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Abstract: Morphine is a classic opioid analgesic drug commonly used to treat chronic pain, cancer pain, neuropathic pain, etc.

However, its clinical use is severely restricted due to the risk of addiction associated with repeated use. Morphine addiction has

become a major global public health issue contributing to the spread of specific diseases. However, the mechanisms of morphine

addiction are still not incompletely understood. An ion channel is a protein structure on the cell membrane, similar to a gate between

inside and outside the cell, selectively allowing some ions to enter or exit the cell. Many types of ion channels are involved in the

addiction mechanism of morphine. Current research shows that voltage-gated, ligand-gated and mechanical-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.
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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 μ receptors
on γ-aminobutyric acid (GABA) neurons in the ventral
tegmental area (VTA). Morphine binds to μ 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
HCN2 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 (mGlu5), regulates the disappearance of
drug-seeking behavior through synaptic plasticity.

On the other hand, Rac1, 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 Rac1 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
α-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 AMPARs 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 GluA1, 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-GluA1 is
involved in the process of morphine reward and that
GluA1 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 GluN2B
NMDARs 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 (mGluR5 antagonist) or conditional
knockdown of mGluR5 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 Ca2+. 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 TRPC5 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 Ca2+ 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 CaMKIIα in the spinal cord
increases. Inhibiting CaMKIIα in the spinal cord can
prevent or reverse morphine tolerance and dependence
[19]. The activation of CaMKIIα requires elevated
intracellular Ca2+ and activated calmodulin. TRPC6
siRNA inhibits the morphine-induced increase in
CaMKIIα expression, suggesting that TRPC6 may
regulate morphine induction by modulating CaMKIIα
expression or activity. On the other hand, CaMKIIα can
phosphorylate and activate TRPC6 channels, leading to
inward Ca2+ currents. CaMKIIα-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℃), 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 TRPV1 antagonist SB366791 inhibits the
reinstatement of cocaine-seeking behavior in rats and
reduces morphine-induced addictive behaviors in mice
and rats, while the TRPV1 agonist capsaicin promotes
morphine reward. The TRPV1 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

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.
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