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Abstract

Background and Purpose: Tetrabenazine (TBZ), used for treating hyperkinetic disor-

ders, inhibits vesicular monoamine transporter-2 (VMAT-2), which sequesters mono-

amines into vesicles for exocytosis. However, our knowledge of the effect of TBZ on

monoaminergic transmission is limited. Herein, we provide neurochemical evidence

regarding the effect of VMAT-2 inhibition on vesicular neurotransmitter release from

the prefrontal cortex (PFC) and striatum (STR) (brain regions involved in characteristic

TBZ treatment side effects). The interaction between TBZ and MDMA was also

assessed regarding motor behaviour in mice.

Experimental Approach: Vesicular storage capacity and release of [3H]-noradrenaline

([3H]-NA), [3H]-dopamine ([3H]-DA), [3H]-serotonin ([3H]-5-HT), and [3H]-

acetylcholine ([3H]-ACh) was studied in mouse PFC and STR ex vivo slice prepara-

tions using electrical field stimulation. Additionally, locomotor activity was assessed

in vehicle-treated mice and compared with that of MDMA, TBZ, and co-administered

animals (n = 6) using the LABORAS system.

Key Results: TBZ lowered the storage capacity and inhibited the vesicular release of

[3H]-NA and [3H]-DA from the PFC, and [3H]-DA and [3H]-5-HT from the STR in a

concentration-dependent manner. Unlike vesamicol (vesicular ACh uptake inhibitor),

TBZ failed to inhibit the vesicular release of [3H]-ACh from the PFC. When the vesic-

ular storage of the investigated monoamines was inhibited by TBZ in the PFC and

STR, MDMA induced the release of transmitters through transporter reversal;

MDMA dose dependently increased locomotor activity in vivo.

Conclusion and Implications: Our observations provide neurochemical evidence

explaining the mechanism of VMAT-2 inhibitors in the brain and support the involve-

ment of dopaminergic and noradrenergic transmission in hyperkinetic movement

disorders.

Abbreviations: HPβCD, (2-hydroxypropyl)-beta-cyclodextrin; β-PEA, β-phenylethylamine; PFC, prefrontal cortex; STR, striatum; TBZ, Tetrabenazine.
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1 | INTRODUCTION

Selective blockade of the vesicular monoamine transporter 2 protein

(VMAT-2) by tetrabenazine (TBZ), deutetrabenazine, and valbenazine

effectively treats hyperkinetic movement disorders in various popula-

tions (Jankovic, 1982; J. J. Chen et al., 2012; Caroff et al., 2018).

These disorders are classified as “rare” diseases, and the pharmaco-

logical agents developed for their treatment are considered orphan

drugs. TBZ has been approved by the United States (US) Food and

Drug Administration specifically for the clinical management of chorea

symptoms (Margolis, 2014) associated with Huntington's disease

(Ricciardi et al., 2019); it is also used off-label for treating tardive

dyskinesia (Caroff et al., 2018). VMAT-2 is exclusively responsible for

the sequestration of cytoplasmic monoamine transmitters, such as

noradrenaline (NA), dopamine (DA), and serotonin (5-hydroxytrypta-

mine, 5-HT), into vesicles (Erickson & Varoqui, 2000; Henry

et al., 1994). Nevertheless, there are limited data on the effects of

VMAT-2 inhibitors on noradrenergic, dopaminergic, and serotoniner-

gic transmission (Meyer et al., 2011; Volz et al., 2006; Wang

et al., 2010). This is particularly relevant in the context of the effect

on the vesicular and quantal release of NA and DA in the noradrener-

gic and dopaminergic nerve terminals in the prefrontal cortex (PFC)

and striatum (STR), respectively, as well as serotoninergic neurotrans-

mission in the STR (Mathur & Lovinger, 2012; Wang et al., 2010).

These two regions of the brain play critical roles in depression

(Koenigs & Grafman, 2009) and parkinsonism, which are side effects

observed in clinical studies of VMAT-2 inhibitors (Caroff et al., 2018;

Margolis, 2014).

The PFC is a unique location for studying noradrenergic transmis-

sion as it exhibits dense noradrenergic innervation (Schwarz &

Luo, 2015) originating from the locus coeruleus. Furthermore, in this

region, the expression of the noradrenaline transporter (NET) is con-

siderably higher than that of the dopamine transporter (DAT) (Moll

et al., 2000); this area also receives sparse dopaminergic input from

the ventral tegmental area (Gallo et al., 2022). The STR is rich in dopa-

minergic innervation due to the nigrostriatal pathway (Rice &

Cragg, 2008) and has moderate serotoninergic (Steinbusch, 1981) and

poor noradrenergic innervation (Fitoussi et al., 2013). Furthermore, a

growing body of evidence shows that monoamines can be taken up

by different types of monoamine transporters (e.g., DAT and NET) at

least to a certain extent. Indeed, NA can be taken up and released by

serotonin transporters (SERT) (Vizi et al., 2004), and NET is capable of

DA uptake in the PFC (Morón et al., 2002). This promiscuity may be

related to the shared structural homology of the transporters

(Di Chiara et al., 1992).

Vesicular acetylcholine transporters (VAChTs) and VMAT-2 are

members of the SLC18 family of vesicular transporters. VAChT

shares 40% amino acid identity with VMAT-2 (Anne & Gasnier, 2014)

and is responsible for transporting acetylcholine (ACh) from the

cytosol into vesicles for action potential-dependent exocytosis

(Sudhof, 2012).

Although the biochemical mechanism of VMAT-2 inhibition by

TBZ is established (Nickell et al., 2014), there is a lack of information

regarding how TBZ affects the storage capacity and vesicular release

of monoamines (e.g., NA, DA, and 5-HT) and ACh. Hence, to gain fur-

ther insights into the mechanism of TBZ on neuronal transmission

and signalling, we utilized mouse ex vivo brain slice preparations and

systematically examined the influence of TBZ on the vesicular

storage capacity and release of [3H]-NA- and [3H]-DA related

radioactivity from the PFC, and [3H]-DA and [3H]-5-HT from the

STR tissue slices. Additionally, we sought to link the in vitro effects

with MDMA-induced hyperlocomotion in mice and elucidate the

What is already known

• The VMAT-2 inhibitor tetrabenazine effectively treats

hyperkinetic disorders.

• VMAT-2 inhibitors elicit side effects, including depression

and parkinsonism.

What does this study add

• Tetrabenazine does not affect plasma membrane trans-

porter activity but inhibits storage capacity and vesicular

release.

• MDMA induces cytoplasmic release of monoamines and

hypermotility when vesicular release is inhibited by

tetrabenazine.

What is the clinical significance

• Our findings imply that unopposed superactive dopami-

nergic and noradrenergic innervations contribute to

hyperkinesis disorders.

• Tetrabenazine does not prevent MDMA-induced hyper-

motility, accounting for low efficacy in treating psychosti-

mulant addiction.
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mechanisms underlying the efficacy of VMAT-2 inhibitors in the

treatment of various hyperkinetic movement disorders, including

tardive dyskinesia.

2 | METHODS

2.1 | Animals

In this study, 318 WT male Crl:CD1(ICR) (RRID:IMSR_CRL:022) mice

(aged 5–8 weeks, 25–33 g) were used for ex vivo experiments. Only

male mice were used to eliminate the potential effects of the oestrous

cycle on animal behaviour. WT mice were bred and genotyped at the

Medical Gene Technology Unit of the Institute of Experimental

Medicine (43 Szigony Str Budapest 1083, Hungary). Animals were

maintained on a 12:12 light/dark cycle (lights on 07:00) in a

temperature- (23 ± 2�C) and humidity-controlled room (60 ± 10%),

with access to food (ssniff® Souris-Elevage E, 10 mm pellet, Cat#

S8189-S096; ssniff Spezialdiäten GmbH, Soest, Germany) and water

ad libitum. In total, six adult littermates per cage were housed in stan-

dard mouse cages with corncob bedding. Cardboard bedding materials

and tubes were placed in all cages for environmental enrichment. For

in vivo experiments, 99 WT male (Naval Medical Research Institute,

Crl:NMRI [Han] [RRID:IMSR_CRL:605]) mice (aged 3 weeks, 18–20 g)

were purchased from Toxi-Coop Ltd. (Budapest, Hungary). Animals

were housed in groups of four for 7 days before behavioural testing in

standard mouse cages with wood chip bedding under a 12:12 light/

dark cycle (lights on 06:00) in a controlled environment at a constant

temperature (22 ± 2�C) and humidity (55 ± 5%); the animals had

access to food and water ad libitum.

The ex vivo experimental protocol was approved by the

Semmelweis University Regional Committee (No. 116/2015) and

the Institutional Committee of Science and Research Ethics (PE)

EA/285-5/2020. The in vivo study protocol was approved by the

Richter Plc. Institutional Ethical Committee (PE/EA/648-7/2021).

All experimental procedures strictly followed the guidelines of the

European Community Council Directive (2010/63/EU) and the rec-

ommendations of the Committee on Animals in Research (FENS). The

animals were treated in accordance with ethical guidelines; all efforts

were made to minimize animal suffering and reduce the number of

experimental animals. Sample size was estimated using G*Power

3.1.9.7 software (RRID:SCR_013726) (Faul et al., 2009): t test; a priori:

compute required sample size; power: 0.7; α error probability: 0.05;

effect size (d): 1.367; total sample size: 12; [3H]-NA release after first

stimulation (FRS1, see later) between control versus 3-μM tetrabena-

zine groups. In total, 387 animals were used in these studies.

Animal studies were performed in accordance with the ARRIVE

guidelines 2.0 (Percie du Sert et al., 2020), and with the recommenda-

tions made by the British Journal of Pharmacology (Lilley et al., 2020).

The numbers of mice in each experimental group are shown in the

corresponding figure legends. The mice were randomly assigned to

experimental groups, and the investigators were blinded to the experi-

mental status of the mice.

2.2 | Materials

The following chemicals were used for the release experiments: levo-

[7-3H]-norepinephrine (specific activity = 20 Ci mmol�1), 3,4-[7,8-3H

(N)]-dihydroxyphenylethylamine (specific activity = 20 Ci mmol�1),

5-hydroxytryptamine (specific activity = 80 Ci mmol�1), and (3H)-

choline chloride (specific activity = 80 Ci mmol�1). All radioactively

labelled chemicals were purchased from American Radiolabelled Che-

micals, Inc. (Saint Louis, MO, US). Additionally, (2-hydroxypropyl)-

beta-cyclodextrin (HPβCD) was purchased from Roquette (Lestrem,

France). The VMAT-2 inhibitor TBZ (IUPAC name: 9,10-dimethoxy-

3-(2-methylpropyl)-1,3,4,6,7,11b-hexahydrobenzo [a]quinolizin-2-one,

Cat# 2175), sodium channel blocker tetrodotoxin citrate (IUPAC

name: (1R,5R,6R,7R,9S,11S,12S,13S,14S)-3-amino-14-(hydroxy-

methyl)-8,10-dioxa-2,4-diazatetracyclo[7.3.1.17,11.01,6]tetradec-

3-ene-5,9,12,13,14-pentol, Cat# 1069), and MDMA hydrochloride

(IUPAC name: 1-(1,3-benzodioxol-5-yl)-N-methylpropan-2-amine;

hydrochloride, Cat# 3027) for in vivo experiments were purchased

from Tocris Bioscience (Minneapolis, MN, US). The NET blocker

nisoxetine hydrochloride (IUPAC name: 3-(2-methoxyphenoxy)-N-

methyl-3-phenylpropan-1-amine, Cat# N151), dopamine transporter

(DAT) blocker GBR 12909 dihydrochloride (IUPAC name: 1-[2-[bis

(4-fluorophenyl)methoxy]ethyl]-4-(3-phenylpropyl)piperazine, Cat#

D052), vesicular ACh inhibitor (±)-vesamicol hydrochloride (IUPAC

name: 2-(4-phenylpiperidin-1-yl)cyclohexan-1-ol, Cat# V100), trichlor-

oacetic acid (Cat# T0669), hemicholinium-3 (Cat# H108), and

dimethyl sulfoxide (Cat# 276855) were obtained from Sigma-Aldrich

(St. Louis, MO, US). The MDMA (IUPAC name: 1-(1,3-benzodioxol-

5-yl)-N-methylpropan-2-amine;hydrochloride, Cat# 64057-70-1) used

for ex vivo experiments was purchased from the National Measure-

ment Institute of the Australian Government (Canberra, Australia). Iso-

flurane was purchased from Medicus Partner Ltd. (Isofluran CP

1 ml�ml�1, 250 ml, Cat# 1214, CP-Pharma Handelsgesellschaft mbH,

Germany).

2.3 | Release of [3H]-NA, [3H]-DA, and [3H]-5-HT
from prefrontal cortex (PFC) and striatum (STR) slices

Mice were killed in a two-step manner according to the American Vet-

erinary Medical Association guidelines for the Euthanasia of Animals:

2020 Edition (available online: https://www.avma.org/sites/default/

files/2020-02/Guidelines-on-Euthanasia-2020.pdf). First, the animals

were anaesthetised with a high dose of isoflurane (>1.5 v/v %) in a suf-

ficiently large container to ensure rapid loss of consciousness and pre-

vent hypoxia. The mice were then decapitated, and the brain was

immediately removed and placed into ice-cold Krebs solution (compo-

sition in mM: 113 NaCl, 4.7 KCl, 1.2 MgSO4, 2.5 CaCl2, 25 NaHCO3,

1.2 KH2PO4, 115 glucose, 0.3 Na2EDTA, and 0.03 ascorbic acid), which

was continuously saturated with carbogen (mixture of 95% O2 and 5%

CO2). For the experiments performed in calcium-free conditions,

1-mM EGTA was added, and the slice preparations were incubated in

the modified Krebs solution throughout the experimental period.
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The PFC and STR were isolated, and then 400-μm thick slices

were cut using a tissue chopper. The viability of most cells in thin hip-

pocampal and neocortical brain slices is limited to 6–12 h, and a

healthy state can only be maintained for approximately 4 h (Buskila

et al., 2014). Hence, the slice preparations were used within a maxi-

mum of 2.5 h to maintain the neuroanatomical structure and function.

Furthermore, under normal conditions, monoamine transporters

located in the plasma membrane can take up monoamines (e.g., NA,

DA, and 5-HT) from the extracellular space in humans and animals,

albeit to varying extents (Han & Gu, 2006). Accordingly, in our setup,

we replicated the clinical treatment with selective serotonin reuptake

inhibitors (SSRIs).

The slices were incubated with [3H]-NA, [3H]-DA, or [3H]-5-HT

up to a concentration of 3 μCi in 1-ml Krebs solution for 45 min. To

investigate the effects of TBZ, the drug was added to the Krebs per-

fusate and incubated until the end of the measurement. Subsequently,

the preparations were washed three times with 10 ml of ice-cold, oxy-

genated Krebs solution and transferred to a two-channel microvolume

(100 μl) perfusion apparatus (Vizi et al., 1985) maintained at 37�C.

Four slices were used in each chamber, and the preparation was

superfused with Krebs solution at a rate of 0.5 ml�min�1 for 60 min

before each measurement. A low perfusion rate (0.5 ml�min�1) was

applied as the superfusion speed is expected to influence the uptake

by removing transmitters released into the fluid (Raiteri et al., 1974).

These procedures were performed at similar settings compared with

earlier studies (Baranyi et al., 2006; Lakatos et al., 2020) in which the

amount of tritiated [3H]-NA or [3H]-DA transmitters and the presence

of their metabolites were detected through high-pressure liquid chro-

matography combined with radiochemical detection. Accordingly, the

release of radioactivity measured in slice preparations, either under

resting conditions or in response to stimulation, was considered repre-

sentative of the loaded tritiated transmitters and transmitter-derived

metabolites.

After preperfusion, nineteen 3-min fractions were sampled during

the release experiments. The supramaximal level of electrical field

stimulation (Grass S88 stimulator, parameters: PFC: [3H]-NA: 20 V,

2 Hz, 2 ms, and 2 min; [3H]-DA: 20 V, 2 Hz, 2 ms, and 3 min; STR:

[3H]-NA and [3H]-DA: 40 V, 2 Hz, 1 ms, and 1 min; [3H]-5-HT: 40 V,

2 Hz, 2 ms, and 1 min) was applied to the third (S1) and 13th fractions

(S2). In the MDMA study on [3H]-NA release in the presence or

absence of nisoxetine (NIS) after tetrabenazine pretreatment, only S1

was applied to the third fraction (20 V, 2 Hz, 2 ms, and 1 min), and S2

was omitted. Nisoxetine (10 μM) was added to the sixth fraction, and

MDMA (30 μM) was added to the eighth fraction; both drugs were

allowed to remain until the end of the experiment. To examine the

effects of MDMA and β-PEA on the resting release of neurotransmit-

ters, no stimulation was applied. To clarify whether the release of

[3H]-NA and [3H]-DA from the PFC or STR, respectively, was depen-

dent on electrical stimulus and Ca2+, we applied 1-μM tetrodotoxin

(TTX), 10-μM TBZ, and TBZ + nisoxetine (1 μM or 10 μM) from the

eighth collection period until the end of the experiments. Further-

more, Ca2+-free conditions were established from the sixth collection

period using 1-mM EGTA.

The supernatant (500 μl) from each fraction was added to 2 ml of

scintillation mixture (Ultima Gold; Packard, Canberra, Australia). After

sample collection, the tissues were extracted from the chambers, and

the remaining radioactively labelled neurotransmitters were extracted

with 5 ml of 10% trichloroacetic acid for 30 min; 100 μl of the super-

natant was added to 2 ml of scintillation mixture, and the radioactivity

was measured using a Packard 1900 Tricarb and 5110 TR liquid scin-

tillation counter (Packard). The radioactivity values were expressed as

disintegrations per minute per gram of wet tissue (Becquerels per

gram, Bq�g�1).

The uptake of [3H]-NA, [3H]-DA, and [3H]-5-HT by the tissue

slices was defined as the radioactivity content of the tissue at the

start of the perfusion period (CB). This value was estimated using

Equation (1):

X
i
1–19FRiþCE ¼CB ð1Þ

where FRi is the radioactivity in fraction number i and CE is the

remaining tissue radioactivity content measured at the end of

the experiment.

The electrical field stimulation (S1 and S2)-induced release was

calculated based on the total release of radioactivity over the resting

release (R1 and R2, respectively). R1 was considered the average

radioactivity release in the first and second fractions, and R2 was the

average release of radioactivity in the 14th and 15th fractions.

2.4 | Vesicular storage capacity and cytoplasmic
content of [3H]-NA, [3H]-DA, and [3H]-5-HT

The uptake of [3H]-NA, [3H]-DA, and [3H]-5-HT into the tissue slices

was measured in control conditions and at a range of TBZ concentra-

tions (PFC: [3H]-NA: 0.3–30 μM, [3H]-DA: 1–30 μM; STR: [3H]-DA:

0.03–10 μM, [3H]-5-HT:1–10 μM) and (10 μM GBR 12909) (DAT

blocker). In brief, 10–12 tissue slices were incubated for 45 min in a

1-mL organ bath containing Krebs solution continuously oxygenated

and maintained at 37�C. During this period, 3 μl of [3H]-NA, 5 μl of

[3H]-DA, and 5 μl of [3H]-5-HT were added to the solution. Then, the

slices were washed three times, and the radioactively labelled neuro-

transmitters were extracted with 5 ml of 10% trichloroacetic acid for

30 min. A 100-μl aliquot of the supernatant was added to 2 ml of

scintillation mixture (Ultima Gold; Packard); the radioactivity was mea-

sured using a Packard 1900 Tricarb and 5110 TR liquid scintillation

counter (Packard) and expressed in terms of disintegrations per

minute per gram of wet tissue (Bq�g�1).

In experiments in which the supramaximal concentration of TBZ

was added with radioactively labelled transmitters during the loading

period, the electric field stimulation-evoked release of radioactivity

was inhibited, indicating that the vesicles were empty. Therefore, the

radioactive content of the tissue measured under this condition was

defined as the cytoplasmic content of the terminal. The difference

from the content measured in tissues taken from control animals indi-

cated the percentage of terminal vesicular content.
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2.5 | Release of [3H]-ACh from prefrontal cortex
(PFC) slice preparations

PFC slices were prepared as previously described for the experiments

designed for measuring the release of monoamines. First, a 45-min

incubation with [3H]-choline (5 μCi�ml�1) was carried out in a 1-ml

organ bath containing Krebs solution maintained at 37�C. To examine

the effects of TBZ or vesamicol, the drugs were added to the solution

and remained throughout the experimental period. At the end of the

incubation period, the slices were transferred to the microvolume per-

fusion system and washed five times with Krebs solution. Four slices

were placed in each chamber and superfused with Krebs solution at a

rate of 0.5 ml�min�1 for 60 min. To prevent the reuptake of [3H]-cho-

line—a byproduct of the degradation of released [3H]-ACh following

hydrolysis—the superfusing Krebs solution contained 10 μM

hemicholine-3 (Vizi et al., 1984). After 60 min of preperfusion, the

effluent was discarded. Next, 19 3-min samples were collected, and

the tissues were stimulated twice at the third fraction (Stim 1)

and 13th fraction (Stim 2). Supramaximal electrical train stimulation

was performed using a Grass S88 stimulator with the following

parameters: 20 V, 2 Hz, 2 ms, and 2 min.

ACh is synthesized in the cytoplasm, and vesicles are loaded

with ACh by the VAChT. Electric field stimulation primarily

increases the release of [3H]-ACh from the vesicles but not that of

[3H]-choline from the nerve terminals (Vizi et al., 1987). Accord-

ingly, under conditions in which choline reuptake is prevented by

hemicholine, the increase in radioactivity measured in the perfusion

fluid in response to stimulation is due to the labelled choline

degraded from the released [3H]-ACh. Supernatant (500 μl) from

each fraction was added to 2 ml of scintillation mixture (Ultima

Gold; Packard). After sample collection, the tissues were removed,

and the residual [3H]-ACh was extracted using 5 ml of 10% trichlor-

oacetic acid for 30 min. Subsequently, 100 μl of supernatant was

added to 2 ml of scintillation mixture; the radioactivity was deter-

mined using a liquid scintillation counter (Packard 1900 Tricarb and

5110 TR) and reported as disintegration per minute per gram of

wet tissue (Bq�g�1).

2.6 | Fractional release calculations

The radioactivity in the samples was shown as fractional release

(FR) using the following customized formula (Equation 2):

FR%¼ released tritium inBq=g�100
tritium inBq=g in the tissue at the time of sample measurement

ð2Þ

The exocytotic release of [3H]-NA or [3H]-DA was determined

by integrating the amount of release over the baseline in response

to supramaximal electrical field stimulation (at the 13th [S2] and

third fractions [S1]) in the presence (FRS2) and absence (FRS1) of

the drug; the FRS2/FRS1 ratio was then calculated to show the

effects of the drug studied. The release produced by S1 was consid-

ered the internal standard. Similarly, the effect on the resting

release was measured using the FRR2/FRR1 ratio, where FRR1 was

used as the internal standard based on the average radioactivity

collected during the first and second periods, if not otherwise

indicated.

2.7 | Behavioural assessment of tetrabenazine
(TBZ)- and MDMA-treated mice

The effects of MDMA and TBZ on locomotor activity were assessed

in WT male NMRI mice (aged 4 weeks, 24–31 g). Mice were trans-

ferred to the study room 1 day prior to the experiment for acclima-

tization. On the experiment day, the mice were treated with MDMA

(5, 10, or 15 mg�kg�1, i.p., dissolved in physiological saline) and TBZ

(4 mg�kg�1, i.p., dissolved in 5% DMSO and 23.75% HPβCD in

0.01-M PBS). Control animals were administered the corresponding

vehicle. The two treatments were directly administered one after

the other to the opposite sides of the animals. Locomotor activity

was monitored between 8:00–14:00 h using a system designed for

the detection of various form of movements (LABORAS™, Metris

B.V., Hoofddorp, The Netherlands; monitors the general behaviour

in mice). The LABORAS consists of a triangular platform made of

sensing carbon fibres (700 � 700 � 1000 � 30 mm) on two orthog-

onal force transducers and a third fixed leg on a bottom plate

(Corian Plate 695 � 695 � 980 � 48 mm). The system is located on

three external vibration-absorbing spikes. The mechanical vibrations

generated by the movement of the animals were recorded along

with the movement trajectory. Locomotor effects were assessed

for up to 60 min starting immediately after TBZ and/or MDMA

administration.

2.8 | Data and statistical analysis

The data and statistical analysis comply with the recommendations

for experimental design and analysis in pharmacology (Curtis

et al., 2022). We calculated the number of animals required per

group using G*Power 3.1.9.7 software. Values in the paper were

expressed as the mean ± SEM (error bars), or geometric mean ± 95%

confidence index (CI), where the date was analysed after log10 trans-

formation. For in vitro experiments n = 6 animals, for in vivo experi-

ments n = 9 animals, were used per group. The declared group size

is the number of independent values; the statistical analysis was per-

formed using these independent values. The normality of the data

distribution was assessed using the Shapiro–Wilk test. In the case of

a non-normal distribution or when Bartlett's test indicated heteroge-

neity of variances, a log10 transformation was performed. If Bartlett's

test still indicated heterogeneity of variances, the Kruskal–Wallis

one-way ANOVA by rank followed by Dunn's test or Welch's

ANOVA were used. To estimate the significant difference of the con-

trol group to other groups, one-way ANOVA followed by Dunnett's
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post hoc test was conducted. For between-group comparisons, one-

way ANOVA followed by Tukey's post hoc test or two-way ANOVA

with Dunnett's post hoc test with or without repeated measures

were used. Post-hoc tests were run only if F achieved P<0.05 and

there was no significant variance inhomogeneity. Post hoc tests were

considered statistically significant if P < 0.05. To compare two

groups, a two-tailed unpaired t test or, in the case of non-normally

distributed data, a two-tailed Mann–Whitney U-test was used; these

tests were considered statistically significant if P < 0.05. Fold

changes were calculated compared with the mean control value or

lowest dose and expressed as mean ± SEM. IC50 values were

calculated using R package dr4pl to calculate a 4-parameter logistic

model with 95 confidence intervals on default. Meaning that sum of

squares was calculated and Nelder–Mead optimisation was used.

Statistical analyses and data visualization were conducted using

GraphPad Prism 8 (GraphPad Software Inc., San Diego, CA, USA;

RRID:SCR_002798).

2.9 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, and

are permanently archived in the Concise Guide to PHARMACOLOGY

2021/22 (Alexander Christopoulos et al., 2023; Alexander Fabbro

et al., 2023).

3 | RESULTS

3.1 | Effects of tetrabenazine (TBZ) on resting and
stimulation-evoked release of transmitters from the
prefrontal cortex (PFC) and striatum (STR) in ex vivo
slice preparations

The removal of Ca2+ from the superfusate or application of the Na+

channel inhibitor tetrodotoxin following the first (S1) stimulation

inhibited the S2-evoked release of radioactivity from PFC slices

loaded with [3H]-NA (Table 1). This indicates that the transmitter

release in response to stimulation was action-potential-dependent

and vesicular in origin. TBZ significantly promoted the release under

resting conditions, even in a Ca2+-free environment, but failed to

elevate the release through electrical stimulation, similar to plasma

transporter inhibitors (Table 1). Indeed, nisoxetine, a selective NET

inhibitor known to block transportation in both directions, potentiated

the S2-evoked [3H]-NA release and prevented TBZ from increasing

the resting release (Table 1).

To further analyse the electrical field stimulation-evoked release

in ex vivo slice preparations, the exocytotic release of [3H]-DA was

examined in the STR. Ca2+-free conditions and tetrodotoxin applica-

tion (starting from the sixth fraction) prevented the stimulation-

evoked release of radioactivity (Table 2). These results (Tables 1 and

2) provide convincing evidence that the release of labelled

TABLE 1 Effects of tetrabenazine on [Ca2+]o-independent resting
and [Ca2+]–dependent vesicular release of [3H]-noradrenaline from
mouse prefrontal cortex (PFC) tissue. PFC slices were incubated with
tetrodotoxin (1 μM), tetrabenazine (10 μM), and nisoxetine (1 μM or
10 μM) from the eighth collection period until the end of the
experiment. Ca2+-free conditions were established from the sixth
collection period, and 1-mM EGTA was added to the Krebs solution
(incubation medium). Electrical field stimulation (2 Hz, 120 shocks)
was evoked at the third and 13th fractions. The resting release ratio
(FRR2/FRR1) and the stimulation release (FRS2/FRS1) ratio were
expressed as FR%. One-way ANOVA (between treatments: F[6, 35]
= 30.29, P < 0.05) followed by Tukey's multiple comparisons post hoc
test (FRR2/FRR1), Welch's ANOVA test (between treatments: W[6,
15.38] = 169.4, P < 0.05) followed by Holm–Sidak multiple
comparisons post hoc test (FRS2/FRS1): *P < 0.05 compared with the
control group; +P < 0.05 compared with tetrabenazine no
Ca2+ + 1-mM EGTA group; $P < 0.05 compared with tetrabenazine +

nisoxetine 10 μM group; aP < 0.05 compared with tetrabenazine
10 μM group; bP < 0.05 compared with nisoxetine 1 μM group.

Treatment FRR2/FRR1 FRS2/FRS1

Control 0.92 ± 0.03 0.86 ± 0.03

Tetrodotoxin 1 μM 0.85 ± 0.02+ 0.12 ± 0.02*,$,a,b

No Ca2+ + 1-mM EGTA 0.87 ± 0.03+ 0.11 ± 0.02*,$,a,b

Tetrabenazine no

Ca2+ + 1-mM EGTA

1.41 ± 0.05* 0.16 ± 0.03*,b

Tetrabenazine + nisoxetine

10 μM
0.99 ± 0.04+ 1.33 ± 0.10*,+

Tetrabenazine 10 μM 1.61 ± 0.09*,+,$ 0.64 ± 0.07+,$

Nisoxetine 1 μM 0.82 ± 0.04+ 1.34 ± 0.04*,+,a

Note: Values are expressed as mean ± SEM (n = 6 mice per group).

Abbreviations: [3H], tritium; FRR, resting release ratio; FRS, stimulation

released ratio; PFC, prefrontal cortex.

TABLE 2 [Ca2+]o-independent resting and [Ca2+]-dependent
vesicular release of [3H]-dopamine from mouse striatal slice
preparations. Striatal slices were exposed to tetrodotoxin (1 μM), and
Ca2+-free conditions (0.03-mM 1-mM EGTA was added to the Krebs
solution [incubation medium]) were established from the sixth
collection period and maintained throughout the experiment.
Electrical field stimulation (2 Hz, 120 shocks) was evoked at the third
and 13th (in case of Ca2+-free condition at the 15th) fractions. The
resting release ratio (FRR2/FRR1) and the stimulation release (FRS2/
FRS1) ratio are expressed as FR%. Values are expressed as mean
± SEM (n = 6 mice per group). Kruskal–Wallis test (FRR2/FRR1):
P = 0.0639 and one-way ANOVA (between treatments: F[2, 15]
= 191.2, P < 0.05) followed by Tukey's multiple comparisons post hoc
test (FRS2/FRS1): *P < 0.05 compared with control group; +P < 0.05
compared with tetrodotoxin 1 μM group.

Treatment FRR2/FRR1 FRS2/FRS1

Control 0.64 ± 0.01 0.70 ± 0.02

Tetrodotoxin 1 μM 0.5 ± 0.02 0.09 ± 0.04*

No Ca2+ + 1-mM EGTA 0.57 ± 0.07 �0.04 ± 0.02*,+

Note: Values are expressed as mean ± SEM.

Abbreviations: [3H], tritium; FRR, resting release ratio; FRS, stimulation

released ratio.
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transmitters in response to electrical stimulation, calculated at the top

of the release at rest (see Methods), is of vesicular origin and can be

attributed to exocytosis.

3.2 | Effects of tetrabenazine (TBZ) on vesicular
storage capacity in prefrontal cortex (PFC) and
striatum (STR) slices

To determine the vesicular storage capacity of the tissue preparations,

[3H]-NA and [3H]-DA were loaded with different concentrations of

TBZ into the PFC slices. In the case of [3H]-NA, the administration

of TBZ at concentrations of 0.3, 3, 10, and 30 μM resulted in a signifi-

cant decrease in tissue radioactivity content compared with the con-

trol group, representing a reduction in tissue vesicular storage

capacity (Figure 1a). The calculated IC50 value was 0.24 μM (lower

95% CI: 0.17, upper 95% CI: 0.3). Moreover, no significant alterations

were observed between the effect of TBZ administered at 10 and

30 μM, indicating that the vesicles were empty and that the remaining

�10% resided in the cytoplasm; �90% of the radioactively labelled

neurotransmitters were stored in vesicles in the noradrenergic termi-

nals. Similarly, the inhibition of [3H]-DA vesicular storage capacity by

TBZ in the PFC slices at 1, 3, 10, and 30 μM led to a significant

decrease compared with the control group (Figure 1b). The calculated

IC50 value for TBZ was 1.84 μM (lower 95% CI: -17.95, upper 95% CI:

21.63).

As the STR is abundantly innervated by dopaminergic neurons,

the effect of TBZ on the radioactive content in this tissue was studied

further. TBZ was loaded at 0.03- 10 μM in conjunction with [3H]-DA

and 1-10-μM TBZ and 10-μM GBR 12909, a competitive inhibitor of

dopamine uptake, with [3H]-5-HT into STR slices. Compared with the

control group, TBZ induced an 18.28%, 42.94%, 37.14%, 64.97%, and

88.68% decrease in [3H]-DA content at 0.03, 0.1, 0.3, 1, and 10 μM,

respectively (Figure 1c). The calculated IC50 value for TBZ for this

activity was 0.03 μM (lower 95% CI: 0.02, upper 95% CI: 0.04). Com-

pared with the control group, TBZ induced a 14.64%, 38.87%, and

77.82% reduction in [3H]-5-HT content at 1, 3, and 10 μM, respec-

tively. The tissue radioactivity content was markedly reduced after 3-

and 10-μM TBZ application compared with the control group

(Figure 1d). The calculated TBZ IC50 value for this activity was

2.46 μM (lower 95% CI: 2.46, upper 95% CI: 2.5). Furthermore, 10-

μM GBR 12909 administration did not altered the [3H]-5-HT uptake

into STR slices and showed a significant difference compared with the

groups treated with 3- and 10-μM TBZ.

F IGURE 1 Effects of tetrabenazine (TBZ) on
the vesicular storage capacity of [3H]-
noradrenaline ([3H]-NA), [3H]-dopamine ([3H]-DA),
and [3H]-5-hydroxytryptamine ([3H]-5-HT) in the
mouse prefrontal cortex (PFC) and striatum (STR).
The brain tissue slices were incubated with
various TBZ concentrations (PFC: [3H]-NA: 0.3,
3, 10, and 30 μM; [3H]-DA: 1, 3, 10, and 30 μM;

and STR: [3H]-DA: 0.03, 0.1, 0.3, 1, and 10 μM;
[3H]-5-HT: 1, 3, and 10 μM). (a) Effect of TBZ on
the vesicular storage capacity of [3H]-NA in the
PFC. (b) Effect of TBZ on the vesicular storage
capacity of [3H]-DA in the PFC. (c) Effect of TBZ
on the vesicular storage capacity of [3H]-DA in the
STR. (d) Effect of TBZ on the vesicular storage
capacity of [3H]-5-HT in the STR. Values are
expressed as geometric mean ± 95% CI with n = 6
mice per group. One-way ANOVA with log
transformation (between groups: (a): F[4; 25]
= 140, P < 0.05; (b): F[4, 25] = 46.51, P < 0.05;
(c): F[5, 30] = 21.57, P < 0.05; (d): F[4, 25]
= 24.45, P < 0.05) followed by Tukey's multiple
comparisons post hoc test: *P < 0.05 compared
with control group; �P < 0.05 compared with
0.03-μM TBZ group; &P < 0.05 compared with
0.1-μM TBZ group; #P < 0.05 compared with
0.3-μM TBZ group; $P < 0.05 compared with
1-μM TBZ group; +P < 0.05 compared with 3-μM
TBZ group; oP < 0.05 compared with GBR 12909
group. Abbreviations: [3H], tritium; NA,
noradrenaline; DA, dopamine; TBZ, tetrabenazine;
PFC, prefrontal cortex; STR, striatum.
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3.3 | Effect of VMAT-2 inhibition by tetrabenazine
(TBZ) on the stimulation-evoked vesicular release of
radioactivity from prefrontal cortex (PFC) and striatum
(STR) slice preparations loaded with [3H]-NA, [3H]-DA,
or [3H]-5-HT

We studied the stimulation-evoked vesicular release of radioactivity

from slice preparations loaded with [3H]-NA and [3H]-DA in the pres-

ence of 3-, 10-, and 30-μM TBZ; 10- and 30-μM TBZ application inhib-

ited the Stim1- and Stim2-induced release of [3H]-NA from the PFC,

revealing that the stimulation-evoked release was similarly reduced as

the vesicular storage capacity was reduced in a concentration-

dependent manner (Figure 2a). Similarly, the stimulation-evoked

release of [3H]-DA was inhibited by TBZ at all applied doses in the

PFC compared with the control group at S1 and S2 (Figure 2b).

The modulatory actions of TBZ on [3H]-DA and [3H]-5-HT release

were also studied in STR slice preparations (Figure 3a,b). Results show

that 1-μM TBZ significantly decreased the electric field stimulation-

evoked release of [3H]-DA from STR compared with the control

group. In the case of [3H]-5-HT (Figure 3b), 10-μM TBZ markedly

decreased the electric field stimulation-evoked release of [3H]-5-HT

from STR compared with the control group. Compared with the con-

trol group, although 3-μM TBZ application did not significantly alter

the electric field stimulation-evoked release of [3H]-5-HT from STR, a

marked difference was observed between the groups treated with

1 and 3 μM in comparison to 10-μM TBZ group.

3.4 | Effects of tetrabenazine (TBZ) on [3H]-ACh
release from prefrontal cortex (PFC) slices

While VMAT-2 is responsible for replenishing vesicles with mono-

amines, VAChT is responsible for the vesicular uptake of ACh. In this

study, vesamicol inhibited the electric field stimulation-evoked release

F IGURE 2 Effects of tetrabenazine (TBZ) on the release of [3H]-noradrenaline ([3H]-NA) and [3H]-dopamine ([3H]-DA) in the mouse
prefrontal cortex (PFC). Tissue slices were incubated in Krebs solution; TBZ (3, 10, and 30 μM) was introduced during the incubation and was
allowed to remain until the end of the experiment. The tissue slices were stimulated at the third (Stim 1) and 13th (Stim 2) fractions ([3H]-NA:

20 V, 2 Hz, 2 ms, and 2 min; [3H]-DA: 20 V, 2 Hz, 2 ms, and 3 min). The released radioactivity was measured in the collected fractions. (a) The
efflux of [3H]-NA was markedly decreased in the presence of 10- and 30-μM TBZ and (b) in case of [3H]-DA at all doses at S1 and S2 compared
with that in the control group. Values are expressed as geometric mean ± 95% CI with n = 6 mice per group. One-way ANOVA with log
transformation (compared with control group: (a): S1: F[3, 20] = 31.21, P < 0.05, S2: F[3, 20] = 36.46, P < 0.05; (b): S1: F[3, 20] = 94.57, P < 0.05,
S2: F[3, 18] = 31.41, P < 0.05) followed by Dunnett's multiple comparisons post hoc test: *P < 0.05 compared with control group; +P < 0.05
compared with 10-μM TBZ group; $P < 0.05 compared with 30-μM TBZ group. Abbreviations: [3H], tritium; NA, noradrenaline; DA, dopamine;
TBZ, tetrabenazine; PFC, prefrontal cortex; S1, first electric field stimulation; S2, second electric field stimulation.
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of [3H]-ACh from PFC compared with the control and TBZ adminis-

tered groups at S1. TBZ did not affect the electric field stimulation-

evoked release of [3H]-ACh (Figure 4a). Neither vesamicol nor TBZ

affected [3H]-ACh uptake into the tissue slices (Figure 4b).

3.5 | Effect of plasma membrane monoamine
transporter substrates on the release of radioactive
cytoplasmic NA and DA from the prefrontal cortex
(PFC) and striatum (STR)

As neurochemical evidence of the proportional distribution of radioac-

tivity between vesicular and cytoplasmic contents (�90% vs. �10%;

see Figure 1) was obtained, we sought to evaluate the effects of

MDMA and β-phenylethylamine (β-PEA)—known to release NA and

DA from the cytoplasm by transporter reversal (Zsilla et al., 2018)—on

the transmitter outflow from the cytoplasm when the vesicular

replenishment of NA or DA was partially or fully inhibited by TBZ. To

examine this aspect, animals were pre-treated with TBZ (4 mg�kg�1)

to ensure that no new vesicles could be loaded with [3H]-NA (in the

case of the PFC) or [3H]-DA (in the case of the STR). No marked dif-

ference was observed in response to the electrical field stimulation

(S1) at the third fraction. In the PFC, MDMA, introduced from the

eighth fraction, significantly increased [3H]-NA efflux from the PFC

from fraction 10 compared with that when the reuptake of [3H]-NA

was inhibited by nisoxetine (added from the sixth fraction). In the

presence of NIS, MDMA failed to release radioactivity, indicating the

role of transporter reversal and the cytoplasmic origin (Figure 5a).

Next, the resting release of [3H]-DA was measured from STR slice

preparations loaded with 10-μM TBZ. We found that 10-μM β-PEA

or 30-μM MDMA, added to the tissue at the eighth fraction, signifi-

cantly elevated the resting release. Meanwhile, if the DAT inhibitor

GBR 12909 was applied at the sixth fraction, the elevating effect of

MDMA was counteracted (Figure 5b).

F IGURE 3 Effect of tetrabenazine (TBZ) on [3H]-dopamine ([3H]-DA) and [3H]-5-hydroxytryptamine ([3H]-5-HT) release in the mouse
striatum (STR). Tissue slices were incubated in Krebs solution; TBZ ([3H]-DA: 0.03, 0.1, 0.3, and 1 μM; [3H]-5-HT: 1, 3, and 10 μM) was
introduced during the incubation and allowed to remain until the end of the experiment. The tissue slices were stimulated at the third (Stim 1) and
13th (Stim 2) fractions ([3H]-DA: 40 V, 2 Hz, 1 ms, and 1 min; [3H]-5-HT: 40 V, 2 Hz, 2 ms, and 1 min). The released radioactivity was measured in
the collected fractions. (a) [3H]-DA release was markedly decreased in the presence of TBZ throughout the experimental period compared with
that in the control group. (b) [3H]-5-HT release was significantly decreased after 10-μM TBZ application upon electric field stimulation (S1 and S2)
and at fractions four to eight and 14 to nine compared with the control group. Values are expressed as geometric mean ± 95% CI with n = 6 mice
per group. One-way ANOVA with log transformation ((a): S1: F[4, 25] = 6.358, P < 0.05, S2: F[4, 25] = 5.64, P < 0.05; (b): F[3, 20] = 14.87,
P < 0.05, S2: F[3, 20] = 17.26, P < 0.05) followed by (a) Dunnett's and (b) Tukey's multiple comparisons post hoc test: *P < 0.05 compared with
1-μM TBZ, +P < 0.05 compared with 10-μM TBZ. Abbreviations: [3H], tritium; DA, dopamine; TBZ, tetrabenazine; STR, striatum; S1, first electric
field stimulation; S2, second electric field stimulation.
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3.6 | Effects of tetrabenazine (TBZ) on mouse
locomotor activity and MDMA-induced hypermotility

To investigate the effect of TBZ on hyperkinesia, hyperlocomotion

was induced by MDMA treatment in mice. MDMA treatment caused

a marked increase in the locomotion time at 5 and 15 mg�kg�1 doses

compared with that in the control group (Figure 6a). In contrast,

4 mg�kg�1 TBZ treatment significantly reduced locomotor activity

(Figure 6b). To test the hypothesis that TBZ treatment could prevent

MDMA-induced hyperactivity, mice were co-administered MDMA

(5, 10, 15 mg�kg�1) and TBZ (4 mg�kg�1). TBZ significantly inhibited

the elevation in locomotor activity induced by 5 mg�kg�1 MDMA.

TBZ reduced hyperlocomotion even in animals treated with 10 and

15 mg�kg�1 MDMA, although this reduction was not complete and

not significant (Figure 6c).

4 | DISCUSSION

It is widely accepted that the quantal exocytotic release of

transmitter-containing vesicles is dependent on [Ca2+]o, action

potential-evoked Na+ influx, and the activity of VMAT-2 at the axonal

terminal, which transports transmitters into vesicles (John &

Jones, 2006). Sustained neuronal activity, followed by appropriate

exocytosis, requires rapid replenishment of storage vesicles with NA,

DA, or 5-HT. Unlike reserpine, which blocks VMAT-2 and VMAT-1

(Carlsson, 1966), resulting in depression and hypotension (Darchen

et al., 1989; Metzger et al., 2002), TBZ is a selective inhibitor of

VMAT-2, the predominant isoform in the brain that is exclusively

responsible for resupplying vesicles that reside in the cytosol with NA,

DA, or 5-HT. Although the biochemical effects of TBZ and its deriva-

tions on VMAT-2 are well described (Nickell et al., 2014), minimal data

are available on how neurochemical signalling is affected in the PFC

and STR, two brain regions involved in the pathomechanism of

depression and parkinsonism.

To study the role of VMAT-2 inhibition in transmitter release, we

identified two distinct release types: (i) external Ca2+- and

tetrodotoxin-sensitive release induced by electrical stimulation, corre-

sponding to release from synaptic vesicles and (ii) [Ca2+]o-

independent release at rest in the absence of electrical stimulation,

corresponding to direct release from the cytoplasm. The acute appli-

cation of TBZ in this system could induce an increase in resting

release while failing to influence vesicular release. This is likely due to

the increase in cytoplasmic transmitter content, which is the driving

force underlying release at rest in vitro in preloaded slices. In this

study, the long-term application of TBZ (when loaded with tritiated

transmitters) left sufficient time to empty the synaptic vesicles. Con-

sequently, we observed reduced storage capacity of the synaptic vesi-

cles in the slices, as measured by their radioactivity content. However,

the IC50 values showed that the inhibitory effect of TBZ on mono-

amine storage capacity and electric field stimulation were similar for

NA and DA, and lower for 5-HT. We showed for the first time that

the inhibition of VMAT-2 with TBZ reduced the storage capacity of

monoaminergic axon terminals in a concentration-dependent manner.

Additionally, when VMAT-2 was inhibited, electric field stimulation

failed to evoke the vesicular release of [3H]-NA, [3H]-DA, and [3H]-

5-HT from the PFC and STR slices. Accordingly, when the release was

measured from terminals pretreated with TBZ, the stimulation-evoked

vesicular release markedly decreased, as evidence by the S1 values.

However, unlike vesamicol, TBZ did not reduce the vesicular release

F IGURE 4 Effect of vesamicol (VES) and tetrabenazine (TBZ) on [3H]-acetylcholine ([3H]-ACh) release and uptake in the mouse prefrontal
cortex (PFC). Tissue slices were incubated in Krebs solution; TBZ (10 μM) or vesamicol (10 μM) was added during the incubation and allowed to
remain until the end of the experiment. The tissue slices were stimulated at the third (Stim 1) and 13th (Stim 2) fractions (20 V, 2 Hz, 2 ms, and
2 min). The released radioactivity was measured in the collected fractions. (a) Compared with that in the control and TBZ groups, [3H]-ACh
release in response to electric field stimulations (S1 and S2) was lower in the vesamicol group. TBZ did not alter [3H]-ACh release upon S1 and S2
stimulation. (b) [3H]-ACh uptake into tissue. Neither 10-μM TBZ nor 10-μM vesamicol altered [3H]-ACh uptake in the tissue slices. Values are
expressed as geometric mean ± 95% CI with n = 6 mice per group. One-way ANOVA with log transformation ((a): S1: F[2, 15] = 75.89, P < 0.05,
S2: F[2, 14] = 73.7, P < 0.05; (b): F[2, 15] = 1.55, P = 0.244) followed by Tukey's multiple comparisons post hoc test: *P < 0.05 compared with
control group; +P < 0.05 compared with TBZ group. Abbreviations: [3H], tritium; ACh, acetylcholine; TBZ, tetrabenazine; VES, vesamicol; PFC,
prefrontal cortex; S1, first electric field stimulation; S2, second electric field stimulation.
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of [3H]-ACh from the PFC, further confirming that it is selective for

VMAT-2 transporters, although VMAT-2 and VAChT share a 40%

sequence identity (Anne & Gasnier, 2014). Regarding the promiscuity

of the monoamine transporters, it is important to note that TBZ

blocks only the vesicular uptake of monoamines into the axon termi-

nals, without influencing the plasmalemmal uptake. Indeed, while TBZ

markedly reduced the vesicular release of both NA and DA from the

PFC upon stimulation, nisoxetine failed to decrease NA release,

showing that the effect of TBZ is independent of the plasmalemmal

transporter. Therefore, the assumed heterologous uptake does not

significantly influence the exocytotic release of monoamines. Further-

more, GBR 12909 administration did not influence the uptake of [3H]-

5-HT in the STR, indicating that DAT does not play an important role

in 5-HT uptake in the STR, at least at the applied concentrations.

These findings, together with the observation that TBZ failed to

enhance stimulation-evoked vesicular release, indicate that the

F IGURE 5 Effect of MDMA and β-PEA, substrates of the monoamine transporters, on cytoplasmic [3H]-noradrenaline ([3H]-NA) and [3H]-
dopamine ([3H]-DA) release from mouse prefrontal cortex (PFC) and striatum (STR) slice preparations. Animals were pre-treated with 4 mg�kg�1

tetrabenazine (TBZ) and killed after 60 min (for PFC), or the STR tissue samples were incubated with 10-μM TBZ. Brain tissue slices were
prepared and stimulated at the third (S1) fraction ([3H]-NA: 20 V, 2 Hz, 2 ms, and 2 min; [3H]-DA: 40 V, 2 Hz, 1 ms, and 1 min) in the case of the
PFC or no stimulus was applied (STR). (a) Upon electric field stimulation, the release of both [3H]-NA (in fraction 3) markedly differed between the
study groups. Nisoxetine (NIS) was introduced at the sixth fraction, and MDMA was added at the eighth fraction. After the release of the vesicles
loaded with [3H]-NA in PFC in response to electrical field stimulation, MDMA was still able to induce [3H]-NA efflux if the noradrenaline
transporter (NET) was not inhibited from the 12th fraction (a). (b) Resting release (resting release ratio [FRR2/FRR1; fifth, sixth vs. 12th, 13th
fractions]) of [3H]-DA was markedly elevated by MDMA and β-PEA (applied at the eighth fraction). The dopamine transporter (DAT) inhibitor
GBR 12909 (applied at the sixth fraction) inhibited the [3H]-DA efflux in response to MDMA. Values are expressed as geometric mean ± 95% CI
with n = 6 mice per group. (a) Unpaired t test (S1: t = 1.997, df = 10, P = 0.0738) and (b) Kruskal–Wallis test (F[4, 24] = 21.6, P < 0.05) followed
by (a) Sidak and (b) Dunn's multiple comparisons post hoc test: *P < 0.05 compared with 30-μM MDMA group; +P < 0.05 compared with 10-μM
TBZ group; $P < 0.05 compared with 10-μM TBZ + 30-μM MDMA group. Abbreviations: [3H], tritium; NA, noradrenaline; DA, dopamine; TBZ,
tetrabenazine; NIS, nisoxetine; PFC, prefrontal cortex; STR, striatum; S1, first electric field stimulation; DAT, dopamine transporter; NET,
noradrenaline transporter.
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vesicular storage capacity of [3H]-NA, [3H]-DA, and [3H]-5-HT in the

PFC and STR terminals was decreased. These findings also imply that

plasmalemmal uptake of the transmitter from the extracellular space

was not reduced. However, this contradicts several studies that report

TBZ to be a monoamine uptake inhibitor (Meyer et al., 2011; Ross &

Renyi, 1966). Indeed, [3H]-NA and [3H]-DA readily entered the termi-

nals from the extracellular space via NET or DAT during incubation,

while nisoxetine and GBR-12909—two selective inhibitors—prevented

their uptake.

VMAT-2 inhibitors are used in the treatment of hyperkinetic dis-

orders, such as Huntington's chorea or tardive dyskinesia. Neuro-

chemical evidence obtained from the post-mortem brain tissues of

patients with Huntington's chorea showed that NA and DA levels

were elevated in the caudate nucleus (Spokes, 1980). In addition,

post-mortem samples from TBZ-treated patients had significantly

lower levels of monoamines than those from non-treated controls

(Pearson & Reynolds, 1988). However, recent findings suggest that

DA transmission is increased in the early stages of Huntington's

disease, leading to hyperkinetic movements, and decreases in the later

phases (J. Y. Chen et al., 2013; Cepeda et al., 2014). In parallel, while

DA innervation was decreased in the STR of the affected people,

5-HT increased (Bedard et al., 2011). Our findings that the mono-

amine storage capacity of vesicles and the amount of axonal activity-

related release were reduced by TBZ provide an explanation for the

results of these studies and support the view that unopposed hyper-

active dopaminergic and noradrenergic innervation contributes to

hyperkinetic movement disorders, at least in the early stages.

VMAT-2 antagonists (TBZ, valbenazine) are used to treat tardive

dyskinesia, the prevalence of which is 15–20% among patients with

schizophrenia treated with second and third-generation antipsy-

chotics (Carbon et al., 2017; de Tommaso et al., 2011). In TBZ clinical

studies, doses ranging from 6.25 to 300 mg�day�1 were associated

with side effects, such as depression, drowsiness/fatigue, and parkin-

sonism (Caroff et al., 2018). The PFC is dense in noradrenergic projec-

tions originating from the locus coeruleus (Schwarz & Luo, 2015) and

plays a critical role in depression (Koenigs & Grafman, 2009) along

F IGURE 6 Inhibition of MDMA-evoked
locomotor activity by tetrabenazine (TBZ) in mice.
Mice were treated with MDMA and/or TBZ, and
locomotor activity was assessed using the
LABORAS system. (a) MDMA caused a marked
increase in locomotion time at 5, 10, and
15 mg�kg�1 doses at 60 min after drug application.
(b) TBZ significantly reduced basic locomotor
activity at 4 mg�kg�1 doses 60 min after drug

application. (c) Co-administration of 4 mg�kg-1
TBZ with 5 mg�kg-1 MDMA reduced the evoked
locomotor hyperactivity. Values are expressed as
mean ± SEM of n = 9 mice per group. Welch's
ANOVA (a): W = 14.64[3, 15.72]; P < 0.05; (b):
W = 10.49[2, 13.58], P = 0.05 and (c): W = 13.5
[6, 22.46], P < 0.05: *P < 0.05 compared with VEH
group; #P < 0.05 compared with 5 mg�kg�1

MDMA + VEH-treated group. Abbreviations:
TBZ, tetrabenazine; VEH, vehicle.
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with serotonin (Hersey et al., 2022). It also contributes to spatial

working memory and decision-making (Jentsch et al., 1997; Williams &

Goldman-Rakic, 1995). These determinant features of the PFC may

help explain the noradrenergic involvement in the side effects

observed during treatment with TBZ. A decrease in the vesicular

release of DA from the STR might explain TBZ treatment-induced par-

kinsonism. Furthermore, a recent study found that TBZ-induced side

effects can be counteracted by NLX-112 (befiradol)—a selective

5-HT1A receptor agonist (Jastrzebska-Wiesek et al., 2022)—thus

5-HT1A agonists may prove beneficial in alleviating TBZ-induced side

effects.

Further evidence of the role of TBZ in regulating the release of

neurotransmitter-containing vesicles was obtained when brain slices

(animals previously treated with TBZ or direct addition of TBZ to the

tissue) were exposed to MDMA or β-PEA, also monoamine trans-

porter substrates (Robertson et al., 2009; Zsilla et al., 2018). In these

slices, the vesicles exhibited limited storage capacity and impaired

vesicular release, while the cytosolic transmitter content was main-

tained or even increased. Indeed, MDMA induced a substantial

release of cytoplasmic [3H]-NA from the PFC if NET was not inhibited

by nisoxetine. Moreover, the resting release of [3H]-DA was markedly

elevated in response to β-PEA and MDMA application, while the DAT

inhibitor GBR 12909 markedly decreased this effect of MDMA in STR

tissue slices. These observations align with other studies that indicate

that MDMA interacts with monoamine transporters (Gorska &

Golembiowska, 2015) to elevate resting release. Hence, the release

originated from cytoplasm and was likely caused by the activity rever-

sal of the plasma membrane transporter rather than vesicular release.

Furthermore, our findings are consistent with the observation that

lobeline—a drug that elevates the resting release under [Ca2+]o-

independent conditions—can also inhibit VMAT-2 function (Miller

et al., 2004; Santha et al., 2000). Moreover, DAT inhibition counter-

acted the effect of MDMA on [3H]-DA release in resting conditions,

suggesting that DAT inhibitors may be beneficial in treating MDMA

addiction. This conclusion seems to be supported by recent findings

(Li et al., 2021) that the blockade of SERT by cocaine up-regulates the

serotoninergic effect on 5-HT1B receptors and may be useful in drug

use disorder therapy.

To establish a connection between the actions of TBZ at the

transmitter level and its well-described clinical effects, we performed

an in vivo locomotion study in which the action of TBZ and the effect

of the hyperlocomotion inducer MDMA and its interactions with tet-

rabenazine were examined. In accordance with the clinical effect, TBZ

lowered locomotion in mice, while MDMA elevated locomotion,

showing that these drugs regulate locomotion in an opposing manner.

This agrees with the idea that monoamines are needed to increase

locomotor activity (Chan & Webster, 1971) and that TBZ-induced loss

of vesicular (and resting) release can reduce locomotion. TBZ was

found to significantly decrease MDMA-induced hyperkinesia in mice,

further explaining its clinical efficacy in hyperkinetic disorders. Impor-

tantly, TBZ did not completely block locomotor behaviour at the high-

est tested dose. MDMA induced locomotion at all the tested doses in

the presence of high-dose TBZ, suggesting that vesicular release is

responsible for only a fraction of the locomotor behaviour.

Cytoplasmic release of monoamines occurs when the animal exhibits

hyperlocomotion, as revealed by the ability of MDMA to release [3H]-

DA of cytoplasmic origin (Roman et al., 2021) and induce locomotor

activity. These findings may also explain why TBZ has not been suc-

cessful in treating amphetamine drug abuse (Meyer et al., 2011) asso-

ciated with the dopaminergic reward system.

Our earlier studies revealed forms of in vivo behaviour that could

be linked to the non-quantal release of transmitters in the brain,

including a bridge between analogue DA signalling evoked by MDMA

and the passive social behaviour of rats (Roman et al., 2021). In this

study, we reveal another type of behaviour, locomotor activity, which

has an evident connection to the cytoplasmic, nonquantal release of

monoamines under conditions when the vesicular release is impaired

by TBZ.

5 | CONCLUSIONS

Our findings show that TBZ does not inhibit the plasma membrane

uptake of monoamines but prevents their vesicular uptake. Further-

more, as TBZ reduces the vesicular storage capacity in the axon termi-

nal, it reduces the amount of quantally released monoamines in

response to axonal stimulation, leaving cholinergic release unchanged.

Our results also show that TBZ administration reduces but does not

antagonize MDMA-induced hyperlocomotion in vivo or MDMA-

induced release of NA and DA from the cytoplasm. However, it

should be noted that these data are solely derived from male mice,

and further investigation is required to understand the vesicular

uptake and release of monoamines in female mice. Furthermore, we

investigated these effects only on the two most prominent brain areas

(PFC in depression and STR in hyperkinetic movement disorders).

Nevertheless, other brain areas may also play a role in hyperkinetic

disorders, warranting further studies.
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