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Abstract

Background: Recent studies have shown that the cerebellum directly interacts with the ventral tegmental area, a critical
component of the reward system.

Objectives: This study aimed to explore potential changes in the expression of neurotrophic factors and various types of
voltage-gated calcium channels in the cerebellum following morphine dependence and withdrawal.

Methods: This study involved three groups of male Wistar rats. For ten consecutive days, the second and third groups were
administered morphine (10 mg/kg), while the first group received saline (1 mL/kg). Analgesic responses were assessed using a
hotplate test on days 1and 10 of the repeated injections and after a 30-day withdrawal period. Rats were sacrificed on day 10 of
the injections or on day 30 of withdrawal, and their cerebellum were dissected for analysis. Gene expression was analyzed using
the real-time PCR method.

Results: The study found that morphine analgesia decreased during the 10 days of repeated injections but partially recovered
after a 30-day withdrawal period. Morphine dependence led to a decrease in the expression of Cavii, which increased after
withdrawal. The expression of Cav1.2 in the cerebellum consistently rose after both morphine dependence and withdrawal.
There were no significant changes in the expression of Cav2.2 due to morphine dependence or withdrawal. An increase in the
expression of Cav3.1 was observed following morphine dependence, which decreased after withdrawal. There were significant
reductions in the mRNA levels of neurotrophic factors (BDNF, GDNF, and NGF) and their receptors (TrkB, GFRA1L, and NGFR)
following morphine dependence. However, the expression of almost all neurotrophic factors increased after morphine
withdrawal.

Conclusions: The findings suggest that changes in neurotrophic factors, their receptors, and specific types of voltage-gated
calcium channels in the cerebellum play roles in the processes of morphine dependency and withdrawal.
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1. Background

Morphine is widely regarded as the most effective
opioid analgesic for severe pain management. Despite
its efficacy, prolonged use often leads to tolerance,
dependence, addiction, and withdrawal symptoms
upon cessation (1, 2). Morphine exerts its rewarding
effects primarily by stimulating mu-opioid receptors on
GABAergic interneurons in the ventral tegmental area
(VTA). This action inhibits GABA release, leading to the
disinhibition of mesocorticolimbic dopaminergic

neurons projecting to the nucleus accumbens (NAc),
hippocampus, and prefrontal cortex (PFC) (3). Studies
indicate that morphine addiction and withdrawal
involve neuroadaptations at cellular and molecular
levels within the mesocorticolimbic pathway (4).
Traditionally known for its role in motor control and
coordination, the cerebellum has recently been
recognized for its broader impact on brain function,
influenced by a decade of research (5). Carta et al.
recently highlighted a direct synaptic connection
between the cerebellum and the VTA, suggesting the
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cerebellum's direct involvement in the reward system
(6).

Voltage-gated calcium channels are a diverse group
of cation channels that activate upon membrane
depolarization, facilitating the entry of calcium ions
into cells. These channels are categorized based on their
alpha subunits into Cavii, Cavi.2, Cavl.3, and Cavi.4 (L-
type), Cav2.1 (P-type), Cav2.2 (N-type), Cav2.3(R-type), and
Cav3.1, Cav3.2, and Cav3.3 (T-type) (7). The influx of
calcium ions triggered by these channels initiates
several vital physiological responses, including
neurotransmitter release, kinase activation, and gene
expression (8). Morphine analgesia is partially mediated
by its binding to mu-opioid receptors, which blocks
calcium channels and subsequently decreases
intracellular calcium concentrations (9). T-type calcium
channels have been shown to play a significant role in
the development of morphine antinociceptive
tolerance, dependence, and withdrawal syndrome (10).
Inhibition of the Cav2.3 calcium channel has been
shown to enhance morphine analgesia and reduce
tolerance in mice (11). Additionally, empirical studies
have demonstrated the involvement of T-type calcium
channels in the mechanism behind hyperalgesia
induced by low doses of morphine in adult male rats
(12).

Neurotrophic factors are crucial for physiological
and developmental processes in both the peripheral
and central nervous systems (13). Brain-derived
neurotrophic factor (BDNF) is essential for brain
plasticity, particularly in learning and memory
processes (14). Increasing evidence suggests that BDNF
expression rises after morphine administration in
various brain regions, including the nucleus
paragigantocellularis and the VTA (15, 16). Therefore,
BDNFplays a pivotal role in neuroadaptation within the
reward system and opioid addiction (17). Variations in
BDNF levels observed during morphine withdrawal
suggest that BDNF may contribute not only to opioid
addiction but also to the withdrawal process (18).

2. Objectives

The aim of our study was to explore potential
changes in the expression of calcium channels and
neurotrophic factors in the cerebellum following
morphine dependence and subsequent withdrawal. To
this end, we assessed the mRNA levels of Cavii, Cavi.2,
Cav2.2, and Cav3.I calcium channels. Additionally, we
measured the mRNA levels of BDNF and its receptor,
tropomyosin-like receptor kinase B (7rkB), glial cell-
derived neurotrophic factor (GDNF) and GDNF family
receptor alpha-1 (GFRAI), nerve growth factor (NGF), and

NGFR in the cerebellum after morphine dependence
and a 30-day withdrawal period.

3.Methods

3.1. Subjects

Male Wistar rats with an average weight of 240+20 g
at the beginning of the experiments were used. The
animals were kept in a controlled environment with a
constant temperature of 22 + 2°C and humidity levels
between 50% and 60%. Lighting was programmed to
maintain a 12-hour light/dark cycle, with lights on at
7:00 AM and off at 19:00 PM. The rats had continuous
access to animal feed pellets and water. The use of
laboratory animals followed international standards,
according to the guidelines established by the National
Academy of Sciences' Institute for Laboratory Animal
Research (2011). The experimental protocol was
approved by the Research Ethics Committee (REC) of the
University of Kurdistan (ethical approval codes:
IR.UOK.REC.1399.012 and IR.UOK.REC.1399.014.

3.2. Drug Treatments

Morphine sulfate was obtained from Temad
(Daroopakhsh Co., Tehran, Iran) and dissolved in
physiological saline prior to administration. Five
experimental groups were used, each consisting of eight
rats. Initially, two groups received intraperitoneal
injections of either saline (1 mL/kg, i.p.) or morphine (10
mg/kg, i.p.) twice daily for 10 days, followed by a 30-day
withdrawal period without treatment. A hotplate test of
analgesia was conducted on days 1 and 10 of the
injections and on day 30 of withdrawal to assess
antinociception in the experimental groups.

The study was expanded to include three additional
experimental groups for molecular analysis. The first
group received saline, while the next two groups
received morphine for 10 days as described above. Two
hours after the last injection on the tenth day, rats in the
morphine-treated (dependent) and saline-treated
control groups were euthanized. Another group, the
withdrawal group, received morphine for 10 days
followed by a 30-day withdrawal period before
undergoing brain dissection.

3.3. Brain Dissection

Gene expression analysis was performed on the
cerebellum from eight rats in each experimental group.
The entire brain was swiftly removed from the cranium,
and the cerebellum was dissected bilaterally on a

Jentashapir ] Cell Mol Biol. 2024; 15(2): €146400.


https://ethics.research.ac.ir/EthicsProposalView.php?id=137316
https://ethics.research.ac.ir/EthicsProposalView.php?id=137318

Ahmadi S etal.

chilled, sterile surface (19, 20). Each dissected tissue was
then immediately placed in liquid nitrogen for rapid
cryopreservation and subsequently stored at -80°C until
total RNA extraction.

3.4. Real-time Polymerase Chain Reaction (RT-PCR)

Total RNA was extracted from twenty milligrams of
each tissue sample using a high purity RNA isolation kit,
following the protocol provided by Roche, Germany.
Complementary DNA (cDNA) synthesis was carried out
using a kit from Thermo Fisher Scientific (USA),
according to the included instructions. Real-time PCR
was performed on a LightCycler 96 system by Roche
(Germany). Each biological sample obtained from the
rats was assessed in three technical replicates. The PCR
reaction volume was 20 pl, including 2 pL of gene-
specific primers (5 uM), 8 puL of cDNA (4 ng/uL), and 10 pL
of MasterMix (Amplicon, Denmark) (21). The thermal
cycling started with a pre-incubation at 95°C for 15
minutes, followed by 40 cycles of denaturation at 95°C
for 5 seconds and annealing/extension at 60°C for 30
seconds. The procedure terminated with cooling and
melting phases. Gene expression levels were analyzed

using the Livak (222€T) method (22). Table 1 lists the
primer sequences specific to the genes.

Table 1. The Primer Sequences That Were Used for Amplifying the Specified Genes in
Real-Time PCR

Gene and Sequences (5™-3") Amplicon Size, bp

GAPDH

F: AGTGCCAGCCTCGTCTCATA 77
R: GGTAACCAGGCGTCCGATAC

Cavi.1
F: ACGTTGACCCAGATGAGAGC 72
R: TGATCAGTCGCATGACTCGG

Cavi.z
F: TTATGGCCTTCAAACGTGGC 89
R: CACAACTGAACAGCTATCCCAC

Cav2.2
F: TTCAGAGATGCCTGGAACGTC 84
R: CGTTTCCGCAATCTCCGTTAC

Cav3.1
F: AGAGCGAGATTCCTGGTCG 80
R: TGTGGGTGATGATCCGGTG

BDNF
F: CAGGTCACTCTTCTGGCATGG 90
R: GGAGGAGGGAGGGAAAGAATGT

TrkB
F: TGGAGGATCATGTTCGGCAC 103
R: GGCCAGTATCTGTGATCGA

GDNF
F: CGGACGGGACTCTAAGATGAAG 107

R: CTTCGAGAAGCCTCTTACCGG

GFRA1
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Gene and Sequences (5-3") Amplicon Size, bp

F: GTAAATGGTTGCGTCCTGGC 75
R: CAGGGCTCAATGGAGGAAAGA

NGF
F: CTCTGAGGTGCATAGCGTAATG 89
R: TATCTGTGTACGGTTCTGCCTG

NGFR
F: GCTGCTGCTGCTGATTCTAG 83

R: ACTCTCCGCTGTGGGTGTA

Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Cavii,
voltage-gated calcium channel 1.1; Cav1.2, voltage-gated calcium channel 1.2; Cav2.2,
voltage-gated calcium channel 1.2; Cav3.1, voltage-gated calcium channel 3.1; BDNF,
brain-derived neurotrophic factor; >NTRK2, neurotrophic receptor tyrosine kinase 2;
GDNF, glial cell-derived neurotrophic factor; GFRA1, GDNF family receptor alpha 1;
NGF, Nerve growth factor; NGFR, Nerve growth factor receptor.

3.5. Statistical Analysis

Data were analyzed starting with the Shapiro-Wilk
test to confirm their normal distribution. The Brown-
Forsythe test was used to check for equality of variances.
Mixed between-within subjects ANOVA was conducted,
analyzing hotplate data with two factors: "The drug"
with two levels (saline and morphine) and "days of
testing" with three levels (days 1, 10, and 30). Gene
expression differences among the three experimental
groups were compared using one-way ANOVA. Post hoc
comparisons were performed using Tukey's test. A
significance level was set at P < 0.05. Data analysis and
graphical presentations were performed using
GraphPad Prism version 9.5 (San Diego, California, USA).
The dataset is available upon request from the
corresponding author either during review or after
publication.

4.Results

4.1. Repeated Morphine Injections and Analgesic
Response

Repeated morphine injections resulted in decreased
analgesic effects, which partially recovered after a 30-
day withdrawal period. The hotplate test data were
analyzed using a two-way repeated measures ANOVA,
which revealed a significant interaction between the
type of drug administered and the days of testing [F (2,
23) =122, P < 0.001]. There was a statistically significant
main effect for the drug type [saline vs. morphine, F (3,
14) =804, P <0.001] and the days of testing [F (2, 23) =137,
P < 0.001]. Post hoc analysis with Tukey’s test indicated
significant analgesia from morphine on the first day of
injection compared to the saline-treated control group
(P < o0.001). However, the efficacy of morphine
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Figure 1. Effect of 10 days of morphine treatment (10 mg/kg) and a 30-day withdrawal period on morphine analgesia. The data are presented as the mean + standard deviation (n
= 8 per experimental group). Circle or diamond dots on each bar represent the distribution of individual data in each experimental group. A two-way repeated measure using a
mixed between-within subject design was employed. Analysis of variance (ANOVA) was used to ascertain the general disparities among the groups. *** P < 0.001 indicates a

statistical difference between the specified groups

some extent after a 30-day withdrawal, although it
remained significantly less effective compared to the
initial day of administration (P < 0.001) (Figure 1).

4.2. Changes in Voltage-Gated Ca2+ Channel Expression
After Morphine Dependence and Withdrawal

Quantitative PCR results from the cerebellum
indicated that continuous morphine administration for
10 days significantly reduced CavLi expression, which
then significantly increased after a 30-day withdrawal
compared to both the control and dependent groups [F
(2, 21) = 11, P < 0.001]. Cavi.2 expression significantly
increased in the dependent group compared to the
control, with further significant elevation observed in
the withdrawal group [F (2, 21) = 96.26, P < 0.001]. No
significant differences were found in the expression of
Cav2.2across the groups [F (2, 21) =2.395, P> 0.05]. Cav3.1
expression was significantly higher in the dependent
group compared to the control and significantly
decreased in the withdrawal group compared to both
the dependent and control groups [F (2, 21) = 273.6, P <
0.001] (Figure 2).

4.3. Changes in BDNF and TrkB Expression During
Morphine Dependency and Withdrawal

BDNFand TrkB expression in the cerebellum reduced
considerably during morphine dependency, but
increased markedly after a 30-day withdrawal period.
The cerebellar gPCR data indicated that the expression
of BDNF and its receptor, TrkB, significantly decreased
during morphine dependency [ BDNF: F (2, 21) =311.0, P <
0.001; TrkB: F (2, 21) = 5453, P < 0.001], relative to the

control group. Notably, both BDNF and TrkB levels
increased markedly after a 30-day withdrawal period
compared to their levels during dependence and in
control conditions (Figure 3).

4.4. GDNF and GFRAI1 Expression Changes in Response to
Morphine

Expression levels of GDNF in the cerebellum were
significantly lower in the morphine-dependent group
compared to controls but increased substantially after a
30-day withdrawal [F (2, 21) = 744.9, P < 0.001]. Similarly,
the expression of GDNFs receptor, GFRAI, decreased
dramatically during dependence but approached
control levels after withdrawal [F (2, 21) = 95.03, P <
0.001] (Figure 4).

4.5. Effects of Morphine Dependency and Withdrawal on
NGF and NGFR Expression

Following morphine dependency, NGF expression in
the cerebellum significantly decreased but increased
sharply after 30 days of withdrawal [F (2, 21) =381.8, P <
0.001]. In contrast, NGFR expression remained
significantly reduced in both the dependent and
withdrawal groups compared to the control group [F (2,
21)=34.77,P < 0.001] (Figure 5).

5. Discussion

This study demonstrated that repeated morphine
injections lead to diminished analgesia after 10 days,
indicating tolerance. The analgesic effects of morphine
were partly restored 30 days post-withdrawal, though
not to the levels seen on the first day of administration.
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Figure 2. Gene expression of Cavl.i, Cavl.2, Cav2.2, and Cav3.1 in the cerebellum after morphine dependence and withdrawal. The data are presented as the mean + standard
deviation (n = 8 per group). Dots on each bar represent the distribution of individual data within each experimental group. A, Cav1.1(voltage-gated calcium channel 1.1); B, Cav1.2
(voltage-gated calcium channel 1.2); C, Cav2.2 (voltage-gated calcium channel 2.2); D, Cav3.1(voltage-gated calcium channel 3.1). ns: Non-significant, *** P < 0.001
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Figure 3. Gene expression of BDNF and its receptor, TrkB, in the cerebellum after morphine dependence and withdrawal. The data are presented as the mean + standard
deviation (n = 8 per group). Dots on each bar show the distribution of individual data. A: BDNF (brain-derived neurotrophic factor), B: IrkB(tropomyosin receptor kinase B), *** P

<0.001

Chronic morphine use alters molecular and cellular
pathways, especially in brain regions involved in reward
and pain processing (23-25), thus changing the brain’s
response to the drug (26). Prior research has shown that
an eight-day regimen of morphine injections induces
tolerance and dependence (26). Frequent morphine use
reduces its therapeutic effects and increases addiction
risk (27). Extensive studies suggest morphine primarily
impacts the reward system, targeting areas like the VTA,
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striatum, and PFC (26, 27). Recent findings highlight a
direct link between the cerebellum and VTA, suggesting
novel pathways for exploring the cerebellar cortex's role
in morphine's effects on the reward system (6).
Accumulating evidence suggests that chronic
exposure to morphine leads to changes in gene
expression in various brain areas involved in addiction
(26, 28). Furthermore, discontinuing morphine use
triggers withdrawal symptoms, which are associated
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Figure 4. Gene expression of GDNFand GFRAI in the cerebellum after morphine dependence and withdrawal. The data are presented as the mean + standard deviation (n = 8 per
group). Dots on each bar indicate the distribution of individual data. A, GDNF(glial cell-derived neurotrophic factor); B, GFRAI (GDNF family receptor alpha 1), ** P < 0.01, **P <

0.001

A 5.09 *EE B 1.5 *hE
%
= A ook =
5 - 4.0 % = o —
25 o = D 1.0 ;
< 5 3.01 5
Z o o s 7
x o o
E © 2.0 ok E T = E
6E i 2
Z 7 1.0 re&] s
0.0 T T T 0.0 T T T
LY X LY > X Y
'éo b@‘\ 4@ \‘0 b@‘\ 4@
o & e & & &
® Qe' \(\b P QG'
& & & &

Figure 5. Gene expression of NGFand NGFRin the cerebellum after morphine dependence and withdrawal. The data are presented as the mean + standard deviation (n = 8 per
group). Dots on each bar indicate the distribution of individual data. A, NGF(nerve growth factor); B, NGFR (nerve growth factor receptor), ** P < 0.01, ***P < 0.001

with alterations in gene and protein expression (29).
Our findings revealed that prolonged morphine
treatment significantly reduced Cavi.1i expression in the
cerebellum, which not only returned to baseline but
also increased sharply after a 30-day withdrawal period
compared to the saline-treated control group.
Expression of Cavi.2 was significantly elevated in both
the dependent and withdrawal groups compared to the
control group. However, Cav2.2 expression did not show
significant changes across the groups. Additionally,
Cav3.1 expression markedly increased in the morphine-
dependent group but significantly declined in the
withdrawal group compared to both dependent and
control groups.

Calcium channels facilitate cell membrane
depolarization by allowing the influx of calcium ions,

which is crucial for secretion, contraction,
neurotransmission, gene expression, and various other
physiological processes (30, 31). Morphine acts by
activating mu-opioid receptors, which block calcium
channels and inhibit the release of neurotransmitters
from axon terminals. This activation sets off a molecular
cascade that ultimately influences gene expression (9).
Various studies have highlighted the role of T-type
calcium channels in antinociception, tolerance, pain
behavior, and dependence (12). These channels can affect
neuronal excitability, suggesting their role in pain
signal transmission at multiple levels, including
peripheral nociceptors, the spinal cord, and the brain
(32). Research has shown that expression of Cav1.2 and
Cavl3 increases with the development of morphine
tolerance. However, blocking these channels with
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fluoxetine delayed morphine-induced antinociception,
tolerance, and dependence (33). Considering the data
cited above and the changes in the expression of
calcium channels in the cerebellum observed in this
study, we propose a critical role for these calcium
channels in cerebellar neuroadaptation associated with
morphine tolerance, dependence, and withdrawal.
Research has shown that calcium channels can be
influenced by various substances, either directly or
indirectly. Specifically, BDNF can inhibit the function of
calcium channels in nerve terminals in the CNS (34). Our
results also demonstrated that prolonged morphine
treatment significantly reduced the expression of BDNF
and its receptor, TrkB, in the dependent group
compared to the control group. However, their
expression markedly increased after a 30-day
withdrawal period relative to both the control and
dependent groups. Additionally, the expression of GDNF
notably decreased in the dependent group compared to
the control group but significantly increased after the
30-day withdrawal period relative to both control and
dependent groups. The expression of GFRA1decreased in
the dependent group but partially recovered after the
withdrawal period, although it did not return to control
levels. Furthermore, NGF expression substantially
decreased in the dependent group compared to the
control group. However, after the 30-day withdrawal
period, NGF expression significantly increased
compared to both the control and dependent groups.
Additionally, there was a notable reduction in NGFR
expression at mRNA levels in both the dependent and
withdrawal groups compared to the control group.

Neurotrophic factors such as BDNF, GDNF, NGF, and
their receptors NGFR, TrkB, and GFRAI play crucial roles
in regulating brain survival, plasticity, and signaling
(35). These neurotrophic factors, by regulating
dopaminergic transmission in the NAc, which receives
projections from the VTA, have been linked to the
addiction process (17). BDNF is important for survival,
cell growth, and differentiation (36). Studies on acute
cocaine exposure have shown significant expression of
BDNF in the VTA, NAc, and PFC (37). Grimm et al.
observed that BDNF expression within the mesolimbic
dopaminergic system increased for 90 days following
cocaine cessation, whereas long-term morphine
administration led to a reduction in BDNF expression in
the VIA in mice (38). Moreover, clinical studies have
reported both increases and decreases in serum BDNF
levels in heroin addicts (35).

According to the current results, we observed a
general decrease in the expression of neurotrophic
factors in the cerebellum following morphine
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dependence, suggesting adverse effects of prolonged
morphine exposure on neuronal survival. However, a 30-
day withdrawal period appears to restore nearly all the
examined neurotrophic factors in the cerebellum,
supporting the hypothesis that cessation of morphine
triggers homeostatic processes in the cerebellum.
Supporting our findings, other researchers have
demonstrated that morphine withdrawal increases the
precursor of BDNF in the striatum and frontal cortex
(18). Our recent studies have shown that repeated
morphine exposure reduces BDNF protein levels in the
cerebellum but increases TrkB expression there.
Nevertheless, a 30-day withdrawal period partially
restored the expression of BDNF and TrkB (39). Further
research is needed to clarify the specific impact of
morphine on the expression of neurotrophic factors in
the cerebellum and their roles in morphine dependency
and withdrawal.

5.1. Conclusions

The results of this experiment show that 10 days of
morphine treatment induces analgesic tolerance and
dependence, significantly affecting the gene expression
of voltage-gated calcium channels and neurotrophic
factors in the cerebellum. However, a 30-day withdrawal
period in most cases not only restored the decreased
levels of these factors but also sharply increased them
above control levels. Our findings suggest that
prolonged morphine therapy disrupts homeostatic
mechanisms by altering the expression of voltage-gated
calcium channels and neurotrophic factors in the
cerebellum. This results in adverse consequences
following morphine withdrawal and dependence.

Acknowledgements

The research conducted in this study received
financial support from the Vice Chancellorship of
Research and Innovation at the University of Kurdistan.

Footnotes

Authors' Contribution: S. Ahmadi supervised the study
and data analysis, prepared the original draft of the
manuscript. M. Majidi, E. Rahmani, A. A. Rasheed, and M.
A. Abdalla made contributions to the collection and
analysis of data, as well as the development of the initial
manuscript. The final version of the text was revised and
approved by all authors.

Conflict of Interests Statement: There are no potential
conflicts of interest to declare by the authors.



Ahmadi Set al.

Data Availability: The dataset presented in the study is
available on request from the corresponding author
during submission or after its publication.

Ethical Approval: The use of laboratory animals in this
study adhered to international standards, following the
guidelines of the National Academy of Sciences'
Institute for Laboratory Animal Research (2011). The
study protocol received approval from the Research
Ethics Committee (REC) of the University of Kurdistan
(ethical approval codes and their webpages are:
IR.UOK.REC.1399.012 and IR.UOK.REC.1399.014 .

Funding/Support: The Vice Chancellorship of Research
and Innovation at the University of Kurdistan supported
this study (Grant No. 1398).

References

10.

Garcia-Perez D, Laorden ML, Milanes MV. Acute Morphine, Chronic
Morphine, and Morphine Withdrawal Differently Affect
Pleiotrophin, Midkine, and Receptor Protein Tyrosine Phosphatase
beta/zeta Regulation in the Ventral Tegmental Area. Mol Neurobiol.
2017;54(1):495-510. [PubMed ID: 26742526).
https://doi.org[10.1007/s12035-015-9631-2.

Kim ], Ham S, Hong H, Moon C, Im HI. Brain Reward Circuits in
Morphine Addiction. Mol Cells. 2016;39(9):645-53. [PubMed ID:
27506251]. [PubMed Central ID: PMC5050528].
https://doi.org/10.14348/molcells.2016.0137.

Bodnar R]. Endogenous opiates and behavior: 2014. Peptides.
2016;75:18-70. [PubMed ID: 26551874].
https://doi.org[10.1016/j.peptides.2015.10.009.

Goodman A. Neurobiology of addiction. An integrative review.
Biochem Pharmacol. 2008;75(1):266-322. [PubMed ID: 17764663].
https://doi.org/10.1016/j.bcp.2007.07.030.

Buckner RL. The cerebellum and cognitive function: 25 years of
insight from anatomy and neuroimaging. Neuron. 2013;80(3):807-15.
[PubMed ID: 24183029]. https:|/doi.org/10.1016/j.neuron.2013.10.044.

Carta I, Chen CH, Schott AL, Dorizan S, Khodakhah K. Cerebellar
modulation of the reward circuitry and social behavior. Science.
2019;363(6424). [PubMed ID: 30655412]. [PubMed Central ID:
PMC6711161]. https:[/doi.org/10.1126/science.aav0581.

Catterall WA. Voltage-gated calcium channels. Cold Spring Harb
Perspect Biol. 2011;3(8). a003947. [PubMed ID: 21746798]. [PubMed
Central ID: PMC3140680].
https://doi.org[10.1101/cshperspect.a003947.

Zamponi GW, Striessnig ], Koschak A, Dolphin AC. The Physiology,
Pathology, and Pharmacology of Voltage-Gated Calcium Channels
and Their Future Therapeutic Potential. Pharmacol Rev.
2015;67(4):821-70. [PubMed ID: 26362469]. [PubMed Central ID:
PMC4630564]. https://doi.org/10.1124/pr.114.009654.

Listos ], Lupina M, Talarek S, Mazur A, Orzelska-Gorka ], Kotlinska J.
The Mechanisms Involved in Morphine Addiction: An Overview. Int |
Mol Sci. 2019;20(17). [PubMed ID: 31484312]. [PubMed Central ID:
PMC6747116]. https://doi.org[10.3390/ijms20174302.

Dogrul A, Zagli U, Tulunay FC. The role of T-type calcium channels in
morphine analgesia, development of antinociceptive tolerance and
dependence to morphine, and morphine abstinence syndrome. Life
Sci. 2002;71(6):725-34. [PubMed ID: 12072160].
https://doi.org/10.1016/s0024-3205(02)01736-8.

12.

13.

14.

15.

16.

17.

19.

20.

21

22.

23.

24.

Yokoyama K, Kurihara T, Saegusa H, Zong S, Makita K, Tanabe T.
Blocking the R-type (Cav2.3) Ca2+ channel enhanced morphine
analgesia and reduced morphine tolerance. Eur ] Neurosci.
2004;20(12):3516-9. [PubMed ID: 15610184].
https://doi.org[10.1111/j.1460-9568.2004.03810 ..

Abbasloo E, Abdollahi F, Saberi A, Esmaeili-Mahani S, Kaeidi A,
Akhlaghinasab F, et al. Involvement of T-type calcium channels in the
mechanism of low dose morphine-induced hyperalgesia in adult
male rats. Neuropeptides. 2021;90:102185. [PubMed ID: 34419803].
https://doi.org[10.1016/j.npep.2021.102185.

Severini C. Neurotrophic Factors in Health and Disease. Cells.
2022;12(1). [PubMed ID: 36611840]. [PubMed Central ID: PMC9818562].
https://doi.org/10.3390/cells12010047.

Park H, Poo MM. Neurotrophin regulation of neural circuit
development and function. Nat Rev Neurosci. 2013;14(1):7-23.
[PubMed ID: 23254191]. https://doi.org/10.1038/nrn3379.

Hatami H, Oryan S, Semnanian S, Kazemi B, Bandepour M, Ahmadiani
A. Alterations of BDNF and NT-3 genes expression in the nucleus
paragigantocellularis ~ during morphine dependency and
withdrawal. Neuropeptides. 2007;41(5):321-8. [PubMed ID: 17688944].
https:[/doi.org[10.1016/j.npep.2007.04.007.

Vargas-Perez H, Ting AR, Walton CH, Hansen DM, Razavi R, Clarke L, et
al. Ventral tegmental area BDNF induces an opiate-dependent-like
reward state in naive rats. Science. 2009;324(5935):1732-4. [PubMed
ID: 19478142). [PubMed Central ID: PMC2913611].
https://doi.org/10.1126/science.1168501.

Bolanos CA, Nestler EJ. Neurotrophic mechanisms in drug addiction.
Neuromolecular Med. 2004;5(1):69-83. [PubMed ID: 15001814].
https://doi.org[10.1385/NMM:5:1:069.

Bachis A, Campbell LA, Jenkins K, Wenzel E, Mocchetti I. Morphine
Withdrawal Increases Brain-Derived Neurotrophic Factor Precursor.
Neurotox Res. 2017;32(3):509-17. [PubMed ID: 28776309]. [PubMed
Central ID: PMC5711538]. https://doi.org[10.1007/s12640-017-9788-8.

Ahmadi S, Poureidi M, Rostamzadeh ]. Hepatic encephalopathy
induces site-specific changes in gene expression of GluN1 subunit of
NMDA receptor in rat brain. Metab Brain Dis. 2015;30(4):1035-41.
[PubMed ID: 25896221]. https:|/doi.org/10.1007/s11011-015-9669-X.

Ahmadi S, Karami Z, Mohammadian A, Khosrobakhsh F,
Rostamzadeh ]. Cholestasis induced antinociception and decreased
gene expression of MORI in rat brain. Neuroscience. 2015;284:78-86.
[PubMed ID: 25290008].
https://doi.org/10.1016/j.neuroscience.2014.08.063.

Ahmadi S, Faridi S, Tahmasebi S. Calcium-dependent kinases in the
brain have site-specific associations with locomotion and rearing
impairments in rats with bile duct ligation. Behav Brain Res.
2019;372:112009. [PubMed ID: 31173796].
https://doi.org[10.1016/j.bbr.2019.112009.

Livak K], Schmittgen TD. Analysis of relative gene expression data
using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method.
Methods. 2001;25(4):402-8. [PubMed ID: 11846609].
https:[/doi.org[10.1006/meth.2001.1262.

Ahmadi S, Parvini N. Morphine-induced analgesic tolerance is
associated with alteration of protein kinase Cy and transient
receptor potential vanilloid type 1 genes expression in rat
lumbosacral cord and midbrain. J Physiol Pharmacol. 2016;20(3):147-
56.

Ahmadi S, Zobeiri M, Mohammadi Talvar S, Masoudi K, Khanizad A,
Fotouhi S, et al. Differential expression of H19, BC1, MIATI, and
MALATI long non-coding RNAs within key brain reward regions after
repeated morphine treatment. Behav Brain Res. 2021;414:113478.
[PubMed ID: 34302875]. https://doi.org[10.1016[j.bbr.2021.113478.
Ahmadi S, Miraki F, Rostamzadeh J. Association of morphine-induced
analgesic tolerance with changes in gene expression of GluN1 and

Jentashapir ] Cell Mol Biol. 2024; 15(2): €146400.


https://ethics.research.ac.ir/EthicsProposalView.php?id=137316
https://ethics.research.ac.ir/EthicsProposalView.php?id=137318
http://www.ncbi.nlm.nih.gov/pubmed/26742526
https://doi.org/10.1007/s12035-015-9631-2
http://www.ncbi.nlm.nih.gov/pubmed/27506251
https://www.ncbi.nlm.nih.gov/pmc/PMC5050528
https://doi.org/10.14348/molcells.2016.0137
http://www.ncbi.nlm.nih.gov/pubmed/26551874
https://doi.org/10.1016/j.peptides.2015.10.009
http://www.ncbi.nlm.nih.gov/pubmed/17764663
https://doi.org/10.1016/j.bcp.2007.07.030
http://www.ncbi.nlm.nih.gov/pubmed/24183029
https://doi.org/10.1016/j.neuron.2013.10.044
http://www.ncbi.nlm.nih.gov/pubmed/30655412
https://www.ncbi.nlm.nih.gov/pmc/PMC6711161
https://doi.org/10.1126/science.aav0581
http://www.ncbi.nlm.nih.gov/pubmed/21746798
https://www.ncbi.nlm.nih.gov/pmc/PMC3140680
https://doi.org/10.1101/cshperspect.a003947
http://www.ncbi.nlm.nih.gov/pubmed/26362469
https://www.ncbi.nlm.nih.gov/pmc/PMC4630564
https://doi.org/10.1124/pr.114.009654
http://www.ncbi.nlm.nih.gov/pubmed/31484312
https://www.ncbi.nlm.nih.gov/pmc/PMC6747116
https://doi.org/10.3390/ijms20174302
http://www.ncbi.nlm.nih.gov/pubmed/12072160
https://doi.org/10.1016/s0024-3205(02)01736-8
http://www.ncbi.nlm.nih.gov/pubmed/15610184
https://doi.org/10.1111/j.1460-9568.2004.03810.x
http://www.ncbi.nlm.nih.gov/pubmed/34419803
https://doi.org/10.1016/j.npep.2021.102185
http://www.ncbi.nlm.nih.gov/pubmed/36611840
https://www.ncbi.nlm.nih.gov/pmc/PMC9818562
https://doi.org/10.3390/cells12010047
http://www.ncbi.nlm.nih.gov/pubmed/23254191
https://doi.org/10.1038/nrn3379
http://www.ncbi.nlm.nih.gov/pubmed/17688944
https://doi.org/10.1016/j.npep.2007.04.007
http://www.ncbi.nlm.nih.gov/pubmed/19478142
https://www.ncbi.nlm.nih.gov/pmc/PMC2913611
https://doi.org/10.1126/science.1168501
http://www.ncbi.nlm.nih.gov/pubmed/15001814
https://doi.org/10.1385/NMM:5:1:069
http://www.ncbi.nlm.nih.gov/pubmed/28776309
https://www.ncbi.nlm.nih.gov/pmc/PMC5711538
https://doi.org/10.1007/s12640-017-9788-8
http://www.ncbi.nlm.nih.gov/pubmed/25896221
https://doi.org/10.1007/s11011-015-9669-x
http://www.ncbi.nlm.nih.gov/pubmed/25290008
https://doi.org/10.1016/j.neuroscience.2014.08.063
http://www.ncbi.nlm.nih.gov/pubmed/31173796
https://doi.org/10.1016/j.bbr.2019.112009
http://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/34302875
https://doi.org/10.1016/j.bbr.2021.113478

Ahmadi Setal.

26.

27.

28.

29.

30.

3L

32.

33.

MOR1 in rat spinal cord and midbrain. Iran | Basic Med Sci.
2016;19(9):924-31. [PubMed ID: 27803778]. [PubMed Central ID:
PMC5080421].

Ahmadi S, Masoudi K, Talvar SM, Zobeiri M, Khanizad A, Fotouhi S, et
al. Region Specificity in Endogenous Opioid Peptides and Mu-opioid
Receptor Gene Expression in Rat Brain Areas Involved in Addiction
After Frequent Morphine Treatment. Jentashapir | Cell Mol Biol.
2021;12(4).

Mashayekhi FJ, Rasti M, Rahvar M, Mokarram P, Namavar MR, Owji
AA. Expression levels of the BDNF gene and histone modifications
around its promoters in the ventral tegmental area and locus
ceruleus of rats during forced abstinence from morphine.
Neurochem Res. 2012;37(7):1517-23. [PubMed ID: 22410736].
https://doi.org/10.1007/s11064-012-0746-9.

Ammon-Treiber S, Hollt V. Morphine-induced changes of gene
expression in the brain. Addict Biol. 2005;10(1):81-9. [PubMed ID:
15849022]. https:[/doi.org/10.1080/13556210412331308994.

Kalamarides DJ, Singh A, Wolfman SL, Dani JA. Sex differences in VTA
GABA transmission and plasticity during opioid withdrawal. Sci Rep.
2023;13(1):8460. [PubMed ID: 37231124]. [PubMed Central ID:
PMC10213060]. https://doi.org/10.1038/s41598-023-35673-9.

Nanou E, Catterall WA. Calcium Channels, Synaptic Plasticity, and
Neuropsychiatric Disease. Neuron. 2018;98(3):466-81. [PubMed ID:
29723500]. https://doi.org/10.1016/j.neuron.2018.03.017.

Nakao A, Takada Y, Mori Y. [Calcium channels regulate neuronal
function, gene expression, and development|. Brain Nerve.
2011;63(7):657-67. [PubMed ID: 21747135].

Hildebrand ME, Snutch TP. Contributions of T-type calcium channels

to the pathophysiology of pain signaling. / Drug Discovery Today:

Disease Mechanisms. 2006;3(3):335-41.

Alboghobeish S, Naghizadeh B, Kheirollah A, Ghorbanzadeh B,
Mansouri MT. Fluoxetine increases analgesic effects of morphine,
prevents development of morphine tolerance and dependence
through the modulation of L-type calcium channels expression in

Jentashapir ] Cell Mol Biol. 2024;15(2): €146400.

34.

35.

36.

37.

38.

39.

mice. Behav Brain Res. 2019;361:86-94. [PubMed ID: 30550947].
https://doi.org/10.1016/j.bbr.2018.12.020.

Baydyuk M, Wu XS, He L, Wu LG. Brain-derived neurotrophic factor
inhibits calcium channel activation, exocytosis, and endocytosis at a
central nerve terminal. J Neurosci. 2015;35(11):4676-82. [PubMed ID:
25788684]. [PubMed Central ID: PMC4363393].
https://doi.org/10.1523/JNEUROSCI.2695-14.2015.

Angelucci F, Ricci V, Pomponi M, Conte G, Mathe AA, Attilio Tonali P, et
al. Chronic heroin and cocaine abuse is associated with decreased
serum concentrations of the nerve growth factor and brain-derived
neurotrophic factor. J Psychopharmacol. 2007;21(8):820-5. [PubMed
ID: 17715210]. https://doi.org/10.1177/0269881107078491.

Costa MA, Girard M, Dalmay F, Malauzat D. Brain-derived
neurotrophic factor serum levels in alcohol-dependent subjects 6
months after alcohol withdrawal. Alcohol Clin Exp Res.
2011;35(11):1966-73. [PubMed ID: 21848960].
https://doi.org[10.1111/j.1530-0277.2011.01548 X.

Graham DL, Edwards S, Bachtell RK, DiLeone R], Rios M, Self DW.
Dynamic BDNF activity in nucleus accumbens with cocaine use
increases self-administration and relapse. Nat Neurosci.
2007;10(8):1029-37. [PubMed ID: 17618281].
https://doi.org/10.1038/nn1929.

Grimm JW, Lu L, Hayashi T, Hope BT, Su TP, Shaham Y. Time-
dependent increases in brain-derived neurotrophic factor protein
levels within the mesolimbic dopamine system after withdrawal
from cocaine: implications for incubation of cocaine craving. J
Neurosci. 2003;23(3):742-7. [PubMed ID: 12574402]. [PubMed Central
ID: PMC6741929). https://doi.org[10.1523[]NEUROSCI.23-03-
00742.2003.

Ahmadi S, Majidi M, Koraei M, Vasef S. The Inflammation/NF-kappaB
and BDNF/TrkB/CREB Pathways in the Cerebellum Are Implicated in
the Changes in Spatial Working Memory After Both Morphine
Dependence and Withdrawal in Rat. Mol Neurobiol. 2024. [PubMed
1D: 38347284]. https:[/doi.org/10.1007/s12035-024-03993-0.


http://www.ncbi.nlm.nih.gov/pubmed/27803778
https://www.ncbi.nlm.nih.gov/pmc/PMC5080421
http://www.ncbi.nlm.nih.gov/pubmed/22410736
https://doi.org/10.1007/s11064-012-0746-9
http://www.ncbi.nlm.nih.gov/pubmed/15849022
https://doi.org/10.1080/13556210412331308994
http://www.ncbi.nlm.nih.gov/pubmed/37231124
https://www.ncbi.nlm.nih.gov/pmc/PMC10213060
https://doi.org/10.1038/s41598-023-35673-9
http://www.ncbi.nlm.nih.gov/pubmed/29723500
https://doi.org/10.1016/j.neuron.2018.03.017
http://www.ncbi.nlm.nih.gov/pubmed/21747135
http://www.ncbi.nlm.nih.gov/pubmed/30550947
https://doi.org/10.1016/j.bbr.2018.12.020
http://www.ncbi.nlm.nih.gov/pubmed/30550947
https://doi.org/10.1016/j.bbr.2018.12.020
http://www.ncbi.nlm.nih.gov/pubmed/25788684
https://www.ncbi.nlm.nih.gov/pmc/PMC4363393
https://doi.org/10.1523/JNEUROSCI.2695-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/17715210
https://doi.org/10.1177/0269881107078491
http://www.ncbi.nlm.nih.gov/pubmed/21848960
https://doi.org/10.1111/j.1530-0277.2011.01548.x
http://www.ncbi.nlm.nih.gov/pubmed/17618281
https://doi.org/10.1038/nn1929
http://www.ncbi.nlm.nih.gov/pubmed/12574402
https://www.ncbi.nlm.nih.gov/pmc/PMC6741929
https://doi.org/10.1523/JNEUROSCI.23-03-00742.2003
https://doi.org/10.1523/JNEUROSCI.23-03-00742.2003
http://www.ncbi.nlm.nih.gov/pubmed/38347284
https://doi.org/10.1007/s12035-024-03993-0

