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Abstract

Objective: To observe the effects of rhynchophylline on methamphetamine-
induced conditioned place preference in zebrafish and explore the underlying
mechanisms. Methods: Experimental groups comprised a blank control group, a
methamphetamine model group, a model + low-dose rhynchophylline group (50
mg/kg), a model + high-dose rhynchophylline group (100 mg/kg), and a model
+ ketamine group (150 mg/kg). A methamphetamine-induced zebrafish CPP
model was established via conditioned place preference training. The Noldus
Ethovision XT system was employed to measure zebrafish residence time in the
non-preferred compartment (drug-paired compartment) and movement trajec-
tories within the CPP apparatus. Western blotting was utilized to detect the
expression of NR2B, TH, and GLUR2 proteins in zebrafish brain tissue. Results:
Compared with the blank group, the model group exhibited significant differ-
ences in changes of residence time in the drug-paired compartment before and af-
ter training, as well as in locomotor distance (P<0.05). The OD values for NR2B,
TH, and GLUR2 protein expression also differed significantly (P<0.05). Com-
pared with the model group, the high-dose rhynchophylline group showed signif-
icant differences in changes of residence time in the drug-paired compartment
and locomotor distance (P<0.05), with significant differences also observed in
the OD values for NR2B, TH, and GLUR2 protein expression (P<0.05). Conclu-
sion: Rhynchophylline demonstrates an inhibitory effect on methamphetamine
dependence in zebrafish, and its mechanism is associated with modulating the
expression of TH, NR2B, and GLUR2 proteins in the brain.
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Abstract

Objective: To investigate the effect of rhynchophylline on methamphetamine-
induced conditioned place preference (CPP) in zebrafish and explore its underly-
ing mechanisms. Methods: Zebrafish were divided into five groups: blank con-
trol, methamphetamine model, model 4+ low-dose rhynchophylline (50 mg/kg),
model + high-dose rhynchophylline (100 mg/kg), and model + ketamine (150
mg/kg). A methamphetamine-induced CPP model was established using con-
ditioned place preference training. The Noldus Ethovision XT system was
used to measure the time spent in the drug-paired compartment (non-preferred
side) and to track movement patterns in the CPP apparatus. Western blot-
ting was employed to detect the expression of three proteins—NR2B, TH, and
GLUR2—in zebrafish brain tissue. Results: Compared with the control group,
the model group exhibited significant differences in both the change in resi-
dence time in the drug-paired compartment before and after training and in
locomotor distance (P<0.05), along with significant alterations in the optical
density values of NR2B, TH, and GLUR2 protein expression (P<0.05). High-
dose rhynchophylline treatment significantly reversed these behavioral changes
and reduced protein expression differences compared with the model group
(P<0.05). Conclusion: Rhynchophylline demonstrates inhibitory effects on
methamphetamine dependence in zebrafish, likely through modulation of TH,
NR2B, and GLUR2 protein expression in the brain.

Keywords: zebrafish; rhynchophylline; methamphetamine; drug dependence;
conditioned place preference

Introduction

Methamphetamine (MA) is a widely abused psychostimulant that produces pow-
erful central nervous system excitation. Chronic use leads to profound psy-
chological dependence and significant damage to the central nervous system,
with withdrawal symptoms including depression, anxiety, and anhedonia. Re-
search has demonstrated that MA exerts notable neurotoxic effects on dopamin-
ergic neurons in both animals and humans [1-2]. The underlying toxic mech-
anisms involve multiple pathways: disruption of dopamine signal transduction
and dopamine oxidation [3-4], glutamate-mediated excitotoxicity [5], oxidative
stress and cytokine formation [6-7], mitochondrial dysfunction with induction
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of neuronal apoptosis [8], and activation of glial cells [4]. Tyrosine hydroxy-
lase (TH), the rate-limiting enzyme in catecholamine biosynthesis, serves as a
reliable marker for changes in dopamine neurotransmission [9].

Our previous studies have shown that in rats with MA-induced CPP, expression
of the N-methyl-D-aspartate (NMDA) receptor subunit in brain glutamate sys-
tems is significantly enhanced [10-11]. Additionally, AMPA receptor expression
increases in the nucleus accumbens but decreases in the hypothalamus of CPP
rats.

Currently, no highly effective pharmacological treatments exist for amphetamine-
type stimulant dependence. Rhynchophylline, the principal active component
of Uncaria rhynchophylla (Miq) Miq. ex Havil., is commonly used in traditional
medicine for treating drug addiction. Our prior work has demonstrated that
rhynchophylline effectively antagonizes amphetamine-induced place preference
in rats, suppresses MA-induced upregulation of NR2B protein expression, and
normalizes GLUR2/3 expression levels in MA-dependent rat brains [10-12].
These findings suggest that rhynchophylline represents a promising traditional
Chinese medicine-derived compound for treating amphetamine-type substance
dependence.

While rhynchophylline’ s effects on drug dependence have been extensively stud-
ied in rodent models, its impact on zebrafish models remains unreported. Ze-
brafish are emerging as a valuable model organism in addiction research. In
this study, we employed our previously established zebrafish CPP model [13] to
examine rhynchophylline’ s effects on MA-induced place preference formation,
characterize behavioral alterations in MA-dependent zebrafish, and investigate
changes in NR2B, TH, and GLUR2 protein expression in the zebrafish brain,
thereby providing deeper insights into MA-induced dependence and the thera-
peutic potential of this active herbal component.

Methods
Reagents and Materials

Methamphetamine hydrochloride was obtained from the National Narcotics
Laboratory (Batch No. 1212-9802). Rhynchophylline was purchased from Wako
Pure Chemical Industries, Ltd. (Batch No. 184-01931). Tricaine methane-
sulfonate (MS222) was acquired from Sigma. Anti-NR2B (AB1557P) and
Anti-GLUR2 (MAB397) antibodies were sourced from Millipore. Magic Mark
(LC5602) was obtained from Invitrogen. Ketamine hydrochloride injection was
purchased from Jiangsu Hengrui Medicine Co., Ltd. (Batch No. KH090701).
Fish physiological saline was prepared in-house.

Experimental Animals

Wild-type AB strain male zebrafish were provided by the Zebrafish Experi-
mental Center of Southern Medical University. Fish were 3-6 months old and
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weighed 0.5-1.0 g. The aquatic system (Beijing Aisheng Company) maintained
water temperature at 28.5-29.5°C, salinity at 0.03%-0.04%, and pH at 7.2-7.6.
The light cycle was controlled at 14 h light (8:30 am-10:30 pm) and 10 h dark.

Experimental Apparatus

The conditioned place preference tank [13] measured 16 cm x 9 cm x 9 cm and
featured a removable partition dividing it into two equal compartments. One
side was brown-colored, while the other was transparent with two 2-cm-diameter
black dots on the bottom. The Noldus Ethovision XT system (Noldus Informa-
tion Technology, Netherlands, http://www.noldus.com) was used for behavioral
tracking and analysis.

Establishment of Methamphetamine-Induced CPP Model and Behav-
ioral Testing

Animal Grouping: Based on previous literature [13] and pilot experiments,
adult zebrafish naturally prefer the brown compartment; therefore, the transpar-
ent side was designated as the drug-paired compartment. Prior to drug adminis-
tration, baseline place preference was assessed using the behavioral analysis sys-
tem, and animals not conforming to natural preference patterns were excluded.
For testing, the partition was removed and individual fish were observed for 15
minutes, with residence time in the white compartment recorded when the fish’
s head entered the area. Fifty zebrafish meeting the natural preference crite-
ria were randomly assigned to five groups (n=10 each): (1) blank control, (2)
methamphetamine model, (3) model + low-dose rhynchophylline (50 mg/kg),
(4) model + high-dose rhynchophylline (100 mg/kg), and (5) model + ketamine
(150 mg/kg).

CPP Model Establishment: The complete protocol spanned nine days. (1)
Baseline measurement: Zebrafish were placed individually in CPP training
tanks with water depth 5 c¢m to ensure adequate hydrostatic pressure and accli-
mated for two days. On day 3, baseline place preference was tested (15-minute
observation), and movement patterns were tracked for 5 minutes using Noldus
Ethovision XT software. (2) Training sessions: On days 4, 6, and 8, all
groups except the blank control were lightly anesthetized in 200 mg/L MS222
solution and intraperitoneally injected with methamphetamine (40 g/g body
weight) before being confined to the non-preferred (drug-paired) compartment
for 45 minutes. A transparent barrier prevented movement between compart-
ments while allowing visual contact. After 45 minutes, fish were transferred to
larger blue-environment tanks, and the black/white compartments were cleaned
with 70% ethanol followed by system water rinse. Blank control fish received
equivalent volumes of fish physiological saline (10 L/fish) following the same
anesthesia procedure. (3) Saline sessions: On days 5 and 7, all groups received
intraperitoneal saline injections (10 L/fish) and were placed in the preferred
(non-drug-paired) compartment for 45 minutes, following identical procedures.
(4) Testing: Twenty-four hours after the final injection (day 9), the Noldus
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Ethovision XT system measured residence time in the drug-paired compartment
and tracked movement patterns, comparing pre- and post-training differences.

Drug Administration: Twelve hours after daily methamphetamine or saline
training sessions, treatment groups were lightly anesthetized with MS222
and intraperitoneally injected with respective drug solutions (low-dose rhyn-
chophylline 50 mg/kg, high-dose rhynchophylline 100 mg/kg, or ketamine 150
mg/kg) before transfer to blue-environment tanks. Blank control and model
groups received equivalent volumes of fish physiological saline (10 L/fish)
following identical procedures for five consecutive days.

Protein Expression Analysis of NR2B, TH, and GLUR2 in Zebrafish
Brain

Following behavioral testing, zebrafish were euthanized, brains were dissected,
homogenized, and proteins were extracted. Protein concentrations were deter-
mined, and Western blotting was performed to detect NR2B, TH, and GLUR2
expression levels, with -actin serving as the internal control.

Results
Behavioral Analysis of Methamphetamine-Induced CPP

The model group exhibited a significant difference in residence time change in
the drug-paired compartment before and after training compared with the con-
trol group (P<0.01), confirming robust conditioned place preference formation.
High-dose rhynchophylline and ketamine groups showed significantly reduced
time differences compared with the model group (P<0.05), whereas low-dose
rhynchophylline produced no significant effect (P>0.05) [Figure 1: see origi-
nal paper]. Similarly, locomotor distance in the drug-paired compartment dif-
fered significantly between the model and control groups post-training (P<0.01).
High-dose rhynchophylline and ketamine significantly attenuated this increase
(P<0.05), while low-dose rhynchophylline remained ineffective (P>0.05) [Fig-
ure 2: see original paper|. Representative movement trajectories in the CPP
apparatus are shown in [Figure 3: see original paper].

Protein Expression of NR2B, TH, and GLUR2 in Zebrafish Brain

Western blotting analysis revealed significantly elevated expression of TH,
NR2B, and GLUR2 in the model group compared with controls (P<0.05).
High-dose rhynchophylline and ketamine significantly reduced these protein
levels (P<0.05 or P<0.01), whereas low-dose rhynchophylline showed no
significant effect (P>0.05) [Figure 4: see original paper], [Figure 5: see original
paper].
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Discussion

Zebrafish share remarkable developmental similarities with humans, with ap-
proximately 85% genetic homology in blood, visceral, visual, and central ner-
vous systems. Their high reproductive capacity, embryonic transparency, rapid
growth, and genetic similarity make them increasingly attractive to biologists.
Internationally, researchers have successfully employed zebrafish to study drug
dependence withdrawal symptoms and addiction-induced conditioned place pref-
erence, validating their utility in addiction medicine. Caffeine, ethanol, mor-
phine, and diazepam have all been shown to produce addiction and withdrawal
behaviors in zebrafish, affecting both behavior and endocrine function [14-15].
Bretaud et al. [16] demonstrated that morphine-pre-exposed larvae exhibited
significantly increased residence time in morphine-containing water, an effect
reducible by opioid or dopamine receptor antagonist pretreatment. Our group
previously established a methamphetamine-induced zebrafish CPP model [13],
which we utilized here to examine rhynchophylline’ s effects. The significant
increases in drug-paired compartment residence time and locomotor distance
in MA-treated zebrafish indicate strong conditioned place preference formation.
High-dose rhynchophylline and ketamine markedly reduced these behavioral in-
dices, suggesting effective inhibition of MA-induced place preference. Low-dose
rhynchophylline showed minimal effect. These findings demonstrate the appli-
cability of the MA-induced zebrafish CPP model for investigating traditional
Chinese medicine-based addiction interventions.

The mesolimbic dopamine system (MLDS), endogenous opioid system, and
GABA /glutamate neural networks are critically involved in drug abuse and
psychological dependence. Key neurotransmitters including dopamine [17], glu-
tamate, and serotonin [18] play essential roles in addiction development. Glu-
tamate receptors (GluRs), particularly NMDA and AMPA receptors, are abun-
dantly expressed in the brain and intimately associated with drug dependence
[19]. AMPA receptors comprise four subunits (GluR1-4), with GluR2/3 het-
eromers predominating in the central nervous system [20]. These receptors are
crucial for neurodevelopment, signal transduction, and synaptic plasticity under-
lying learning and memory. NMDA receptors are ligand-gated cation channels
formed by essential NR1 subunits and at least one NR2 regulatory subunit.
Kato et al. [21] reported that NR2B phosphorylation plays a critical role in
morphine-induced reward, with tyrosine kinases such as Src family kinases en-
hancing NMDA receptor function through increased tyrosine phosphorylation of
NR2B C-terminal residues. As a key central nervous system neurotransmitter,
dopamine influences voluntary movement, hormone secretion, and emotional
regulation. Tyrosine hydroxylase (TH), the rate-limiting enzyme in dopamine
synthesis, serves as a marker for dopaminergic neurons and reflects dopamine
content [22].

We selected NR2B, GLUR2, and TH as biochemical markers relevant to metham-
phetamine dependence to elucidate the associated neurochemical mechanisms.
Our results show significantly enhanced expression of TH, NR2B, and GLUR2
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in MA-treated zebrafish brains, suggesting that dependence formation may in-
volve upregulation of these proteins. High-dose rhynchophylline markedly re-
duced their expression, while low-dose treatment showed minimal effect. These
biochemical findings align with the behavioral results, indicating that rhyn-
chophylline inhibits methamphetamine dependence, possibly by modulating TH,
NR2B, and GLUR2 expression, thereby providing experimental support for its
therapeutic potential.

Ketamine, a non-competitive NMDA receptor antagonist, served as a positive
control. At 150 mg/kg, ketamine significantly suppressed MA-induced place
preference and attenuated the associated increase in TH, NR2B, and GLUR2
expression. While various NMDA receptor antagonists can inhibit reward effects
of addictive substances like morphine, ketamine’s own potential for psychological
dependence and abuse complicates interpretation of its anti-addiction properties,
necessitating further investigation.
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