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Abstract

Dopamine release plays an important role in regulating neuronal behaviors behind drug addiction and
abuse. Plant alkaloids and nicotine salts administrations have been reported to exert significant effects
on dopamine release in human and animal brains. However, in vivo detection of dopamine in the brain is
challenging and mostly invasive, which greatly limit its wide application to study drug-induced
neurological mechanisms. A novel '8F- Fallypride positron emission tomography (PET) imaging method
was demonstrated for the detection the dopamine secretion in SD rats. The effects of four alkaloids
/nicotine salts (nicotine, nicotine benzoate, caffeine and arecoline hydrobromide) on dopamine secretion
in SD rats were systematically investigated based on PET imaging using 18F-Fallypride as a marker. The
results showed that the effective dopamine saturation dosage of nicotine, nicotine benzoate, caffeine
and arecine hydrobromide were 0.125 mg/kg, 0.150 mg/kg, 0.165 mg/kg and 0.300 mg/kg, respectively.
Besides, there were also sex differences in the intensity of dopamine secretion of the four alkaloids and
nicotine salts under the same dose. Additionally, animal behavior study has supported these
pharmacological differences. This work provided a noninvasive real-time detection method to study
dopamine excitability by neuronal stimulants in vivo to better understand addiction and abuse ability.

Introduction

Alkaloids are a group of alkaline nitrogenous compounds with significant pharmacological activities,
which can form alkaloid salts in the presence of acids. They are wildly existed in the plants and food
stuff, such as tobacco, poppy, lycopene, legume, alpine and palm families [.2 Nicotine and its salts,
caffeine, and arecoline are a kind of alkaloid, which can excite nerves and relieve fatigue, but long-term
intake can cause the damage to the nervous system of the central nervous system, leading to addiction.
Therefore, the dosage of alkaloid should be reasonably controlled.

Nicotine and nicotine salts intake by human can bind to nicotinic acetylcholine receptors nAChRs in the
brain and promote the release of dopamine from the limbic dopamine neuron system in the midbrain,
resulting in a pronounced excitatory effects 3,41 Chronic exposures of this nature can lead to nicotine
addiction. Caffeine is a non-selective adenosine receptor antagonist, which can eliminate the negative
modulatory effect of adenosine on dopamine receptors, thereby stimulating dopamine production and
creating an excitatory effect [5.61 Arecoline on the other hand binds to muscarinic acetylcholine M
receptors and also nicotinic acetylcholine receptors nAChRs, promoting the release of dopamine and
producing the excitatory effects [7.8], Although these alkaloids/salts can directly or indirectly stimulate
the production of dopamine, excessive and repeated intake of alkaloids/salts will produce adverse
physiological effects and dependence behaviors, while intake of alkaloids/salts under a low dose may
have beneficial effects on mental alertness and will not achieve psychological satisfaction of their users
[9.10] Therefore, accurately establishing the relationship between alkaloids/salts intake and dopamine
secretion in the brain and comparing the differences in the excitatory effects of different alkaloids/salts
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will provide a reference for their potential safe consumption such as in nicotine replacement therapy
products and keep away irreversible drug addiction and abuse.

The excitatory effects of alkaloids/salts are mainly related to dopamine secretion, and the strength of
the excitatory effect can be indirectly reflected by detecting the occupancy of dopamine D2 receptors
[11-14] For example, Fukunaga et al. proposed that dopamine D2 receptor signaling is vital for the
modulation of nicotine-induced conditioned place preference (CPP) in mice. They found the strength of
both calmodulin-dependent protein kinase and extracellular signal-regulated kinase increase in wild-type
mice, but not in dopamine D2 receptor knockout mice, indicating that the activation of D2R is essential
for the enhancement of nicotine effect ['2. Therefore, the strength of excitatory effect can be detected by
analyzing the occupation of dopamine D2 receptor. Despite many previous studied focusing on the
physiologically dependent behavior of alkaloids/salts ['Z, the detection of dopamine in animal’s brain is
mostly invasive in the reported studies, which greatly limits the understanding of the mechanisms
involved '8, With the development and maturity of positron emission tomography (PET) technology, non-
invasive and real-time detection of the excitatory effects of psychostimulants such as alkaloids/salts in

vivo has become a possibility ['®191. As such, Sabri et al. studied cholinergic neurotransmission in

neurodegenerative disorders by PET imaging [20]

In this work, a competitive inhibitor of dopamine D2 receptor, namely '8F-Fallypride, was used as an
imaging agent. We systematically studied the dopamine secretion in SD rats after single gavage
administration of four alkaloids/salts based on the '8F-Fallypride-PET imaging technology. Open field
test (OFT) of SD rats has been performed to distinguish any different behaviors between the four
alkaloids/salts groups. In addition, the sex difference in the dopamine secretion behaviors has been
investigated.

Materials and Methods
Materials and reagents

Nicotine (chromatographic purity), caffeine (chromatographic purity) and betaine hydrobromide
(chromatographic purity) were provided by Shanghai Amperexperimental Technology Co., Ltd (China);
nicotine benzoate (homemade, 50% nicotine benzoate propylene glycol liquid); isoflurane was purchased
by Shenzhen Reward Life Science and Technology Co. Ltd (China). SD (Sprague Dawley) rats, SPF grade,
5 weeks age, and the weight is between 200 g and 220 g, were provided by Zhaoyan (Suzhou, New Drug
Research Centre Co., Ltd. and Beijing Viton Lihua Laboratory Animal Technology Co., Ltd, China). The test
animal qualification certificate numbers were 202139403 and 2021120Aazz0619000345, and the animal
ethical approval numbers of the test protocols were IACUC-2021-005 and IACUC-2021-008, respectively.

High performance liquid chromatograph (1260, Agilent, USA); small animal anaesthesia machine
(R5501E, Shenzhen Reward Life Science and Technology Co., Ltd., China); small animal PET-CT imaging
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system (Inveon, Siemens, Germany); nebulisation drug delivery instrument for large and small mice (KW-
DM-YWH, Calvin Bio-technology Co., Ltd., Nanjing, China).

Test method

Preparation of imaging agent 18F-Fallypride

Firstly, A IBA Cyclone® 18/9 at 18MeV cyclotron was used for '8F production. The '8F ions were
obtained from a nuclear accelerator and transferred to the synthesis module, and then the '8F ions were

adsorbed by the QMA column. Secondly, the '8F ions adsorbed on QMA column were washed with 1 mL
of mixture solution (15 mg K2.2.2, 1.5 mg K,CO4, 0.6 mL acetonitrile, and 0.4 mL of water) and the

solvent was evaporated. The resulting '8F ions were washed twice with acetonitrile and dried to obtain
the precursor. Next, 3 mg of the precursors were added into 1 mL acetonitrile and reacted in the closed
vessel at 95°C for 15 min, then the solution was cooled to room temperature, diluted with water, and
passed through the C18 column for pre-purification before preparative separation. The obtained crude
product was drenched down from the C18 column with 1 mL of ethanol and diluted with mobile phase,
and the diluted solution was fed into the preparative column for preparative separation (HPLC flow rate:
5 mL/min, acetonitrile: water = 56:44, 0.1% triethylamine); the target product peak was collected and
diluted with water, and enriched again with a C18 column; the product was eluted from the C18 column
to the product vial with 1 mL of ethanol and diluted with 0.9% sodium chloride injection to obtain '8 F-
Fallypride solution, as shown in Fig. 1.

Purity determination of 18F-Fallypride

After the above synthesis, the purity of '8F -Fallypride was identified by HPLC. The specific HPLC
identification parameters were: mobile phase A: 0.1% triethylamine aqueous solution, B: acetonitrile.
Chromatographic column: Luna C18 4.6*2505 pm; wavelength: 254 nm; elution method: 0 ~ 15 min: 40%
of A phase, 60% of B phase; 15 ~ 25 min: 100% of B phase.

Determination of alkaloid/salts peak times

PET static scans were performed by injecting the developer '8F-Fallypride into the tail vein of SD rats,
followed by transoral gavage of a given dose of alkaloids/salts (Table 1). After the administration 55 min,
the SD rats were anaesthetised and subjected to static scanning using PET imaging. The uptake value of
alkaloids/salts (g) in the striatum of SD rats was obtained by adjusting the scanning time parameter
(uptake value (ID%/g) = (radioactivity counts of organs/radioactivity counts of injected drugs)/tissue
weight) to determine the peak time of alkaloids/salts in the brain of the SD rats, which was also the
optimal scanning time for PET.

The specific scanning conditions were as follows: '8F-Fallypride as the radioactive tracers, a static
scanning mode was adopted, and the tail vein was scanned for 5 min after the developer was given for
30 min; reconstruction mode OSEM-3D; PET axial scanning length of 127 mm, acquisition energy
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window of 350-650 keV, and time window of 3.438 ns. PET reconstruction algorithm: OSEM3D/SP-PET
reconstruction algorithm: OSEM3D/SP-MARP, 2 iterations, 128*128 matrix. PET image layer thickness:
0.796 mm.

Table 1
The administration doses of alkaloids/salts in SD rats and PET scanning
schedules.
Alkaloids/salts Dose administered (mg/kg)  Scanning time (h)
nicotine 0.10 0,0.5,1,1.5,2and 4
nicotine benzoate 0.12
caffeine 0.13

arecoline hydrobromide  0.12

Dopamine secretion assay with different alkaloids/salts at
different doses

After injection of 18F-Fallypride developer into the tail vein of SD rats, different doses of alkaloids/salts
were given to SD rats by single oral gavage administration (Table 2), and PET static scanning time was
performed to observe the difference of dopamine secretion in SD rats after single oral injecting of
different doses of alkaloids/salts.

Table 2
Different alkaloids/salts does in SD rats.
Alkaloids/salts Dose administered (mg/kg)
1 2 3 4 5 6
nicotine 0.015 0.030 0.063 0.125 0.250 0.500
nicotine benzoate 0.020 0.040 0.075 0.150 0.300 0.600
caffeine 0.041 0.082 0.165 0.330 0.650 1.300
arecoline hydrobromide  0.020 0.040 0.075 0.150 0.300 0.600

Dopamine secretion assay of different alkaloids/salts with
same doses

Each test group (nicotine group, nicotine benzoate group, caffeine group and arecoline hydrobromide
group) included three male and three female SD rats. After different alkaloids/salts with the same dose
were given to SD rats by the single gavage administration, '8F- Fallypride developer was injected into the
tail vein of SD rats, and PET static scanning was performed to observe the difference in dopamine
secretion of different categories of the same dose of alkaloids/salts.
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Open field test of different alkaloids/salts with same doses

Open field test (OFT) was used to determine any behavioral differences after the exposure of different
alkaloids/salts with same doses. The experiments were conducted with 24 SD rats, which were randomly
allocated into four groups (nicotine, nicotine benzoate, caffeine and arecoline hydrobromide) with 6 rats
in each group. Each rat received a single gavage administration of 0.10 mg/kg alkaloids/salts daily.
Before the test, rats were placed into the experimental areas for 30 min of adaptation. During the test,
rats were separately put in the center of an open field and allowed to move freely in the area for 10 min
after 55 min of alkaloids/salts administration. The central area of the open field was defined by a 100
cmx100 cmx40cm area. A suspended camera connected to a computer was used to monitor rat
behavior. Between trials, the field was cleaned with 75% alcohol to ensure that imprints from previous
rats did not affect subsequent trials rat behavior. Rats tracking and test data analysis were performed by
OFT systems.

Results and discussion

Purity determination of developed '8F- Fallypride

The developer '8F-Fallypride was synthesized and its purity was analyzed by liquid chromatography,
which showed that the purity of the synthesized compound was 98.70%. When its purity reached more
than 95%, it was considered adequate for the developing experiments. Next, different alkaloids/salts
were given to SD rats by single gavage administration, and then the high-purity '8F-Fallypride developer
was injected into the tail vein of SD rats. Finally, PET static scanning was carried out to observe the
effect of the alkaloids/salts type and their dosages on the dopamine secretion in rate, as shown in Fig. 2.

The effect of different alkaloids/salts on dopamine secretion After the gavage administration of the
alkaloids/salts in SD rats at different time points, 8F-Fallypride distribution scans within the rat striatum
were obtained, and the results showed that the dopamine secretion in the SD rats striatum reached the
peak after the intragastrical administration for about 1 h with the lowest striatal visualizer ID%/g values,
as shown in Fig. 3. For example, the visualiser ID%/g values were as low as 0.80 £+ 0.09, 0.84 + 0.02 and
0.85 £ 0.03 after nicotine, nicotine benzoate and arecoline hydrobromide gavage for 1 h, respectively. It
was observed that caffeine could competitively bind to adenosine receptors, thereby increasing
dopamine activities and producing the dopamine secretion peak after gavage at 1.5 h with the lowest
striatal visualizer ID%/g values (0.79 + 0.02). There was no significant difference in the visualizer ID%/g
values at 1.5 h and 1 h after the caffeine gavage administration, therefore, the final time of gavage
administration was defined as 1 h.

In addition, PET imaging results showed that the intensity of the '8F-Fallypride developer in the striatum
of the SD rat brain changed with the time after administration at the same dose, as shown in Fig. 4. The

weakest intensity of imaging of the '8F-Fallypride developer appeared around 1-1.5 h, which is consistent
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with the results in Fig. 3. These findings indicated that the different alkaloids/salts had a significant and
differential effects on the dopamine secretion in the animal’s brain. More importantly, simultaneous
sequential PET scanning at multiple time points was performed in real-time to achieve nondestructive
evaluation of the alkaloid/salts induced dopamine secretion process.

The effect of alkaloids/salts at different doses on
dopamine secretion

After the single gavage administration of the four alkaloids/salts in SD rats, the standard uptake values
of striatal visualizer 18F-Fallypride in the brain displayed a nearly U- or L- or S-shaped curve. The
standard uptake values of striatal visualizer 18F-Fallypride changed gradually with the increase of the
alkaloids/salts doses, but there were the lowest uptake values when the gavage administration of
alkaloids/salts dose reached a certain value, as shown in Fig. 5. It was concluded that the four
alkaloids/salts had a significant saturating effect on the dopamine secretion which could not rise or fall
unidirectionally with the increase of the dose of the alkaloids/salts. It was found that the saturating
doses of nicotine, nicotinic benzoate, caffeine and arecoline hydrobromide was 0.125 mg/kg (Fig. 5a),
0.15 mg/kg (Fig. 5b), 0.165 mg/kg (Fig. 5¢), and 0.30 mg/kg (Fig. 4d), respectively. The saturating effect
of dopamine secretion induced by the alkaloids/salts might be related to the relative stability of the
number of dopamine receptors over time [21] When the number of ligand alkaloids/salts continued to
increase, it was impossible for more receptors to bind to them, stimulating the production of more
dopamine. Therefore, the saturating effect of dopamine secretion in SD rats was observed after the
gavage administration.

The presence of the dopamine secretion saturating effect induced by the alkaloids/salts suggested that
a single overdose intake of the alkaloids/salts did not increase excitability, thus excessive intake of
alkaloids should be avoided. Therefore, to avoid potential risk of addiction and drug abuse, appropriate
levels of the alkaloid/salts contents could play an important role. It has been reported that there is a
relationship between the nicotine level and the levels of some other hazardous components in
consuming tobacco products, for example, during smoking a cigarette. The nicotine level intake can, to a
certain extent, reflect the level of hazardous components in cigarette smoke 221 Therefore, the discovery
of the saturating effect of dopamine secretion of the four alkaloids could provide a reference for
evaluating the contents of such alkaloids/salts in tobacco or other consumer products for further
pharmacological investigations.

Gender differences in dopamine secretion

Based on the saturating doses of dopamine secretion after the gavage administration of the four
alkaloids/salts, the intersection below the saturating doses of the four alkaloids/salts was determined to
be 0.10 mg/kg. This value was set as the baseline to study any sex difference in the dopamine secretion
following the alkaloids/salts exposure. Again the single gavage treatment of the four alkaloids/salts at
the dose in male and female SD rats followed by the PET scan. The results of the animal brain showed
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that dopamine secretion was the highest after the gavage of arecoline hydrobromide, while dopamine
secretion was the lowest after the gavage of caffeine. For female SD rats, it was discovered that nicotinic
benzoate induced the most dopamine secretion and arecoline hydrobromide induced the least, as shown
in Fig. 6. In addition, the PET imaging results showed that the imaging intensity of the '8F-Fallypride
developer in SD male and female rat striatum after the administration at 0.1 mg/kg doses, as shown in
Fig. 7. It was clear that there was a significant gender difference in the dopamine secretion for the four
alkaloids/salts. The observed differences in the amount of dopamine secretion may be related to their
physiological mechanisms, while the gender difference may be associated to the number of dopamine
receptors of the two sexes. For example, Okita et al. showed that the striatum of female smokers
possessed more accessible dopamine D2 receptors than that of male smokers, and this difference led to
the hypothesis that male smokers could stimulate more dopamine secretion after nicotine acquisition,

resulting in different degree of nicotine dependence between male and female smokers 23] This seemed
to agree with the animal results of the present study.

The effects of nicotine and nicotine salts on dopamine secretion in SD rats were similar despite the
gender differences, which could be ascribed to the identical active ingredients. Dopamine secretion in
male SD rats induced by arecoline hydrobromide, nicotine and nicotine benzoate was stronger than that
of female SD rats, while the dopamine secretion in female SD rats induced by caffeine was stronger than
that of male SD rats. It was obvious that dopamine secretion induced by different alkaloids/salts existed
gender differences. Among the observations, caffeine was a non-selective adenosine receptor
antagonist, and the intake of caffeine could indirectly increase the dopamine secretion. Meanwhile,
dopamine secretion induced by arecoline hydrobromide showed the minimal sex difference among these
four alkaloids/salts, which may be related to the variability and affinity of muscarinic acetylcholine M
receptors in the brain of female rats. This discovery would also be useful for setting appropriate targets
for potential efficacy and abuse liability thresholds by regulators for such products. This work
demonstrated that that excitatory behaviors of the four alkaloids/salts in rat brain as indicated by the
intensity differences of the dopamine secretion, but also the gender differences of the pharmacological
effects, which provides the basis for further pre-clinical assessment of these alkaloid/salts compounds.

Open field test (OFT) of SD rats following different
alkaloids/salts at same doses

To distinguish any different behaviors between the four alkaloids/salts groups, OFT was performed on
individual animals receiving the same dose administration 24!, and the results are shown in Fig. 8. After
the four different alkaloid/salts were administered, it is found that there were distinct differences in their
behaviors, such as total distance covered, speed, number of stands and number of excreta by the
different groups. After the administration, there was differences between female and male SD rats. For
example, the total distance covered, speed and the number of stands from the male SD rats were higher
than those of the female SD rats, indicating that male SD rats acquired a higher degree of excitability
than the equivalent female group. In contrast, the female SD rats showed more active than that of the
male SD rats after caffeine gavage, suggesting the gender differences in drug-induced pharmacological
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behaviors by these different alkaloids/salts. The above OFT results are also consistent with the results
of the secretion of dopamine in the brain.

Conclusions

A non-invasive and real-time assay for the detection of dopamine secretion in SD rats after a single
gavage administration of alkaloids/salts was established based on "8F- Fallypride-PET imaging
technology. This method showed that there was a dose-effect relationship for dopamine secretion in SD
rats after the single gavage of four alkaloids/salts. In addition, there was a dopamine secretion
saturation effect by the four alkaloids/salts, and the saturation effect doses of nicotine, nicotine
benzoate, caffeine and arecoline hydrobromide were estimated to be 0.125 mg/kg, 0.150 mg/kg, 0.165
mg/kg and 0.300 mg/kg, respectively. More interestingly, it was also found that the dopamine secretion
in SD rats at the same doses showed the intensity differences and gender differences, i.e., dopamine
secretion induced by arecoline hydrobromide, nicotine and nicotine benzoate was stronger in male SD
than those of female SD rats, while the dopamine secretion induced by caffeine was stronger in female
SD rats than that of male SD rats. Further animal behavior study supported these pharmacological
differences. This work provides the basis for noninvasive and real-time detection of dopamine secretion
in SD rats and the alkaloids/salts uptake does, thus potential useful in preventing the drug addiction and
abuse.

Declarations

Statement

All experimental protocols were approved by Huajing Molecular Imaging & Drug Research Institutes. The
study is reported in accordance with ARRIVE guidelines and all methods were performed in accordance
with the relevant guidelines and regulations. Details are as follows:

SD (Sprague Dawley) rats, SPF grade, 5 weeks age, and the weight is between 200 g and 220 g, were
provided by Zhaoyan (Suzhou, New Drug Research Centre Co., Ltd. and Beijing Viton Lihua Laboratory
Animal Technology Co., Ltd, China). The test animal qualification certificate numbers were 202139403
and 2021120Aazz0619000345, and the animal ethical approval numbers of the test protocols were
IACUC-2021-005 and IACUC-2021-008, respectively.

Acknowledgements (not compulsory)

The authors thank all the participants and reviewers for their contribution to our study. Special thanks to
Dr Chuan Liu (Pineway Ltd, UK) for the revision and suggestions of this article.

This works was supported by Shanghai Tobacco Group Co., Ltd. Science and Technology Project
"Comparative Risk Assessment of Different Types of New Tobacco Products" [K2023-01-025P].

Page 10/19



Author contributions statement

Dawei Yan: conceptualization, investigation, data analysis, writing-original draft. Hui Zhang: investigation,
data analysis, writing-original draft. Xiaomin Liu: investigation and data analysis. Yihan Gao:
investigation and data analysis. Xiaonan Li: investigation and data analysis. Lehua Lu: data

analysis. Xiabin Chen: data analysis. Yiting Qian: conceptualization, reviewing & editing the manuscript.
Saijing Zheng: conceptualization, reviewing & editing the manuscript. Yi Shen: funding acquisition,
finalizing the manuscript and project administration.

Ethics declarations

All experimental protocols were approved by Huajing Molecular Imaging & Drug Research Institutes. The
study is reported in accordance with ARRIVE guidelines and all methods were performed in accordance
with the relevant guidelines and regulations.

Competing interests
The authors declare no competing interests.
Data availability statement

The datasets used and/or analysed during the current study available from the corresponding author on
reasonable request.

Additional information
Publisher's note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

References

1. Guo C, Chen Y, Wu D, Du Y, Wang M, Liu C, Chu J, Yao X (2022) Transcriptome Analysis Reveals an
Essential Role of Exogenous Brassinolide on the Alkaloid Biosynthesis Pathway in Pinellia Ternata.
Int J Mol Sci 23:10898

2. Kitajima M (2022) Recent studies on chemical constituents of Ophiorrhiza plants. J Nat Med
76:748-755

3. Pyakurel P, Shin M, Venton BJ (2018) Nicotinic acetylcholine receptor (hnAChR) mediated dopamine
release in larval Drosophila melanogaster. Neurochem Int 114:33-41

4. Souto AC, Tempone MH, Coutinho Goncalves LA, Peralva Borges-Martins VP, Peixoto-Rodrigues MC,
Oliveira Damascena AC, Ferraz G, Manhaes AC, Castro NG (2023) Melo Reis, R. A. Marques Ventura,

Page 11/19



10.

11

12.

13.

14.

15.

16.

17.

A. L. Cussa Kubrusly, R. C. NMDA Receptor Activation and Ca?*/PKC Signaling in Nicotine-Induced
GABA Transport Shift in Embryonic Chick Retina, Neurochemical Research, 48,2104-2115

. Huang L, Sperlagh B (2021) Caffeine consumption and schizophrenia: A highlight on adenosine

receptor-independent mechanisms. Curr Opin Pharmacol, 67, 106

. ShiH, TuY, Li Y, Ma C, Gyabaah AT, Yu C, Li Z, Chen J, Li Z, Huang Z-L, Cai X (2022) Caffeine excites

medial parabrachial nucleus neurons of mice by blocking adenosine A1 receptor. Brain Res
1790:147984

. Horenstein NA, Quadri M, Stokes C, Shoaib M, Papke RL (2019) Cracking the Betel Nut: Cholinergic

Activity of Areca Alkaloids and Related Compounds. Nicotine Tob Res 21:805-812

. Siregar P, Audira G, Feng L-Y, Lee J-H, Santoso F, Yu W-H, Lai Y-H, Li J-H, Lin Y-T, Chen J-R, Hsiao C-D

(2021) Pharmaceutical Assessment Suggests Locomotion Hyperactivity in Zebrafish Triggered by
Arecoline Might Be Associated with Multiple Muscarinic Acetylcholine Receptors Activation. Toxins
13(4):259

. Osborne PG, Pasupuleti RR, Wu M-T, Lee C-H, Ponnusamy V (2022) K. LC-MS/MS measurement of

alkaloids in alkaline extracts of Areca nut preparations and their physiological effects. Process
Biochem 118:65

Prochaska JJ, Benowitz NL (2019) Current advances in research in treatment and recovery: Nicotine
addiction. Sci Adv 5:9763

. Vyas NS, Buchsbaum MS, Lehrer DS, Merrill BM, DeCastro A, Doninger NA, Christian BT, Mukherjee J

(2018) D2/D3 dopamine receptor binding with F-18 fallypride correlates of executive function in
medication-naive patients with schizophrenia. Schizophr Res 192:442

Wilar G, Shinoda Y, Sasaoka T, Fukunaga K (2019) Crucial Role of Dopamine D2 Receptor Signaling
in Nicotine-Induced Conditioned Place Preference. Mol Neurobiol 56:7911

Han Y, Hou T, Zhang Z-H, Wang Y-D, Cheng J-X, Zhou H, Wang J-X, Feng J-T, Liu Y-F, Guo Z-M, Liang
X-M (2022) Structurally diverse isoquinoline and amide alkaloids with dopamine D2 receptor
antagonism from Corydalis bungeana Fitoterapia, 159, 105175

Han Y, Hou T, Zhang Z-H, Zhu Y-H, Cheng J-X, Zhou H, Wang J-X, Feng J-T, Liu Y-F, Guo Z-M, Liang X-
M (2022) Corybungines A-K: Isoquinoline alkaloids from Corydalis bungeana with dopamine D2
receptor activity. Phytochemistry 199:113209

Zhang M, Harrison E, Biswas L, Thuy T, Liu X (2018) Menthol facilitates dopamine-releasing effect of
nicotine in rat nucleus accumbens. Pharmacol Biochem Behav 175:47-52

Naylor JE, Hiranita T, Matazel KS, Zhang X, Paule MG, Goodwin AK (2017) Positron emission
tomography (PET) imaging of nicotine-induced dopamine release in squirrel monkeys using 18 F
Fallypride. Drug Alcohol Depend 179:254

Grachev ID, Meyer PM, Becker GA, Bronzel M, Marsteller D, Pastino G, Voges O, Rabinovich L, Knebel
H, Zientek F, Rullmann M, Sattler B, Patt M, Gerhards T, Strauss M, Kluge A, Brust P, Savola J-M,
Gordon MF, Geva M, Hesse S, Barthel H, Hayden MR, Sabri O (2021) Sigma-1 and dopamine D2/D3

Page 12/19



receptor occupancy of pridopidine in healthy volunteers and patients with Huntington disease: a 18
F fluspidine and 18F fallypride PET study. Eur J Nucl Med Mol Imaging 48:1103

18. Yamamoto Y, Takahata K, Kubota M, Takano H, Takeuchi H, Kimura Y, Sano Y, Kurose S, Ito H, Mimura
M, Higuchi M (2021) Differential associations of dopamine synthesis capacity with the dopamine
transporter and D2 receptor availability as assessed by PET in the living human brain. Neurolmage
226:117543

19. Kim H, Lee S, Davies-Venna C, Kim J, Yang B, Yao Z et al (2016) 64Cu-DOTA as a surrogate positron
analog of Gd-DOTA for cardiac fibrosis detection with PET: pharmacokinetic study in a rat model of
chronic MI. Nucl Med Commun 37:188

20. Tiepolt S, Meyer PM, Patt M, Deuther-Conrad W, Hesse S, Barthel H, Sabri (2022) O. PET Imaging of
Cholinergic Neurotrans-mission in Neurodegenerative Disorders. J Nucl Med, 63, 33

21. Bahk JY, Li SP, Park MS, Kim MO (2002) Dopamine D1 and D2 receptor mRNA up-regulation in the
caudate-putamen and nucle-us accumbens of rat brains by smoking. Prog Neuro-psychopharmacol
Biol Psychiatry 26:1095

22. Kovacs T, Horvath M, Sas Z, Bui Dac D, Tran Khanh M (2014) Determination of 210 Po content of
vietnamese tobacco samples. Cent Eur J Chem 12:1127

23. Okita K, Petersen N, Robertson CL, Dean AC, Mandelkern MA, London ED (2016) Sex Differences in
Midbrain Dopamine D2-Type Receptor Availability and Association with Nicotine Dependence.
Neuropsychopharmacology: official publication Am Coll Neuropsychopharmacol 41:2913

24. Han P, Jing X, Han S, Wang X, Li Q, Zhang Y, Yu P, Liu X, Wu P, Chen H, Hou H, Hu Q (2023)
Pharmacokinetic differ-ences in nicotine and nicotine salts mediate reinforcement-related behavior:
an animal model study. Front NeuroSci, 17, 1288102

Figures
Rl g
N BF, K222 NN
TsO NHCHZ | > lSF NHCHZ N
0CH3 95°C, 15min OCH3 ~—
OCH; OCH;
Figure 1

The synthesis route of the imaging agent '8 F-Fallypride
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Figure 2

The Schematic diagram of experimental procedures to monitor the dopamine secretion in SD rats
induced by alkaloids/salts by PET imaging.
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Figure 3

Distribution values of '8F-Fallypride in SD rat striatum after different alkaloid/salts gavage administration
at different time upto 4.0 h
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Figure 4

18F_Fallypride distribution maps in rat striatum after different alkaloid/salts gavage administration at
different time. (A: nicotine; B: nicotinic benzoate; C. Caffeine; D: arecoline hydrobromide)

Page 15/19



C 0.85 b 0.85
0.80 0.80 |
— ‘ —
D 0.75F 2 075}
Q a
8 0.70 | \ 9 0.70
[ T
o 065} 5 065}
X - o—
s s P
g- 0.60 - . =ﬂ- 0.60 |
ﬁ
0.55 | — 055}
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5 0.6
Nicotine does(mg/g) Nicotine benzoate does(mg/qg)
c 0.85 d 1.05
i 1.00 |
0.80} ool
> o075l > 0.90
g - 2 oss}
i__: 0.70 -.v\k == 2 o0.80f
© F © [
> 065} 2 %Ik
45 L x 0.70 |
S 060 S 065
0o I 0.60 |-
2 " 1 M 1 " 1 . 1 . 1 M 1 N 0.55 f R " i A 5
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.1 0.2 0.3 0.4 0.5 0.6
Caffeine does(mg/g) Arecine hydrobromide does(mg/g)
Figure 5

Distribution of "8F-Fallypride in the striatum of SD rats under different alkaloids/salts doses.
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Figure 6

Distribution of '8 F-Fallypride in SD male and female rat striatum after gavage administration different
alkaloids/salts at 0.1 mg/kg dose
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Figure 7

Distribution mapping of '8F-Fallypride in SD male and female rat striatum after gavage administration
different alkaloids/salts with same doses (0.1 mg/kg)
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Figure 8

Behavior of male and female SD rats given the same dose of different alkaloids/salts
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