition, SK
channels and their upstream mechanisms also play an
important role in the process of morphine withdrawal.
One week after morphine withdrawal, SK channels in the
mPFC are upregulated via the Racl signaling pathway][8].

2.2 Ligand gated ion channels and morphine
addiction

The synaptic plasticity of glutamatergic neurons in
the NAc is a crucial factor in acute rewarding effects and
addiction to opioid drugs. Enhanced NAc glutamate
transmission is the basis for both physical and effective
withdrawal symptoms. Acute morphine exposure
increases extracellular glutamate in NAc [9]. Glutamate

receptors can be classified into two categories:
N-methyl-D-aspartate (NMDA) and
a-amino-3-hydroxy-5-methyl-4-isoxazolipyric acid

(AMPA). Glutamate receptors have been shown to
participate in the acquisition and consolidation of
addictive memory by affecting synaptic plasticity [10].
(1) AMPA receptor (AMPAR): AMPARs are
members of the ligand-gated ionotropic glutamate
receptor family and play a critical role in rapid excitatory
synaptic transmission in the mammalian central nervous
system. AMPARs are tetramers composed of GluR1-4
subunits, with most AMPARs containing GluR1 and
GluR2 subunits, the GluR2 subunit being critical for
Ca2+ permeability. Regulation of AMPARSs is involved in
synaptic plasticity associated with long-term potentiation
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(LTP) and long-term depression, as well as homeostatic
synaptic plasticity of excitatory synapses [11]. AMPAR
lacking GluA2, homologous to GluAl, has high calcium
permeability and channel conductance, and its dynamic
membrane insertion is the main mechanism inducing
synaptic enhancement and LTP. Exposure to opioid drugs
leads to an upregulation of GluA2 function, which
increases AMPAR-mediated synaptic responses, thereby
promoting drug uptake. In the early stages of LTP,
homologous GluA1 AMPARs are transferred to synapses,
which are thought to be the cellular basis of learning and
memory, as well as the mechanisms underlying many
neurological disorders (including opioid addiction and
chronic pain). Research has shown that CeA-GluAl is
involved in the process of morphine reward and that
GluA1l adaptation plays a key role in both negative and
positive associative learning [12].

(2) NMDAR receptor (NMDAR): NMDAR is a
ligand-gated ion channel composed of two obligatory
NR1 subunits and two regulatory NR2 (a-D) or NR3 (a-B)
subunits [13]. The NR1 and NR2B subunits are involved
in morphine tolerance [14]. N-methyl-D-aspartate
receptor (GluN2B NMDAR) protein levels specifically
increase with the expression and recovery of
morphine-conditioned place preference (CPP) in the
hippocampus, and selective blockade of GIluN2B
NMDARSs can inhibit the expression of morphine CPP
[15].

Studies suggest that addictive drugs stimulate
presynaptic release of glutamate, leading to rapid
activation of AMPARs and depolarization of postsynaptic
membranes. Subsequently, NMDA receptors are activated
after AMPAR-mediated depolarization. Activated NMDA
receptors cause extracellular calcium influx, activating
downstream protein kinases of NMDA receptors and
memory-related transcription factors, regulating the
expression of target genes, forming new synapses, and
consolidating addictive memories [16]. Intrathecal
injection of MPEP (mGIuR5 antagonist) or conditional
knockdown of mGIluR5 can alleviate morphine-induced
hyperalgesia and tolerance [17].

2.3 Mechanical gated ion channels and morphine
addiction

2.3.1 Typical transient receptor potential canonical
(TRPC) 1/4/5 channels

The TRPC channels are non-selective membrane
cation channels permeable to Na* and Ca®". Activation of
these channels contributes to membrane depolarization
and calcium-dependent initiation of intracellular
cascades.

Research has indicated that TRPC1/4/5 channels are
involved in spatial working memory and learning
adaptation. Knockout of TRPC1, TRPC4, and TRPC5
proteins reduces hippocampal synaptic transmission,
leading to working memory deficits. Another study has
shown that TRPC4 and TRPCS are involved in
anxiety-like behavior in the amygdala and innate fear
responses [18]. Chronic morphine exposure leads to

upregulation of TRPC1/4/5 channels in the spinal cord.
Mice lacking TRPC1/4/5 proteins show reduced analgesic
tolerance and decreased pain sensitivity. TRPC1/4/5
proteins are known to form heterotetrameric channels in
the mouse brain. TRPC1/4/5 channels are crucial
mediators in the development of morphine-induced
tolerance. The absence of TRPC1, TRPC4, and TRPC5
proteins inhibits spinal cord remodeling and chronic
morphine therapy, providing a new mechanism for
morphine-induced hyperalgesia and analgesic tolerance
[18].
2.3.2 TRPC6

TRPC6 is a Ca?" permeable non-selective cation
channel, with multiple physiological functions. TRPC6 is
widely expressed in the central nervous system, including
the cerebral cortex, hippocampus, and spinal cord.
Chronic exposure to morphine increases the expression of
TRPC6 in cerebrospinal fluid, suggesting that TRPC6 is
involved in morphine dependence [19]. After morphine
treatment, the activity of CaMKlla in the spinal cord
increases. Inhibiting CaMKIla in the spinal cord can
prevent or reverse morphine tolerance and dependence
[19]. The activation of CaMKIlo requires elevated
intracellular Ca?" and activated calmodulin. TRPC6
siRNA inhibits the morphine-induced increase in
CaMKlIla expression, suggesting that TRPC6 may
regulate morphine induction by modulating CaMKIla
expression or activity. On the other hand, CaMKIla can
phosphorylate and activate TRPC6 channels, leading to
inward Ca?" currents. CaMKIIa-TRPC6 channels may
interact in a feed-forward manner in morphine-induced
tolerance and hyperalgesia [19]. Studies have found that
morphine increases TRPC6 expression in the spinal cord,
contributing to the development of morphine-induced
tolerance and hyperalgesia [20].
2.3.3 Transient receptor potential vanilloid 1 (TRPV1)

TRPV1 is a non-selective cation (Ca2+) channel
involved in various pathophysiological processes and can
be activated by acidic pH (<5.9), high temperature
(>42°C), endocannabinoids, endogenous lipids, and
capsaicin. Brain regions closely associated with drug
addiction, such as the prefrontal cortex, hippocampus,
VTA, and striatum, show increased TRPV1 expression
[21]. The TRPVI1 antagonist SB366791 inhibits the
reinstatement of cocaine-secking behavior in rats and
reduces morphine-induced addictive behaviors in mice
and rats, while the TRPV1 agonist capsaicin promotes
morphine reward. The TRPVI1 antagonist effectively
prevents morphine tolerance, and the TRPV1 antagonist
significantly = reduces  withdrawal symptoms in
morphine-dependent mice [22]. Long-term exposure to
morphine may promote morphine-induced tolerance and
dependence by regulating downstream targets of TRPV1,
such as substance P (SP) in the spinal dorsal horn and
calcitonin gene-related peptide (CGRP). Acute intrathecal
injection of SP or CGRP antagonists can alleviate
morphine withdrawal symptoms [22]. TRPV1 receptor
antagonists can effectively inhibit morphine-induced
reward and dependence. In addition, rats treated with
TRPV1 receptor antagonists exhibit reduced anxiety-like
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behavior after morphine withdrawal [23]. TRPV1 may be
a promising therapeutic target for treating morphine
dependence.

3. Conclusion

Morphine is a classic opioid analgesic commonly
used to treat chronic pain, cancer pain, neuropathic
pain, etc. However, its repeated use can lead to
addiction, severely restricting its use. Patients unable
to tolerate pain often resort to opioid medications, but

Conflict of Interest None

References

[1] Wang YE, Xu KL, Lv Y, et al. Morphine: the flower of Morpheus and the
fruit of perdition[J]. Univ Chem, 2022, 37(9): 191-195.[In Chinese]

[2] Lu ZP, Bai J. Role and mechanism of MOR in morphine addiction,
immunosuppression and other diseases[J]. Chin Pharmacol Bull, 2020,
36(12): 1636-1639. [In Chinese]

[3] Jiang CY, Xu YL, Liu YT, et al. Correlation analysis between hair
regeneration and drug addiction susceptibility in rats[J]. J Integr
Technol, 2022, 11(5): 23-33. [In Chinese]

[4] Zhang PP, Xu WIJ, Liu HF. Research Progress on mechanism of ERK
signaling pathway in drug addiction[J]. Chin Pharmacol Bull, 2017,
33(1): 1-9. [In Chinese]

[5] Zhou M, Luo P, Lu Y, et al. Imbalance of HCN1 and HCN2 expression in
hippocampal CA1 area impairs spatial learning and memory in rats with
chronic morphine exposure[J]. Prog Neuro Psychopharmacol Biol
Psychiatry, 2015, 56: 207-214.

[6] Yuan L, Luo LM, Ma XQ, et al. Chronic morphine induces cyclic
adenosine monophosphate formation and hyperpolarization-activated
cyclic nucleotide-gated channel expression in the spinal cord of mice[J].
Neuropharmacology, 2020, 176: 108222.

[7] Qu LA, Wang YA, Ge SN, et al. Altered activity of SK channel underpins
morphine withdrawal relevant psychiatric deficiency in infralimbic to
accumbens shell pathway[J]. Front Psychiatry, 2019, 10: 240.

[8] Qu LA, Wang YA, Li Y, et al. Decreased Neuronal Excitability in Medial
Prefrontal Cortex during Morphine Withdrawal is associated with
enhanced SK channel activity and upregulation of small GTPase
Rac1[J]. Theranostics, 2020, 10(16): 7369-7383.

[9] Madayag AC, Gomez D, Anderson EM, et al. Cell-type and

region-specific nucleus accumbens AMPAR plasticity associated with

morphine reward, reinstatement, and spontaneous withdrawal[J]. Brain

Struct Funct, 2019, 224(7): 2311-2324.

Jiang WN, Jing X, Li M, et al. Corydaline and I-tetrahydropalmatine

attenuate morphine-induced conditioned place preference and the

changes in dopamine D2 and GluAl AMPA receptor expression in

rats[J]. Eur J Pharmacol, 2020, 884: 173397.

[11] Zhang JJ, Liu Z, Liu XD, et al. Intravenous injection of GluR2-3Y
inhibits repeated morphine-primed reinstatement of drug seeking in
rats[J]. Brain Sci, 2023, 13(4): 590.

[12] Cai YQ, Hou YY, Pan ZZ. GluA1 in central amygdala increases pain but
inhibits opioid withdrawal-induced aversion[J]. Mol Pain, 2020, 16:

[10

long-term use inevitably leads to dependence and
tolerance, causing both physical and psychological
distress,  potentially  leading to  irreversible
consequences. Research on the mechanism of
morphine addiction has been a hot topic, contributing
to the alleviation of morphine side effects and the
development of new analgesic drugs. Currently,
numerous researchers are engaged in the study of ion
channel mechanisms and have made some progress,
providing a starting point for the development of new
analgesic drugs.

174480692091154.

[13] Liu ZG, Yu Z, Yu S, et al. A conantokin peptide con-T[M8Q]inhibits
morphine dependence with high potency and low side effects[J]. Mar
Drugs, 2021, 19(1): 44.

[14] Zhu QM, Wu LX, Zhang B, et al. Donepezil prevents morphine
tolerance by regulating N-methyl-d-aspartate receptor, protein kinase C
and CaM-dependent kinase II expression in rats[J]. Pharmacol Biochem
Behav, 2021, 206: 173209.

[15] Wang XIJ, Liu Y, Jia M, et al. Phosphorylated SNAP25 in the CAl
regulates morphine-associated contextual memory retrieval via
increasing GluN2B-NMDAR surface localization[J]. Addict Biol, 2018,
23(5): 1067-1078.

[16] Ou JY, Zhou YT, Li C, et al. Sinomenine protects against morphine
dependence through the NMDAR 1/CAMKII/CREB pathway: a possible
role of astrocyte-derived exosomes[J]. Molecules, 2018, 23(9): 2370.

[17] Jin DZ, Chen H, Zhou MH, et al. mGluR5 from primary sensory
neurons promotes opioid-induced hyperalgesia and tolerance by
interacting with and potentiating synaptic NMDA receptors[J]. J
Neurosci, 2023, 43(31): 5593-5607.

[18] Chu WG, Wang FD, Sun ZC, et al. TRPC1/4/5 channels contribute to
morphine-induced analgesic tolerance and hyperalgesia by enhancing
spinal synaptic potentiation and structural plasticity[J]. FASEB J, 2020,
34(6): 8526-8543.

[19] Jin H, Sun YT, Guo GQ, et al. Spinal TRPC6 channels contributes to
morphine-induced antinociceptive tolerance and hyperalgesia in rats[J].
Neurosci Lett, 2017, 639: 138-145.

[20] Zhu YJ, Wienecke CFR, Nachtrab G, et al. A thalamic input to the
nucleus accumbens mediates opiate dependence[J]. Nature, 2016,
530(7589): 219-222.

[21] Chen SR, Chen H, Jin D,, et al. Brief opioid exposure paradoxically
augments primary afferent input to spinal excitatory neurons via
0246-1-dependent presynaptic NMDA receptors[J]. J
Neurosci,2022,42(50):9315-9329.

[22] Wang XQ, Bao CY, Li ZJ, et al. Side effects of opioids are ameliorated
by regulating TRPV1 receptors[J]. Int J Environ Res Public Health,
2022, 19(4): 2387.

[23] Ma SX, Kim HC, Lee SY, et al. TRPV] modulates morphine
self-administration via activation of the CaMKII-CREB pathway in the
nucleus accumbens[J]. Neurochem Int, 2018, 121: 1-7.

Submission received: 2023-07-08 / Revised:2023-08-31



TGRS 2024 4F 4 J145 37 %45 4] Chin J Clin Res, April 2024, Vol.37, No.4 - 497 -

R

ek I ol Joet Y 8 3 AL ] At 5 o

mE', ETF, #LF
1. % Y PERHCERRAREE e, S 2 3L 563009; 2. BMA A MK T AREERE, B 7SRk 5530005
3. 5 SRR IR EE B RRRRE, SN 24 563000

B EEL S ERXFZREEFRMAEAESIT, FLE0EF)F, 8 £EF, TEH
RAUERFARBELELERALER  SLEHRFFRFFHE., TEAFTSIRY
:’_ & G B Sh pAE R AU Fe s KRB SF A X AF R . B Z A £ HS00N B BIT A U A
; BRARE 4R, 2HERRE S A, ABALELM 2, AP —hE AL E
f . “Front Pharmacol” . ] Neuroinflammation” ESCI K FHA L £ N2 5, P 4
5 lj

=

B RO AR AL HE BT F R ABEH 3 A,

\

2 e — P2 S B A SRR 251, W TR TR MR R e B O A . Hh TR E M &
A IR, T A FI R 52 20 di B o e R 2 1y S B B P e 4 119 A R R R S T A R AL
SR, AT SR AL S IR AN TE i A o S Tl R AN b A —Fh R A 45, LT AR N AR Z TR T
AP REFEELE S TR A . TR RIS RIT RTE CRCMRT TE RIALAR  1E AE R TE IE Y 2 T R
TERIBL o PR A SN e R b 3 28 7 AL —Ziidk

KR WM SZ ; SMERRE; BT EIE ; R BRI HUARITTE

FESES: RI717.2 XEkFRIRES: A XEHS . 1674-8182(2024)04-0497-04

Research progress in ion channel mechanism of morphine addiction
CHEN Xia“, WANG Yong, WEI Yiyong
* School of Anesthesiology, Zunyi Medical University, Zunyi, Guizhou 563099, China

Corresponding authors: WEI Yiyong, E-mail: 295502476 @ qq. com; WANG Yong, E-mail. 13357174@ ¢q. com
Abstract: Morphine is a classic opioid analgesic drug commonly used to treat chronic pain, cancer pain, neuropathic
pain, etc. But repeated use can be addictive, this makes its clinical use severely limited. Morphine addiction has become
a major global public health problem leading to the spread of some diseases. However, the mechanisms of morphine
addiction are still not fully understood. An ion channel is a protein structure on the cell membrane, similar to a gate
between inside and outside of the cell, that selectively allows some ions to enter and exit the cell. Current research shows
that voltage-gated, ligand-gated and mechanically gated ion channels are all involved in the mechanism of morphine
addiction. Therefore, this paper reviews the mechanism of voltage-gated, ligand-gated and mechanically gated ion
channel for morphine addiction.
Keywords: Morphine tolerance; Morphine addiction; lon channel; Voltage-gated; Ligand-gated; Mechanically gated
Fund program: General Project of National Natural Science Foundation of China (81860062) ; Project of Science and
Technology Department of Guizhou Province (ZK [2022]664) ; Science and Technology of Zunyi Bareall Project ( HZ

DOI. 10. 13429/j. cnki. cjer. 2024. 04. 002

E€UH: BEXAABEESE FHH (81860062) ; StMMARTHH (HBEHGHEM-ZK [ 2022
— M 664) ; EXHFRERHBIE (HZ [2021] 46, HZ [2022] 229); # LERR=HE
JASEEWE [BET (2021) 35 ]

BEEE: ZIXH, E-mail; 295502476@ qq.com; £ 5, E-mail; 13357174@ qq.com

HARHE: 2024-04-20 QR code for English version

H =




- 498 - F I RWFSE

2024 4E 4 HE5 37 5% 4 ] Chin J Clin Res, April 2024, Vol.37, No.4

[2021] 46, HZ [2022] 229) ; Doctoral Initiation Fund Project of Zunyi Medical University [ Yuanzi (2021) No. 3]

Mo R B8 S U Hh BT 25 S PR Y 2 A )
Bk, bR 1 HAT SR AN AR R AL a8 A T
Bl b 28 R G JOL A 2 25 R T AL e (g A o ey
AN RSB B | B DR | IR 40 o 0 g e A
S5 X SE R PR R BR ) 1 Hlh PRI HT, He v A fie
Ay 7 B () SR M S S R o A M R AR L
MBI IS — FOR I, B — 2 1L, A5 Bl D ek
T e e A P FH BB i PR RS 24 1) B R

WFFEE oA Wy~ B e 22336 Jo 2R G HIL ) |
AL | 8 8 E AL 55 22T T i e e T
T—ZFN BT, Horb e 7 aE ML= H AT i E
BT 1], R SEHTL S AR Y B IA L . H AT
AIBIFSE R, R T D% ORI T4 FIBLBRT ] 5 45 2 1
WIEZ 5 T ME AR AL o DR AR SCRIE M e 1
TRy i E il E AL E—L5k

1 PO MR LR

251 WU — Rl g R R 2 A e , L R Bk
ik BETE SR A% ARG #2259, LA SR bR 5 22 A o
W, FEM AN A GG AT 4 AR ARk . 2590 1
AL e PRAE AR Ay 245 W7 BT 15 24 W 983 SR i (K &2
RMENEIR, Bl 259 O R AT 22, i 1 25 )i e 1Y
RS SO Ry AL/ N o) v A1) |
T 2

e e PRt A M MR S5 e 25 W0V E TR 7 A
WFRONE, HAE FHBIL ] 0 £ T T 00 B 5 X
(ventral tegmental area, VTA) H y-Z0 3L T 2 (y-ami-
nobutyric acid, GABA) REMIZIC LI w Z K, Ik
p SRS I GABA RERFZTT, T i BRI X £
EL iz (dopamine, DA) BEFf 22 TR, {23 VTA 3|
RBEH% (nucleus accumbens, NAc) X[ DA Bk, 3f
5 DA ZURMILE A A5 KRR TN

2 MO HERY e BY S T E AL

2.1 WEI4E & Ti8E L Gk ok

2.1 AR AT R R T AR e 1 I e 1
(HCN) 338 5k piRs  HCON @il ) 2177 T
ML R GE, A48 X 25 1) U AR OC 119 3122 DIl : NAe (i
BN 2 5T (prefrontal cortex, PFC) \VTA ZaIN AR -
T H R 8 3 R, AT A L P PR A T R T
o MMERTE RS IR AT-3", 5 - A BEIR (cAMP) ) A=
Ji, cAMP Z: 58 PR MER T 52, il A ST

C R I B 20 A P PR A R 45 5 5, V0 R Wik
HCN 8, PR i R 19 1 B T A Rl %) HON
EEA, For cAMP s HON2 T HON4 s g
7E HONT ths 5, #8 HON3 38 i g 4 S
I ZD7288 BHIKTH 4% HON 38 , 1] 4G 34 4E 28 N ik 75
SEAYEURT 2 o YRR , 2B SN 4 58 . 5 i e
BB FUIE T B X 3, HON2 3 kA ¢ ikl
HCN 58 18 AT LA A 2550 3% {1 M 375 e 18 M LG T 52 119
K&,
2.1.2 /NEL A OIS A (SK) i 18 5 MR R SK
WA KPR B R AR Gl A P Ca® "k
JEE T i T T 1 — R A, A 3 KT LR R R
R 28 70 Bl E A6 5 8 B fk ( afterhyperpolarization,
AHP) Py EHEEHLH| . SK & 7E shVE A, AHP [ 1EH
HE T B R AN M S 1 ) FE L R, A T
T 3 AR B 22 T 2% AT PR T S 5 g MR i TR
i R

NAc FIPM PFC ( medial PFC, mPFC) f#£:02%
Ak AT g4 32 2 AHP Sl 1E H A7 8 B2 A 52 ), L 48 vh
5 AHP ( medium AHP, mAHP) it AHP , 5 & 4%
AR SKl AR . SK iAol e i AHP FiE 1y
Sl ] S I TT 4T E . WY SIS R
mPFC 1%k X (IL) H 4 SK2 3 18 3 5o 18 i AL 43 &
Z M 5 (mGlu5) AT 19 28 fol o] B8, 8 SR 259017
KW . % —J7 T, Racl 2N GTP fiff Rho 214 (1)
A GL, AT REVE T SK 3 38 1 PR AU AR L, 52 NAc
1 mPFC #2550 5 fil o] ¥4, 1E 10 5% i) S 2 245 90 %
#' . mPFC rf SK3 MBIk N, Se s sh 4 %
NG R U R W, mPRC A NAc i, X
SK 3 18 A 3G AR T 09 25 B IR G 2A (PP2A) % 1k
W, BeAh, SK i iE K H b it B A e W i
il R AR, e e 1 E fS , mPFC A SK
WL Racl {5538 H Fil™
22 BEARIME S Ti@iE 503 E  NAc PR A
PR RE Al 280 58 fk ] YR S B e 2R 259 S P 2 BN
BT 2525 R I B R 2K . NAc 45 24 IR 1% 3 1 i
SR AR TG R0 W R ) R A o S e g R s
it NAe RN EIR . A EARRZ IR0 43 9 5
K N-HHE-D- KA 2 (NMDA ) Fil o- 28 -3- 12 2
5-FJ-4- S TR R ( AMPA) | 2 Fh 4 2R 32 R 2 1
I A 38 3 5 i 2 Ml T 25 0 v 9 2 5 R e A2 i 3R
AAILEN . (1) AMPA 3Z{k( AMPAR) : AMPAR &
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e A T4 1 B - AR R R 2 IR S L B, A L B
PR 28 28 0 B DI T D A P 2 Ml A s P RS 2 G B
Fl. AMPAR J& GluR1-4 iy 557 iy DU SR IKEE 55, K %2
¥ AMPAR 45 GluR1 F1 GluR2 W Bifv7 , Hrfr GluR2
WAL Ca™ (BB R HE, #TT AMPAR &
5T KB 5E (LTP ) A B B ] 1) 22 ik D B, LA
T as e fi iR A s b al 9B L = GluA2 [
U8 GluAl () AMPAR A 45 = 4538 o7 14 1 3 L
FEB AN AR5 5 53 Ml 3 5 A LTP (1% 2 ML
ST TP R 2525458 37 AMPAR 1 GluA2 iR Tl
e, 3 AMPAR A3 1) 28 il S 7, DA T AIE (5 i e 1
PR . 7E LTP (5 B, [F U GluA1l AMPAR
RSB S Ml BN Ry R 2 2 FNCAZ ) A L R A
TVF M AP (LR 7 28 25 ) Ra A S 08
AL . BRI, CeA-GluAl 2 5 g HE2E 57 5 72
GluA T 38 I 76 T AR R R AR 56 A8 2% ) rh 3 ke 5 S B AR
FHY?' . (2) NMDA 32 {4 ( NMDAR) : NMDAR & —f
BCAA 145 B9 38 18, B A5 NR1SIE 58w A
JE4E NR2 (a-D) 8% NR3 (a-B) W7 341 ik ™. NRI
1 NR2B W 54y 2 5 ki 32" . &4 GluN2B fy
NMDAR ( GluN2B-NMDAR ) %5 [ 7K S it 25 N M 2% 2 1
P EARLF (CPP) £ i v 1) 3 15 FAK 52 T 5 1k 34
hn, PP PEBH BT GluN2B-NMDAR ] i1 i HE CPP 1)
ik

WEFE W, Js0e 247 00 0 08 2 i AR TS 4 2 R
S350 AMPARs [ 38 906 A58 fis i IR 2 Al b, DRI
f£ AMPARs /5 L4 AL /5 , NMDAR 83 . 8 i 3%
{5 9 NMDAR Zii 1 #M5 N 3t , S0 NMDAR Fic 42 4%
It S DR P D B 1 e, R R PR A 2R I T
B fik, S BRI AZ A ILE Y AR & o
(DRG #h£:50) i N 5 MPEP (mGluRS #5417 ) 5¢
FAFHERAIT mGluRS AT 42 S ME YA Y7 75 5+ 11 /8 i 1ot
IR A2
2.3 AU IE B T8 iE 5 vhek R
2.3.1  HRgE RS AZ R W47 (TRPC) 1/4/5 38 JH
TRPC 3 38 S JF 5 £ 19 0 I BH 8 73 3, n 3 8
Na" il Ca™ o JI% 5 , X 263l 18 A7 B T o i 2 b Ak A
B AR A A L P R 1) ) B

W& B, TRPC1/4/5 il 18 2 5 23 (8] TAEICAZ
223N o mbR TRPC1  TRPC4 Fl TRPCS R y8i/b i 5
R85 TAEICIZEK . 75— iR , TRPC4AFI
TRPCS 53|55 A5 4% 0 £ FEAEA T S AR AR 24 I
B M N R S SICA B TRPCL/4/5 38 58
8, TRPC1/4/5 B4 /IN B B0 e it 32 098 o 3

1855, TRPC1/4/5 3838 2N EFE T 527 & R i OG5/
Jii, TRPC1 . TRPC4 Fi1 TRPC5 & (i ke, 9l 174
T EE SRR NS HEIE T, A M S 0 i ORI
SR AR TR LR
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PR+, B Z M R BT BE M E . TRPCO 78 H X
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12 v 0 E 2 78 4 O i W h TRPC6 3R ik, 1R
TRPCO % 55 iy e R A", 0 g 34 97 Jo 4 6 v BY
CaMK Il o FEPEHG N, A8 40 ] 5l 0B B8 90 ] CaMK
10 o AT L2y g P 32 A4 . CaMK I
LT BT A0 N Ca®t BT RS R A
TRPC6 siRNA I N HEE S 1 CaMK I o FE3k 181,
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TRPC6 RIkIG N, = 5 N 75 S i 52 1 R o aof %

i
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FRAT RV I T /N BT B 7S 5 ) A
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