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Abstract 
Midbrain dopamine (DA) neurons, which have important functions in reward and 
locomotion, are composed of different subpopulations. Some of them are not only 
expressing transporters needed to sequester and release DA (the plasmalemmal 
dopamine transporter (DAT)) and the vesicular monoamine transporter (VMAT2)), but also 
for example the vesicular glutamate transporter (VGLUT2) so they can co-release 
glutamate, the main excitatory neurotransmitter. In contrast, co-release of γ-
aminobutyric acid (GABA), the major inhibitory neurotransmitter, does not seem to 
depend on the classical machinery thought to be necessary for GABA release. In contrast, 
it has been proposed that GABA is taken up into DA neurons via the plasmalemmal GABA 
transporter (GAT1) and then packaged into synaptic vesicles by VMAT2. So far, GABA co-
release from DA neurons has only been indirectly shown by measurement of inhibitory 
postsynaptic currents (iPSCs) at GABAA receptors, which could also be induced by other 
neurotransmitters/ligands. 

My goal was to find out, whether GABA is a substrate at VMAT2 and if there is an interaction 
between GAT1 and VMAT2. In order to address these questions, I performed radiotracer 
flux measurements in synaptic vesicles isolated from different species and started to 
perform co-immunoprecipitation and immunoblotting experiments. 

While the co-immunoprecipitation experiments have not yielded unequivocal results 
during the time of my thesis work, my uptake assays indicate that GABA reduced the 
uptake of [3H]serotonin, an endogenous VMAT2 substrate, at millimolar concentrations, 
suggesting that GABA could indeed be a low-affinity substrate at VMAT2.  
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Zusammenfassung 
Dopamin (DA)-produzierende Neurone im ventralen Mittelhirn spielen eine wichtige Rolle 
bei Belohnung und Bewegung und bestehen aus verschiedenen zellulären 
Subpopulationen. Einige der Neurone exprimieren nicht nur Transporter zur Speicherung 
und Ausschüttung von DA (nämlich den plasmalemmalen Dopamintransporter (DAT) und 
den vesikulären Monoamintransporter (VMAT2)), sondern etwa auch den vesikulären 
Glutamattransporter (VGLUT2). Die VGLUT2-exprimierenden DA Neurone können 
dadurch neben DA auch Glutamat, den wichtigsten exzitatorischen Neurotransmitter, 
ausschütten. Im Gegensatz dazu scheint die zusätzliche Freisetzung von γ-
Aminobuttersäure (GABA), dem wichtigsten inhibitorischen Neurotransmitter, nicht von 
der kanonischen Maschinerie für Synthese und Speicherung von GABA abhängig zu sein. 
Es wurde jedoch postuliert, dass DA Neurone GABA durch den plasmalemmalen GABA-
Transporter (GAT1) in die Zellen aufnehmen und dann GABA mittels VMAT2 in die 
synaptischen Vesikel aufnehmen. Bis jetzt wurde die Ausschüttung von GABA aus DA-
Neuronen nur indirekt durch Messung von inhibitorischen postsynaptischen Strömen 
(iPSCs) an GABAA Rezeptoren gezeigt, die aber theoretisch auch durch andere 
Neurotransmitter/Liganden induziert werden könnten. 

Das Ziel meiner Masterarbeit war es herauszufinden, ob GABA ein Substrat für VMAT2 ist 
und ob es eine Interaktion zwischen GAT1 and VMAT2 gibt. Um das zu testen, habe ich 
Messungen mit radioaktiv markierten Transmittern in isolierten synaptischen Vesikeln 
aus Nagetieren, nichtmenschlichen Primaten und Menschen gemacht, sowie Co-
Immunopräzipitationen und Immunoblots durchgeführt. 

Während ich in den Co-Immunopräzipitation-Experimenten noch keine eindeutigen 
Ergebnisse erhalten habe, zeigen meine Uptake-Assays, dass GABA die Aufnahme von 
[3H]Serotonin, einem endogenen VMAT2-Substrat, in millimolaren Konzentrationen 
vermindern konnte. Dies deutet darauf hin, dass GABA für VMAT2 ein Substrat mit 
niedriger Affinität sein könnte.  
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1  Introduction 

1.1  Neurotransmitter packaging and release 
Neurotransmitters generally act as chemical messengers between neurons to pass on 
information. In order to be released from the pre-synaptic neuron upon receiving an 
electrical signal and thus depolarisation or hyperpolarisation of the membrane, 
neurotransmitters must first be loaded into synaptic vesicles, before fusing with the 
presynaptic membrane and release of the neurotransmitter molecules into the synaptic 
cleft (Fon and Edwards 2001). 

First of all, the neurotransmitters must be present in the cytosol, either via direct 
biosynthesis from precursor molecules or by importing a transmitter from outside the 
cell. In order for the transmitters to cross lipid membranes, specialised transmembrane 
transporters are required. For example, vesicular uptake of transmitters requires 
vesicular transmitter transporters such as the vesicular glutamate transporter (VGLUT1-
3) for glutamate, the vesicular GABA transporter (VGAT) for GABA and glycine or the 
vesicular monoamine transporter (VMAT2) for monoamines (dopamine, noradrenaline, 
adrenaline, serotonin, histamine) (Lin et al. 2015; Pidathala et al. 2023). For the vesicular 
transmitter transporters, the main driving force is the electrochemical H+ gradient that is 
established by the vacuolar proton ATPase (vATPase). The H+ gradient consists of two 
parts: the pH and an electrical gradient; different transmitters depend differently on the 
two parts (Johnson et al. 1981; Cidon and Sihra 1989; Edwards 2007). For instance, for the 
uptake of the positively charged monoamine DA, the pH gradient is more important than 
the electrical gradient while for the negatively charged amino acid glutamate, the 
electrical gradient is more important (Maycox et al. 1988). This is because the cationic DA 
is exchanged for two lumenal H+, which means that in total one positive charge is 
exchanged for two H+ and results in a greater pH gradient dependence (Knoth et al. 1981). 
For anionic glutamate the stoichiometry is not known, but in total there always is one 
more charge exchanged than H+, which results in greater dependence on the electrical 
gradient (Edwards 2007). 

The uptake of extracellular neurotransmitters is achieved by transporters from the SLC6 
family of neurotransmitter:sodium symporters, as well as from the SLC1 family (Lin et al. 
2015). These rely on the electrochemical Na+ gradient to transport transmitters against 
their concentration gradients, some transporters of the SLC6 family are additionally 
dependent on co-transport of Cl- and K+. The first transporter of the SLC6 family to have 
been molecularly characterised was the GABA transporter 1 (GAT1, SLC6A1), which is the 
main (plasmalemmal) GABA transporter in the brain (Chen et al. 2004). 
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1.2  Glutamate as a neurotransmitter 
Glutamate is known to affect the central nervous system (CNS) for a long time, but was 
acknowledged as an (excitatory) neurotransmitter only in 1984 (Fonnum 1984). For 
intracellular de novo biosynthesis, first glucose is metabolized to pyruvic acid during 
glycolysis and pyruvate then enters the tricarboxylic acid (TCA) cycle during which α-
ketoglutarate is generated, and finally transaminated to yield glutamate (Hertz et al. 
1999). As a consequence, glutamate was found to be present in all (CNS) cell types, also 
because of its role as building block for proteins (Watkins and Jane 2006). For the synaptic 
release of glutamate, the vesicular glutamate transporters 1, 2 and 3 (VGLUT1-3) are 
needed (Takamori 2006) to store glutamate within synaptic vesicles. Glutamate is then 
released through vesicular exocytosis and acts via two major types of glutamate 
receptors: ionotropic receptors (those are ion channels that transport cations like Na+ 
and Ca2+, i.e. N-Methyl-D-aspartate (NMDA), α-Amino-3-hydroxy-5-methyl-4-isoxazole 
proprionic acid (AMPA) and kainate (KA) receptors) and metabotropic receptors (called 
mGluR 1-8, those are G protein-coupled receptors with for instance effects on second 
messenger systems) (Niciu et al. 2012). 

High levels of extracellular glutamate lead to cell damage or even neuron cell death 
because of sustained depolarisation via ionotropic glutamate receptors (Li and Stys 
2000). This can trigger influx of Na+, Cl- and water, leading to swelling as well as sustained 
influx of Ca2+ starting several destructive cascades (Choi 1992). Therefore, after release it 
has to be removed in the course of milliseconds: glutamate is primarily removed from the 
synaptic cleft by transporting it into the cytosol of glial cells via excitatory amino acid 
transporters (EAATs), where it is then converted to glutamine and transported out of glial 
cells. Glutamine can then be taken up again by neurons and be converted to glutamate 
by glutaminase (Niciu et al. 2012). 

1.3  GABA as a neurotransmitter 
γ-aminobutyric acid (GABA) is the major inhibitory neurotransmitter and is synthesized 
from glutamate by either of two isoforms of glutamic acid decarboxylase GAD65 and 
GAD67 (also known as GAD2 and GAD1, respectively). In midbrain dopamine (DA) 
neurons it was shown that there may to be another non-canonical pathway for GABA 
biosynthesis mediated by aldehyde dehydrogenase 1a1 (ALDH1a1) (Kim et al. 2015), but 
the role of this enzyme in GABA synthesis remains controversial (Melani and Tritsch 2022). 
Extracellular GABA can be taken up into cells by plasmalemmal GABA transporters like 
the GABA transporter 1 (GAT1). In order to release GABA synaptically, the vesicular GABA 
transporter (VGAT) is needed to package GABA into synaptic vesicles. Synaptic GABA 
exerts its action via activation of mostly GABAA and GABAB receptors. GABAA receptors are 
ionotropic receptors that mediate Cl- conductance, while GABAB receptors are 
metabotropic receptors (Zhang et al. 2021).  
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1.4  Midbrain dopamine system 
The midbrain dopamine (DA) system mainly consists of the ventral tegmental area (VTA) 
and the substantia nigra pars compacta (SNc), which are both heavily projecting to the 
striatum (Fuxe et al. 2010). Despite the VTA and the SNc being relatively small regions 
(Nelson et al. 1996; Björklund and Dunnett 2007), the DA system is of high interest since 
there are many neuropsychiatric diseases like Parkinson’s disease (PD), schizophrenia 
and substance use disorders associated with dysfunction of the DA system (Bissonette 
and Roesch 2016; Limani et al. 2024). 

Initially, it was thought that DA neurons are a homogenous cell population with all 
neurons being relatively similar because of synthesising and releasing the 
neurotransmitter DA. For a long time it was assumed that one neuron only releases one 
neurotransmitter, which is referred to as ‘Dale’s principle’ (Strata and Harvey 1999; Tritsch 
et al. 2016). Nevertheless, over the last few decades it was recognised that the DA system 
is much more complex and heterogenous because of different DA neuron 
subpopulations, co-releasing other neurotransmitters, too (Tritsch et al. 2016). For 
instance, it is already well established that subpopulations of DA neurons are expressing 
the vesicular glutamate transporter 2 (VGLUT2) (Trudeau et al. 2014), which is both 
necessary and sufficient for storage and release of glutamate, since the major excitatory 
neurotransmitter is already present in all neurons in millimolar concentrations 
(Featherstone 2010; Limani et al. 2024). It seems that expression of VGLUT2 facilitates 
packaging of DA into synaptic vesicles (‘vesicular synergy’) (Hnasko et al. 2010) and is 
preventing degeneration of DA neurons (Steinkellner et al. 2018; 2022). While it has been 
shown that there are also DA neurons that can co-release γ-aminobutyric acid (GABA) 
(Tritsch et al. 2012), the mode of action is less well defined since the classical enzymes 
for synthesis of GABA, glutamic acid decarboxylase 1 and 2 (GAD1/2, also GAD65/67), 
and the vesicular GABA transporter (VGAT) are only weakly expressed in DA neurons 
(Melani and Tritsch 2022). The functions of GABA co-release are not well known, but may 
include spatially and temporally more precise signals and regulation of synaptic plasticity 
(Tritsch et al. 2016). 
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1.5  GABA was never directly shown to be a VMAT2 substrate 
As mentioned above, co-release of glutamate, the main excitatory neurotransmitter, from 
DA neurons is well established (Eskenazi et al. 2021), while not so much is known about 
co-release of GABA, which is the major inhibitory neurotransmitter in the brain (Bowery 
and Smart 2006). One reason for why GABA release from DA neurons is controversial is 
that DA neurons do not possess the canonical machinery associated with GABA synthesis 
and release, namely GAD1 and GAD2 and the vesicular GABA transporter VGAT to load it 
into synaptic vesicles (Tritsch et al. 2012; 2014). 

In the experiments of Tritsch et al., they measured optogenetically evoked inhibitory 
postsynaptic currents (oIPSCs) at GABAA receptors, which they did using whole-cell 
voltage-clamp recordings in striatal neurons (Tritsch et al. 2012; 2014; Melani and Tritsch 
2022). After knocking out VGAT in GABAergic neurons, oIPSCs could mostly be restored 
by introducing ectopic VMAT2 (Tritsch et al. 2012). In contrast, knockout of VGAT from DA 
neurons did not influence oIPSCs (Tritsch et al. 2012), presumably because VGAT is not 
playing a major role in vesicular GABA transport within DA neurons. In another set of 
experiments, Tritsch and colleagues performed experiments where they could abolish 
oIPSCs by knocking out GAT1 in DA neurons and they were able to restore it by introducing 
GAD67, which is a GABA synthetic enzyme (Melani and Tritsch 2022). Taken together, 
these results indicate that GABA is released from DA neurons and that the release is 
dependent on VMAT2. It has to be mentioned though that the measured oIPSCs could 
theoretically be caused by other ligands/GABAA receptor agonists besides GABA, i.e. 
glycine or taurine (Figure 1) (Jonas et al. 1998). This is because by measuring oIPSCs, one 
only knows that the GABAA receptor was activated, but not which molecule led to its 
activation in the first place. 

It is also important to bear in mind that GABA looks structurally quite different from the 
typical VMAT2 substrates (Figure 1) which are positively charged monoamines under 
physiological conditions, while GABA is an amino acid and has no net charge (Figure 2). 
As can also be seen seen in Figure 2, the ratio of GABA ionic species is influenced by the 
pH – at pH 3.5 about half of the species is present in its anionic form and at pH 10.5 
approximately half of the GABA population is in its cationic form (Krishek et al. 1996). 

 

 



5 
 

 

 

  

Figure 1: Structures of typical VMAT2 substrates and possible GABAA receptor substrates. Typical 
VMAT2 substrates (histamine, dopamine, serotonin and norepinephrine) are monoamines with a 
positive charge under physiological conditions, while GABA is an amino acid with no net charge. The 
amino acids glycine and taurine are possible substrates at GABAA receptors like GABA. Created using 
ACD/ChemSketch. 

Figure 2: Net charge of GABA is pH-dependent. At physiological conditions (ca. pH 7.2), GABA is only 
present in its zwitterionic form with no net charge. Around pH 3.5, half of the molecules is positively 
charged and around pH 10.5, half of the molecules is negatively charged. Figure is taken from (Krishek et 
al. 1996) 
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2  Materials and methods 

2.1  Materials 
 

Table 1: Used reagents and sources. 

Reagent/Resource Source Details 

Antibodies   
Mouse anti-GFP antibody Santa Cruz #sc-9996 
Rabbit anti-GFP antibody Invitrogen #A-11122 
Rabbit anti-GAT1 
polyclonal antibody 

Synaptic Systems #274 102 

Rabbit anti-VMAT2 
polyclonal antibody 

Synaptic Systems #138 313 

Goat anti-Mouse LI-COR IRDye 680RD, #926-68070 
Goat anti-Rabbit LI-COR IRDye 680RD, #926-68071 
Radiolabelled substrates   
[3H]DTBZ American Radiolabelled 

Chemicals 
(±)-α-[2-3H]-Dihydrotetrabenazine, 
20 Ci/mmol 

[3H]GABA Revvity Aminobutyric Acid (GABA) γ-[2,3-
3H(N)]-, Specific Activity: 25-40 Ci 
(925 GBq-1.48 TBq)/mmol, 250 µCi 
(9.25 MBq) 

[3H]GABA Revvity Aminobutyric acid, γ-[2,3-3H(N)]- 
(GABA), 29.1 Ci/mmol, 1 mCi/mL 

[3H]5-HT Revvity 5-[1,2-3H(N)]-hydroxytryptamine 
creatinine sulfate, 1 mCi/mL, 32.8 
Ci/mmol 

General   
FFN206 Tocris False fluorescent neurotransmitter 

dihydrochloride 
Tetrabenazine Selleckchem  
Reserpine Sigma-Aldrich  
Scintillation cocktail Roth ROTISZINT®Routine 
GF/B filters GE Healthcare/Whatman Glass microfiber filters 
ATP-Mg Sigma-Aldrich Adenosine 5’-triphosphate 

magnesium salt 
GABA Sigma-Aldrich  
Protein ladder Thermo Scientific PageRuler 
Nitrocellulose blotting 
membrane 

Cytiva Amersham Protran Premium 0.45 
μm NC 

Protein G beads Cytiva GammaBind Plus Sepharose, 
#17088601 

96/24-well plate Sarstedt Standard F 
Cell culture medium Capricorn Scientific DMEM, high glucose (4.5 g/L) with L-

glutamine 
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Table 2: Used devices and brands. 

Device Brand Model 

Table centrifuge Eppendorf 5427 R 
Ultracentrifuge Beckman L-70 with TYPE65 rotor 
Fluorescence scanner LI-COR ODYSSEY CLx 
Epifluorescent 
microscope 

Nikon Eclipse TS100 

Liquid scintillation 
counter 

PerkinElmer Tri-Carb 2800TR 

Liquid scintillation 
counter 

Revvity Tri-Carb 4910 TR 

Plate reader PerkinElmer 1420 VICTOR3 V multilabel counter 
 

 

2.2  Animals 
In this study adult male and female C57BL/6J mice (from a Vglut2-ires-cre background) 
and adult female Sprague-Dawley rats were used. For details regarding housing and 
protocols see (Limani et al. 2024). All animal protocols have been approved by the 
pertinent authorities. 

Nonhuman primate (M. fascicularis) striata have been obtained from Dr. Christian Pifl 
(Center for Brain Research, Medical University of Vienna) through a collaboration with Dr. 
Jose Obeso (CEU San Pablo University Madrid). 

 

2.3  Human tissue 
De-identified formalin-fixed paraffin-embedded sections (FFPE) from the midbrain as 
well as frozen striata were obtained from the neuro biobank of the Division of 
Neuropathology and Neurochemistry/Department of Neurology at the Medical University 
of Vienna and some of the frozen striata were also obtained from Dr. Christian Pifl (Center 
for Brain Research, Medical University of Vienna); these cases have also been used and 
published by Dr. Pifl (Pifl et al. 2023). 
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2.4  Cell culture 
HEK293 cells were purchased from ATCC (CRL-1573, ATCC, Manassas, VA, USA; RRID: 
CVCL_0045). A polyclonal HEK293-VMAT2 cell line was used and generated through 
blasticidin S (Thermo Fisher Scientific; 10 μg/mL) by transfecting HEK293 cells with 
human VMAT2-eGFP in pcDNA6.2 using jetPRIME (Polyplus) by Dr. Thomas Steinkellner. 
N2a cells were a gift from Dr. Erik Keimpema (Center for Brain Research, Medical 
University of Vienna). N2a cells were transiently transfected with a rat GAT1-eYFP or 
human VMAT2-YFP plasmid in pcDNA using jetPRIME. 

Cells were maintained in Dulbecco’s modified eagle medium (DMEM; Capricorn 
Scientific) containing 10% fetal bovine serum (Sigma-Aldrich), penicillin (100 IU/mL, 
Sigma-Aldrich), streptomycin (100 μg/mL, Sigma-Aldrich) and for the HEK293-VMAT2 cell 
line also blasticidin S (6 μg/mL). Cells were maintained in a humidified 5% CO2 
atmosphere at 37°C. 

 

2.5  Radiotracer uptake and binding assays 
Radiotracer uptake and binding assays are used to study drug-transporter interactions 
(Ilic et al. 2020), in this case they are performed in synaptic vesicles. For uptake assays, 
isolated synaptic vesicles are incubated in a buffer containing radiolabelled substrates 
for the vesicular transporter VMAT2. The suspension is then filtered after stopping the 
uptake and washing away all excess radiolabelled molecules outside the synaptic 
vesicles, using a special filtration chamber (Figure 3). These filters are then placed in vials 
containing a scintillation cocktail by putting them into a liquid scintillation counter, the 
amount of radioactivity inside the synaptic vesicles can be measured (a schematic can 
be seen in Figure 4). Also, other non-labelled substances can be added during an uptake 
assays to determine whether uptake of the measured radiolabelled substrate is affected 
by doing so and to what extent. The principle of binding assays is similar, but now the 
synaptic vesicles are incubated with a radiolabelled inhibitor of VMAT2 and the amount of 
inhibitor bound to the transporter is measured. In this case, [3H]dihydrotretrabenazine 
(DTBZ) is used, which is an analogue of the high affinity VMAT2 inhibitor tetrabenazine 
(TBZ). 
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Figure 3: Filtration chamber for uptake and binding assays with synaptic vesicles. On the side of the 
grey top-piece, valves for opening and closing the individual channels can be seen. On the metal grids 
seen in (A), filters of the same shape and size are placed and then on top there are metal cylinders (B) to 
fill with the suspension to be filtrated. The filtration is driven by a vacuum inside the chamber. 
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2.5.1  Synaptic vesicle preparation 

With slight modifications, for the synaptic vesicle preparation I followed Dr. Christian Pifl’s 
protocol (Pifl et al. 2014). First, mice were deeply anaesthetised with pentobarbital (100 
mg/kg i.p.; Exagon® 500 mg/mL, Richter Pharma) before decapitation. Rats were 
euthanised by CO2 asphyxiation and then decapitated. Mouse and rat brains were quickly 
removed and striatum and cerebellum (only mice) were homogenised in ice-cold 0.32 M 
sucrose containing 0.25 mM Tris-HCl (pH = 7.4), using a glass Teflon Potter-type 
homogeniser (20 strokes). Monkey and human striatum tissue chunks were already 
dissected by Drs. Jose Obeso and Christian Pifl and stored at -80°C. The homogenates 
were then centrifuged for 15 min at 1,000 x g at 4°C and the supernatant was again 
centrifuged for 30 min at 20,000 x g at 4°C, resulting in a ‘P2’ pellet. While ultracentrifuging 
the supernatant ‘SN2’ for 30 min at 100.000 x g at 4°C, the P2 pellets were 
hypoosmotically shocked by resuspension in ice-cold ddH2O and 10 more strokes in the 

Figure 4: Schematic for the procedure of an uptake assay with synaptic vesicles. After homogenizing 
tissue from the region of interest, synaptic vesicles are prepared via differential centrifugation, meaning 
that with each centrifugation step the time and/or relative force is increased and after the last step in an 
ultracentrifuge, the vesicles are resuspended in buffer. This suspension with mixed vesicle populations, 
containing different (combinations of) transporters, is then incubated in uptake buffer containing 
radiolabelled substrate (and non-labelled testing substances). After stopping the incubation, the 
suspension is filtrated and washed. The amount of radioactivity inside the vesicles is measured with a 
liquid scintillation counter. The figure was created using BioRender. 



11 
 

glass Teflon Potter-type homogeniser. The aqueous P2 suspensions were centrifuged for 
15 min at 21,000 x g at 4°C and osmolarity of the supernatant was restored by adding 1.3 
M potassium phosphate (KP) buffer (pH = 7.4) in 1/10 of the volume (final 0.13 M). The SN2 
pellets from the ultracentrifuge were then resuspended in the hypoosmotically shocked 
P2 suspensions and centrifuged for 45 min at 100,000 x g at 4°C. The resulting ‘LP2’ pellets 
were resuspended in 0.13 M KP buffer and kept on ice or stored at -80°C until the start of 
the experiment. The ‘LS2’ supernatants were also kept at -80°C. 

 

2.5.2  Radioligand uptake 

Uptake in synaptic vesicles was performed in 0.13 M KP buffer containing 2 mM ATP-Mg, 
2 mM KCl and either [3H]5-HT (100 nM) or [3H]GABA (50 nM from a 75.3 Ci/mmol stock or 
344 nM from a 29.1 Ci/mmol stock). The 29.1Ci/mmol [3H]GABA stock (344 nM solution) 
had a lower specific activity and therefore higher concentration, meaning that in the same 
volume there are more GABA molecules labelled with the radioisotope, leading to 
stronger signals. Using concentrations of [3H]GABA near the apparent KM at VGAT and 
VMAT2 would be best for clear results, so this higher concentrated stock could be 
important because of the low affinity of GABA at VGAT and VMAT2. Additionally, 
unlabelled GABA was added at a putative saturating concentration of 30 mM to block 
[3H]GABA uptake via VGAT (Takamori et al. 2000). After adding synaptic vesicles to the 
solution, the uptake was started by putting the tubes into a water bath at 30°C. Incubation 
time was either 5 min (5-HT), 10 min (344 nM GABA) or 15 min (50 nM GABA) and the 
uptake was stopped by addition of ice-cold KP buffer to the tubes, filtration of the 
suspension through poly(ethyleneimine)-coated (1% w/v) GF/B glass fiber filters 
(Whatman) and two additional washes with 2 mL KP buffer. The filters were then 
transferred to scintillation vials, vortexed and measured in a liquid scintillation counter 
(PerkinElmer/Revvity). Each vesicle uptake was performed in duplicate determinations. 
Additionally, a filter blank (treated like all other tubes without containing synaptic 
vesicles) and the total activity of the [3H] solutions (by directly adding 10 μL to scintillation 
vials) were measured. 

At first, the total volume per tube was 400 μL with 20 μL of synaptic vesicles added 
(roughly 6 μg of protein). After some experiments and optimising the protocol, the total 
volume was reduced to 200 μL with 10 μL of vesicles added in order to save material. 
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2.5.3  Radioligand binding 

I also followed a modified protocol, originally described by Dr. Pifl (Pifl et al. 2014). Briefly, 
binding in synaptic vesicles was performed in 25 mM sodium phosphate (SP) buffer (pH = 
7.4) containing [3H]dihydrotetrabenazine (DTBZ) (20 nM). First, in each tube 20 μL of 
synaptic vesicles were added to 80 μL of SP buffer, containing different concentrations of 
unlabelled GABA or the inhibitor tetrabenazine, and pre-incubated for 5 min at 30°C. After 
adding 100 μL of SP buffer with [3H]DTBZ, the reactions were incubated for 90 min at 30°C. 
Non-specific binding was determined in the presence of 10 μM unlabelled tetrabenazine. 
The reactions were stopped by adding ice-cold SP buffer to the tubes and then filtered 
through poly(ethyleneimine)-coated (1% w/v) GF/B glass fiber filters (Whatman). 

For the first experiments, the filtration was done using an automated cell harvester 
filtration device (Skatron Instruments AS). Two of the twelve channels of the Skatron could 
not be used due to technical issues (blockage), increasing to three channels and at some 
point all tubes were overflowing before filtration, rendering the filtration device useless for 
these experiments. From this point on, the filtrations were done the same way as for the 
uptakes, using 2 mL of ice-cold SP buffer for the washes. The filters were then transferred 
to scintillation vials, shaken for 1 h and measured in a liquid scintillation counter 
(PerkinElmer/Revvity). Each binding assay was performed in duplicate determinations. 
Additionally, a filter blank (treated like all other tubes but without containing synaptic 
vesicles) and the total activity of the [3H] solutions (by directly adding 100 μL to 
scintillation vials) were measured. 

 

2.6  FFN206 assays 
False fluorescent neurotransmitters (FFNs) are fluorescent substrates for specific 
transporters that can be used for uptake assays (Gubernator et al. 2009), FFN206 being a 
substrate for VMAT2 (Hu et al. 2013). The principle is basically the same as when using 
radiolabelled substrates, but in contrast the handling is much safer and the material is 
significantly less expensive. Also, e.g. live cell imaging can be achieved using FFNs 
because for measurement they do not need to be lysed, but are just taken to a plate 
reader or (epi)fluorescent microscope. Briefly, cells are incubated with special 
experimental cell culture media in presence and absence of FFN206 and also testing 
substances (here reserpine/tetrabenazine). After washing the cells, in a plate reader the 
intensity of the fluorescent signal is measured, which correlates to the amount of taken 
up FFN206. 
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2.6.1  Uptake 

For the FFN206 experiments I followed and slightly modified the protocol described in (Hu 
et al. 2013). HEK293 and polyclonal HEK293-VMAT2:eGFP cells were grown in a 96-well 
plate coated with poly-D-lysine. Prior to uptake, the medium was aspirated and 180 μL of 
experimental medium (DMEM without phenol red, FBS, penicillin or streptomycin) was 
added to each well, followed by addition of 10 μL DMSO in experimental medium (vehicle 
control) or different concentrations of reserpine/tetrabenazine in experimental medium 
for pre-incubation (30 min at 37°C and 5% CO2). Then 10 μL of FFN206 solution (final 1 
μM) or DMSO (negative control) in experimental medium were added to each well and 
incubated for 1 h at 37°C and 5% CO2. After washing the cells with PBS, they were kept in 
120 μL PBS and immediately measured on a plate reader (excitation wavelength 340 ± 25 
nm, emission wavelength 450 ± 10 nm). All conditions were prepared and measured in 
triplicates. 

 

2.6.2  Microscopy 

HEK293 and polyclonal HEK293-VMAT2:eGFP cells were grown in a 24-well plate coated 
with poly-D-lysine. After washing with PBS, the cells were pre-incubated in 500 μL 
experimental medium containing 2 μL DMSO in experimental medium (vehicle control) or 
reserpine/tetrabenazine in experimental medium (final 4 μM) for 30 min at 37°C and 5% 
CO2. Next, 500 μL of FFN206 solution (final 10 μM) or DMSO (negative control) in 
experimental medium were added to each well and incubated for 1 h at 37°C and 5% CO2. 
After washing the cells with PBS, they were kept in 500 μL experimental medium and 
images were taken at the Nikon epifluorescent microscope at 4x, 10x and 20x, using a 
DAPI filter for detection of FFN206 and a GFP filter for VMAT2. 
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2.7  Co-immunoprecipitation and western blot 
Co-immunoprecipitation experiments are done to discover possible interactions 
between proteins. First, a sample containing the proteins of interest is incubated with 
primary antibodies against one of the proteins, which are then pulled down by adding 
protein G beads. In this step everything not bound to the antibodies and therefore the 
protein G beads or closely interacting with the bound proteins is washed away. After 
elution of all proteins from the protein G beads, they need to be separated from the 
heterogenous mixture by using sodium dodecyl sulphate polyacrylamide gel 
electrophoresis (SDS-PAGE). In order to immobilise the proteins afterwards and to make 
them detectable, they are transferred to a nitrocellulose membrane. After incubation with 
primary antibodies against the protein(s) of interest, the membranes are incubated with 
secondary antibodies conjugated to some marker, in this case they are fluorescent for 
detection of the proteins, and finally imaged. 

 

2.7.1  Cell lysates 

Cells were grown in a 10 cm plastic dish, washed twice with ice-cold PBS and lysed in 
immunoprecipitation (IP) buffer (containing 50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 
1% Triton X-100 supplemented with protease inhibitors). The lysate was then transferred 
to a tube and incubated on a rotator for 30 min at 4°C. After centrifugation for 10 min at 
14,000 rpm at 4°C, the supernatant was kept on ice for direct use or stored at -20°C and 
the protein concentration determined using a BCA Kit (Thermo Fisher Scientific). 

 

2.7.2  Tissue lysates 

Mouse hippocampus or striatum were homogenised in ice-cold 0.32 M sucrose 
containing 25 mM Tris-HCl (pH = 7.4), using a glass Teflon Potter-type homogeniser (20 
strokes). The homogenates were then centrifuged for 15 min at 1,000 x g at 4°C and the 
supernatant was again centrifuged for 30 min at 20,000 x g at 4°C, resulting in a ‘P2’ pellet. 
The P2 pellet was incubated in IP buffer on a rotator for 60 min at 4°C and the lysate then 
centrifuged for 10 min at 21,000 x g at 4°C. The supernatant was kept on ice for direct use 
or stored at -20°C and the protein concentration determined via the BCA assay. 
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2.7.3  Co-immunoprecipitation 

The lysates (volumes containing ca. 200 μg protein) were incubated with primary 
antibodies (1 μg per 100 μg protein) and incubated on a rotator overnight at 4°C. On the 
next day, protein G beads were washed with IP buffer thrice for equilibration and then 
added to the lysates. After 4 h incubation on a rotator at 4°C, the suspensions were 
washed thrice with IP buffer and after discarding all liquid, the IgG beads were incubated 
with 2x Laemmli buffer (containing 0.1 M Tris-HCl, 0.14 M SDS, 20% glycerol, 2,5% ß-
mercaptoethanol and 1.5 mM bromophenol blue) either for 3 min at 95°C, 15 min at 50°C, 
30 min at 37°C or 30 min at room temperature to elute the antibodies from the protein G 
beads and the eluate was transferred to a new tube, stored at -20°C. 

 

2.7.4  Immunoblotting 

Polyacrylamide gels were cast and the lanes loaded with the prepared samples, as well 
as a protein ladder (Thermo Scientific). A polyacrylamide gel for SDS-PAGE consists of a 
running gel (10% acryl-bisacrylamide, 1% SDS, 0.375 M Tris pH 8.8, 1% ammonium 
persulfate (APS) and 6,7 mM tetramethyl ethylenediamine (TEMED)) and a stacking gel 
(5% acryl-bisacrylamide, 1% SDS, 0,125 M Tris pH 6,8, 1% APS and 6,7 mM TEMED). First 
the gels were run at 100 V until the loading front reached the running gel (about 15 min), 
then the voltage was increased to 150 V and the gels run for about another hour. 

After rinsing the gels with ddH2O and equilibrating in transfer buffer (TB) (containing 25 
mM Tris-HCl, 192 mM glycine and 10% methanol), proteins were transferred to 
nitrocellulose membranes (Amersham) via wet transfer for 45 min at 100 V. The 
membranes were then incubated with Ponceau S staining solution (Sigma, 0.1% Ponceau 
S in 5% acetic acid) for 1 min, and an image was taken after rinsing briefly with ddH2O. 
Afterwards, the membranes were also rinsed with Tris-buffered saline with tween (TBST) 
(pH 7.5 containing 20 mM Tris-HCl, 150 mM NaCl and 0.1% Tween 20) and then incubated 
in a 5% non-fat dry milk (NFDM) blocking solution in TBST for 1 h at room temperature. 

Then the membranes were incubated with the primary antibody solutions (in TBST) (Table 
3) overnight at 4°C. On the next day, after washing thrice with PBS the membranes were 
incubated with IRDye 680-RD-labelled secondary antibodies (LI-COR Biotechnology 
GmbH) (Table 3) in 5% NFDM blocking solution for 2 h at room temperature. When two 
different primary antibodies were co-labelled, instead of using two secondary antibodies 
with different detection wavelengths, samples were loaded on the gel in duplicates and 
the blotted membrane was cut in half. These halves were then incubated separately with 
different primary antibodies. Finally, the membranes were imaged on the LI-COR Odyssey 
CLx infrared imaging system and then stored at -20°C. 
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Table 3: Used antibody solutions for immunoblots. 

Antibody Brand Identifier Dilution 

Primary antibodies    
Mouse anti-GFP  Santa Cruz #sc-9996 1:1000 
Rabbit anti-GAT1 polyclonal  Synaptic Systems #274 102 1:1000 or 1:2000 
Rabbit anti-VMAT2 polyclonal  Synaptic Systems #138 313 1:2000 
Secondary antibodies    
Goat anti-Mouse IRDye 680RD LI-COR #926-68070 1:5000 
Goat anti-Rabbit IRDye 680RD LI-COR #926-68071 1:5000 
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2.8  Data analysis 
For the synaptic vesicle uptake experiments with [3H]5-HT, the amount of radioactivity 
measured (counts per minute [cpm]) in the absence of vesicles (‘filter blank’; unspecific 
binding of 3H to the filter) was subtracted from the cpm measured in the presence of 
vesicles containing either vehicle (control) or test compounds (GABA, reserpine, 
tetrabenazine, glycine or taurine). 

For [3H]GABA uptakes as well as binding experiments, the cpm of non-specific 
uptake/binding (i.e. the uptake/binding in the presence of inhibitors 
(reserpine/tetrabenazine)) was subtracted from the cpm measured in vesicles containing 
vehicle (control) or test compounds (GABA, reserpine, tetrabenazine). 

For graphs showing relative values, the average of the uptake/binding cpm obtained per 
experiment (everything was performed in duplicates) in the presence of vehicle (control) 
was set to 100% after subtracting the filter blank. Cpm in the presence of test compounds 
(GABA, reserpine, tetrabenazine, glycine or taurine) are expressed as percentage of 
control. These graphs show summaries of the mean of the means of all different animals. 

Data are also shown after normalization to the protein amount present in each sample. 
To do so, cpm were converted to either pmol/min/mg protein in case of uptakes or 
pmol/mg protein for binding. Graphs display means from the duplicate determinations. 
(Limani et al. 2024) 

In case of FFN206 uptake experiments, the measured fluorescent signal is expressed as 
relative fluorescent units [RFU]. For baseline-corrected data, RFU in absence of FFN206 
were subtracted from RFU measured in the presence of vehicle (control) or test 
compounds (reserpine, tetrabenazine). For graphs showing relative values from baseline-
corrected data, FFN206 uptake in absence of other compounds was set to 100%. 
Everything was measured in triplicates. 

Data analysis and graphs were done in GraphPad Prism (GraphPad Software Inc., San 
Diego, CA), all data are expressed as means ± SEM. Microscope images were edited using 
Fiji/ImageJ (NIH, open source). 
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3  Rationale and working hypothesis of this thesis 
It is known that midbrain dopamine (DA) neurons can co-release DA and glutamate. 
Although there is data indicating that γ-aminobutyric acid (GABA) can also be co-released 
from DA neurons, the underlying mechanism is not entirely clear since DA neurons lack 
the machinery for the canonical pathway of GABA synthesis and release (Melani and 
Tritsch 2022). The work of Tritsch et al. shows that GABA co-release is dependent on the 
vesicular monoamine transporter VMAT2 for vesicular packaging (Tritsch et al. 2012). 
While the data is very convincing, they indirectly measured inhibitory postsynaptic 
currents at GABAA receptors in striatal neurons, meaning that theoretically those currents 
could also have been evoked by other GABAA receptor ligands like glycine and taurine 
(Jonas et al. 1998). Most importantly, GABA is structurally very different to the classical 
VMAT2 substates (which are monoamines) and would therefore represent a rather 
unconventional VMAT2 substrate. 

Therefore, I wanted to perform radiotracer flux/binding measurements in synaptic 
vesicles isolated from the brains of different species, to see whether GABA is indeed a 
substrate for VMAT2. I started with uptake of [3H]5-HT, a VMAT2 substrate, and addition of 
different GABA concentrations to see if the uptake could be reduced. Next, I did binding 
assays with [3H]dihydrotetrabenazine (DTBZ) to test if GABA could displace a high affinity 
inhibitor of VMAT2. Finally, I also tried to measure [3H]GABA uptake in synaptic vesicles 
directly, since this would prove best if GABA is indeed a VMAT2 substrate. 

After performing uptake assays with radiolabelled compounds, I also wanted to try an 
assay utilising a fluorescent substrate for VMAT2, the fluorescent false neurotransmitter 
FFN206, as an alternate approach to confirm the above findings. This is of high interest 
because the handling is safer compared to radioactive material, it is less expensive and 
could even be used for live cell imaging. Since the data in the original paper was acquired 
using HEK293 and stable HEK293-VMAT2 cells (Hu et al. 2013), I first wanted to see 
whether I could replicate them and so I also performed the experiments in HEK cells 
stably expressing human VMAT2. 

Since the relative affinity of GABA is very low even at the vesicular GABA transporter 
(VGAT) (McIntire et al. 1997), I speculate that VMAT2 has an equally low or even lower 
affinity. This would mean that for GABA to be transported by VMAT2 at physiologically 
meaningful rates, local GABA concentrations would have to be relatively high (at least in 
the millimolar range). One possibility to enable efficient transport could be a close 
interaction between VMAT2 and the GABA transporter GAT1, that imports GABA from 
outside the cell. To test if there might be such an interaction, I started to perform co-
immunoprecipitations to determine whether the two proteins would co-purify. 
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4  Results and discussion 

4.1  Radioligand uptakes 
First, it was tested in mouse synaptic vesicles from the striatum, whether our vesicular 
uptake assay itself is robust and if a KM for serotonin (5-HT) at VMAT2 similar to literature 
values can be obtained. In order to achieve that, a saturation uptake assay with different 
serotonin concentrations was performed, showing an apparent KM of 171 nM (Figure 5). 
Compared to literature values like 290 nM (Finn and Edwards 1997), this was considered 
reasonable and a confirmation of assay feasibility.  

 

 

Next, it was tested whether addition of non-labelled GABA at different concentrations 
would affect [3H]5-HT uptake through VMAT2, which is expected if VMAT2 can indeed 
transport GABA and provided GABA has an overlapping binding site with monoamines. 

For that purpose, I performed radiotracer flux measurements, where I isolated synaptic 
vesicles from striatum or cerebellum of mouse brains and incubated them with 
radiolabelled serotonin ([3H]5-HT), a substrate at VMAT2, under different conditions. 
Uptake of [3H]5-HT in the presence or absence of different concentrations of GABA was 
measured. The VMAT2-specific inhibitor reserpine was used at a saturating concentration 
(2 μM) to define VMAT2-specific uptake (also termed non-specific uptake). After stopping 
the uptake with ice-cold buffer, the amount of [3H]5-HT taken up into synaptic vesicles 
was determined by measuring the amount of radioactivity present on filters via liquid 
scintillation spectroscopy. 

Figure 5: The utilized uptake assay in synaptic vesicles is a robust assay. Saturation uptake of [
3
H]5-

HT in mouse striatal synaptic vesicles (n=4) yielded a K
M

 of about 171 nM. Data points were measured at 
0.03, 0.1, 0.3 and 1 μM 5-HT and the cpm values normalised to [pmol/min/mg protein]. Incubation time 
was 5 min at 30°C. 
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From the results it can be concluded that firstly, GABA concentration-dependently 
decreased [3H]5-HT uptake at VMAT2 and secondly, that the inhibitory effect of GABA at 
VMAT2 is rather weak (Figure 6). Because of baseline differences between individual 
experiments, the summarised relative values were normalised to control ([3H] uptake 
without adding a test compound; dotted line in the graphs). Only at relatively high GABA 
concentrations, starting at around 10 mM, did I observe a decrease in [3H]5-HT uptake. 
Interestingly, while intracellular monoamine concentrations are typically in the 
micromolar range, intracellular GABA levels (as well as glutamate) are assumed to be in 
the millimolar range (Edwards 2007). Hence, it is conceivable that uptake of GABA via 
VMAT2 is physiologically possible. 

 

 

After seeing these results, the question was if a similar concentration-dependent 
decrease of [3H]5-HT uptake could also be observed in striatal synaptic vesicles isolated 
from other species and hence whether this effect was evolutionarily conserved. 

I therefore tested rat (Figure 7) and monkey (Figure 8) striatum. Indeed, similar effects 
were seen in rat and monkey synaptic vesicle uptakes, supporting a weak decrease of 
[3H]5-HT uptake at millimolar GABA concentrations. 

 

Figure 6: GABA decreased uptake of 5-HT in mouse synaptic vesicles. (A) GABA concentration-
dependently decreased [3H]5-HT uptake in mouse striatal synaptic vesicles (n=4). Summarised data is 
shown as % of [3H]5-HT uptake after adding 1, 10, 30 and 100 mM of GABA. (B) Data of individual uptake 
experiments is shown, measured cpm values were normalised to [pmol/min/mg protein] of [3H]5-HT 
uptake. Tested conditions were [3H]5-HT uptake after addition of 0, 1, 10, 30 and 100 mM of GABA or 2 μM 
of reserpine (non-specific uptake). Radioligand concentration was 100 nM, incubation with [3H]5-HT was 
5 min at 30°C. 
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Figure 7: GABA decreased uptake of 5-HT in rat synaptic vesicles. (A) GABA concentration-
dependently decreased [3H]5-HT uptake in rat striatal synaptic vesicles (n=4-6). Summarised data is 
shown as % of [3H]5-HT uptake after adding 0.3, 1, 10, 30 and 100 mM of GABA. (B) Data of individual 
uptake experiments is shown, measured cpm values were normalised to [pmol/min/mg protein] of [3H]5-
HT uptake. Tested conditions were [3H]5-HT uptake after addition of 0, 0.3, 1, 10, 30 and 100 mM of GABA 
or 2 μM of reserpine (non-specific uptake). Radioligand concentration was 100 nM, incubation with [3H]5-
HT was 5 min at 30°C. 

Figure 8: GABA decreased uptake of 5-HT in monkey synaptic vesicles. (A) GABA concentration-
dependently decreased [3H]5-HT uptake in monkey striatal synaptic vesicles (n=4). Summarised data is 
shown as % of [3H]5-HT uptake after adding 1, 10, 30 and 100 mM of GABA. (B) Data of individual uptake 
experiments is shown, measured cpm values were normalised to [pmol/min/mg protein] of [3H]5-HT 
uptake. Tested conditions were [3H]5-HT uptake after addition of 0, 1, 10, 30 and 100 mM of GABA or 2 μM 
of reserpine (non-specific uptake). Radioligand concentration was 100 nM, incubation with [3H]5-HT was 
5 min at 30°C. 
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Similar to the first uptakes in mouse striatum (Figure 6), uptakes were also performed in 
mouse cerebellum to see whether VMAT2 is GABA-sensitive in a brain area, that derives 
monoamine inputs primarily from serotonergic and noradrenergic areas instead of 
DAergic (Figure 9). Interestingly, the results were almost identical to uptake in striatal 
synaptic vesicles, confirming a decrease of [3H]5-HT at millimolar GABA concentrations. 
Again, this supports the idea that GABA is a weak substrate at VMAT2. 

 

 

 

Of course, we were also interested in whether we could observe this effect on [3H]5-HT 
uptake in human striatal synaptic vesicles as well. To test this, synaptic vesicles were 
isolated from frozen postmortem human striatum (nucleus caudatus) (Figure 10). Our 
experience with human frozen samples has shown in the past that roughly 50% of human 
tissue is still usable for uptake experiments, which was also found in these preliminary 
uptakes. Compared to tissue from laboratory animals, assay feasibility is a much bigger 
problem in human postmortem tissue because of differences in postmortem interval, 
freezing conditions etc. (Stan et al. 2006). 

  

Figure 9: GABA decreased uptake of 5-HT in mouse synaptic vesicles. (A) GABA concentration-
dependently decreased [3H]5-HT uptake in mouse cerebellar synaptic vesicles (n=5). Summarised data is 
shown as % of [3H]5-HT uptake after adding 1, 10, 30 and 100 mM of GABA. (B) Data of individual uptake 
experiments is shown, measured cpm values were normalised to [pmol/min/mg protein] of [3H]5-HT 
uptake. Tested conditions were [3H]5-HT uptake after addition of 0, 1, 10, 30 and 100 mM of GABA or 2 μM 
of reserpine (non-specific uptake). Radioligand concentration was 100 nM, incubation with [3H]5-HT was 
5 min at 30°C. 
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Also, because we had only very limited human brain tissue available, we tested only one 
concentration of GABA (30 mM) (Figure 10). If all necessary compounds for uptake assays 
are still intact, one would expect [3H]5-HT uptake to yield the highest cpm measured while 
there should be some decrease in uptake after adding 30 mM of GABA and even more 
after adding 2 μM reserpine (if VMAT2-sensitive) (Figure 10). 

 

 

As already discussed, GABA is an amino acid and therefore structurally as well as 
physicochemically different compared to typical VMAT2 substrates, which are 
monoamines. The pKa of GABA is around 7 (Krishek et al. 1996; Rodrigo et al. 2017), while 
the pKa for serotonin and dopamine is around 10 (Pratuangdejkul et al. 2006; Armstrong 
and Barlow 1976). This means that under physiological conditions, GABA has no net 
charge (but is present as a ‘zwitterion’) whereas the typical neurotransmitters transported 
by VMAT2 are all positively charged. Of course, this could influence the uptake and might 
be one explanation for the low affinity of GABA, or may require different gradients than 
needed for uptake of cationic monoamines. 

  

Figure 10: Uptake data from human synaptic vesicles (nucleus caudatus) showed high variability. 
Cpm measured from [3H]5-HT uptakes of four representative experiments (STR1-4) are shown. Tested 
conditions were [3H]5-HT uptake after addition of 0 and 30 mM of GABA or 2 μM of reserpine (non-specific 
uptake). Radioligand concentration was 100 nM, incubation with [3H]5-HT was 5 min at 30°C. 
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Uptake of monoamine substrates at VMAT2 is pH-dependent. Hence, [3H]5-HT uptakes in 
presence and absence (controls) of unlabelled GABA were performed at three different 
pH levels (Figure 11) to see if there is any pH-dependency in the interaction of GABA with 
VMAT2. What can be concluded from the results (Figure 11) is that uptake at VMAT2 
decreased at lower pH (6.8), as expected due to a lower pH-gradient (inside vesicles the 
pH is around 5.5) (Edwards 2007) and increased at higher pH (8.0) due to a higher pH-
gradient. The uptake with addition of 30 mM GABA stayed almost the same relative to the 
control (almost parallel curves), indicating that the inhibitory effect of GABA did change 
proportionally to [3H]5-HT uptake with varying pH. 

I would have expected a stronger decrease of [3H]5-HT uptake with GABA compared to 
control at lower pH, since the proportion of the cationic GABA species should increase at 
lower pH and that would presumably better resemble a typical VMAT2 substrate (see pKa 
values in this section after human uptakes graph). 

In contrast, at higher pH more of the anionic GABA species would be expected, which may 
cause smaller inhibitory effects of GABA on [3H]5-HT uptake. While my experiments show 
no significant effects of pH, it must also be mentioned that only a small range from pH 6.8 
to 8.0 was tested. Most likely, the positive and negative ionic species of GABA did not 
change sufficiently to influence uptake, because in this range almost the whole GABA 
population is present in its zwitterionic form without a net charge (see Figure 2). As shown 
in the introduction (Figure 2), only at around pH 3.5 half of the GABA molecules will be 
positively charged and around pH 10.5 half will be negatively charged (Krishek et al. 1996). 
Unfortunately, it is not possible to perform this experiment in these pH ranges, since at 
pH 5.5 and below there is no proton gradient left for transport of [3H]5-HT via VMAT2 and 
on the other hand, a pH too high would most likely damage the synaptic vesicles and 
maybe also other components. Physiologically, pH values high enough for GABA to have 
a positive net charge might still be possible through microdomains, where the pH could 
vary locally in vivo (Ro and Carson 2004) and enhance uptake of GABA at VMAT2, which 
we would not see in the utilised radiotracer flux measurements. 
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Next, also other GABAA receptor ligands were tested as possible VMAT2 substrates, i.e. 
glycine (Figure 12) and taurine (Figure 13). This was of interest because as mentioned in 
the introduction, until now GABA was shown to be a substrate for VMAT2 only indirectly 
by measuring postsynaptic inhibitory currents at GABAA receptors. In the experiments 
performed by Tritsch et al., they introduced channelrhodopsin 2 to midbrain DA neurons 
to optically induce neurotransmitter release through blue light flashes. Then they utilised 
the patch-clamp technique on striatal neurons to measure induced postsynaptic 
inhibitory currents at GABAA receptors. They concluded that GABA was responsible for the 
currents measured since it is the main agonist at GABAA receptors (Melani and Tritsch 
2022), but there could also be other GABAA receptor ligands like glycine and taurine that 
could have caused IPSCs through GABAA receptors (Jonas et al. 1998; Meera et al. 2023). 
What can be seen in the following graphs is that glycine did not seem to effect [3H]5-HT 
uptake at all (Figure 12), while increasing concentrations of taurine had similar effects at 
decreasing [3H]5-HT uptake like GABA (Figure 13). This indicates that taurine could also 
be packaged into vesicles by VMAT2 and be responsible for postsynaptic currents at 
GABAA receptors. 

Figure 11: Varying pH did not seem to alter inhibitory effects of GABA on 5-HT uptake. (A) Increasing 
pH increased [3H]5-HT uptake in mouse striatal synaptic vesicles (n=5) but did not considerably affect 
relative decrease in uptake after adding 30 mM GABA. Summarised data is shown as % of [3H]5-HT uptake 
after adding 0 and 30 mM of GABA or 2 μM reserpine. (B) Summarised data is shown, measured cpm 
values were normalised to [pmol/min/mg protein] of [3H]5-HT uptake. Tested conditions were [3H]5-HT 
uptake after addition of 0 and 30 mM GABA or 2 μM reserpine (non-specific uptake) at pH 6.8, 7.4 and 8.0. 
Radioligand concentration was 100 nM, incubation with [3H]5-HT was 5 min at 30°C. 
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Figure 12: Glycine did not decrease uptake of 5-HT in mouse synaptic vesicles. (A) Glycine did not 
concentration-dependently decrease [3H]5-HT uptake in mouse striatal synaptic vesicles (n=4). 
Summarised data is shown as % of [3H]5-HT uptake after adding 1, 10, 30 and 100 mM of GABA. (B) Data 
of individual uptake experiments is shown, measured cpm values were normalised to [pmol/min/mg 
protein] of [3H]5-HT uptake. Tested conditions were [3H]5-HT uptake after addition of 0, 1, 10, 30 and 100 
mM of GABA or 2 μM of reserpine (non-specific uptake). Radioligand concentration was 100 nM, 
incubation with [3H]5-HT was 5 min at 30°C. 

Figure 13: Taurine decreased uptake of 5-HT in mouse synaptic vesicles. (A) Taurine concentration-
dependently decreased [3H]5-HT uptake in mouse striatal synaptic vesicles (n=3). Summarised data is 
shown as % of [3H]5-HT uptake after adding 1, 10 and 30 mM of GABA. (B) Data of individual uptake 
experiments is shown, measured cpm values were normalised to [pmol/min/mg protein] of [3H]5-HT 
uptake. Tested conditions were [3H]5-HT uptake after addition of 0, 1, 10, and 30 mM of GABA or 2 μM of 
reserpine (non-specific uptake). Radioligand concentration was 100 nM, incubation with [3H]5-HT was 5 
min at 30°C. 
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Of course, all uptakes performed so far with [3H]5-HT and addition of different 
concentrations of non-labelled GABA did not allow to conclude whether GABA itself is a 
substrate of VMAT2. Only uptake of [3H]GABA would be direct evidence whether GABA is 
indeed taken up by VMAT2 or not. Since synaptic vesicles containing VGAT are present 
throughout the brain (Chaudhry et al. 1998), a preparation of striatal synaptic vesicles 
would always measure uptake of [3H]GABA via VGAT at the same time. Accordingly, 
whether any [3H]GABA is also transported by VMAT2 is not straightforward to measure, but 
would strongly be proposed if the addition of VMAT2 blockers like reserpine or TBZ were 
to block the [3H]GABA uptake. Therefore, uptake of [3H]GABA via VGAT is considered a 
positive control for GABA uptake, while addition of 30 mM GABA should completely 
abolish uptake at VGAT (according to (McIntire et al. 1997)) and theoretically should also 
affect VMAT2-mediated uptake of [3H]GABA. On the other hand, addition of reserpine or 
tetrabenazine would possibly only affect VMAT2-mediated uptake, but not VGAT-
mediated uptake of [3H]GABA. 

Unfortunately, the results from synaptic vesicle uptakes in mouse (Figure 14) and rat 
(Figure 15) striatum underline the difficulty of measuring [3H]GABA uptake at all (also at 
VGAT), presumably because the affinity of GABA is very low. Above all, these results 
cannot be used for any conclusions yet, because the positive and negative controls did 
not work reliably. One would assume the highest cpm for the control ([3H]GABA uptake in 
the absence of an inhibitor) and after the addition of 40 μM non-labelled GABA (this would 
be expected to increase the cpm because of a shift closer to the KM at VGAT and VMAT2 
and hence an increase in velocity), increasing uptake rate of [3H]GABA. In contrast, 
addition of 30 mM of non-labelled GABA should decrease [3H]GABA uptake because of 
saturation. This was used as negative control, since uptake via VGAT now was completely 
blocked. Addition of reserpine or TBZ would be expected to block [3H]GABA uptake when 
transported by VMAT2. For the uptakes seen in Figures 14 and 15, these trends cannot be 
observed but it is variable and not reproducible. One reason for encountering difficulties 
when trying to measure [3H]GABA uptake might be the very low relative affinity at VMAT2 
and VGAT itself; although not known, the KM is most likely in the higher millimolar range, 
since even at VGAT, the main transporter to package GABA into synaptic vesicles, the KM 
of GABA is around 5 mM (McIntire et al. 1997). 
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Figure 14: GABA uptake was difficult to measure in mouse synaptic vesicles. (A) [3H]GABA uptake in 
mouse striatal synaptic vesicles (n=3). Summarised data is shown as cpm of [3H]GABA uptake after 
adding 40 µM and 30 mM of GABA or 40 µM of GABA together with 10 µM reserpine/tetrabenazine. (B) Data 
if individual experiments is shown as cpm. (C) Data of individual uptake experiments is shown, measured 
cpm values were normalised to [pmol/min/mg protein] of [3H]GABA uptake. Tested conditions were 
[3H]GABA uptake with 40 µM non-labelled GABA (positive control), after addition of 10 μM of reserpine/ 
tetrabenazine (non-specific uptake) or adding 30 mM non-labelled GABA (negative control). Radioligand 
concentration was 50 nM, incubation with [3H]GABA 15 min at 30°C. 

Figure 15: GABA uptake was difficult to measure in rat synaptic vesicles. (A) [3H]GABA uptake in rat 
striatal synaptic vesicles (n=2-7). Summarised data is shown as cpm of [3H]GABA uptake only or after 
adding 40 µM and 30 mM of GABA or 40 µM of GABA together with 10 µM reserpine/tetrabenazine or 10 µM 
of reserpine/ tetrabenazine only. (B) Data of individual experiments is shown as cpm. (C) Data of individual 
uptake experiments is shown, measured cpm values were normalised to [pmol/min/mg protein] of 
[3H]GABA uptake. Tested conditions were [3H]GABA uptake alone or with 40 µM non-labelled GABA 
(positive control), after addition of 10 μM of reserpine/ tetrabenazine with or without 40 µM non-labelled 
GABA (non-specific uptake) or adding 30 mM non-labelled GABA (negative control). Radioligand 
concentration was 50 nM, incubation with [3H]GABA was 15 min at 30°C. 
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In an attempt to yield clearer results, another more concentrated stock of [3H]GABA was 
purchased and the uptake experiments were repeated in mouse synaptic vesicles (Figure 
16). This new [3H]GABA stock had a higher specific activity, meaning that in the same 
volume there are more GABA molecules labelled with the radioisotope, which 
theoretically should lead to a better signal-to-noise ratio. Using (final) concentrations of 
[3H]GABA near the apparent KM at VGAT and VMAT2 would be best for clear results, so this 
more concentrated stock could be important because of the low affinity of GABA at VGAT 
and VMAT2. Despite the higher concentration of [3H]GABA (344 nM instead of 50 nM 
previously), it was still below millimolar range and as can be seen, the results again were 
too variable and controls have not yielded clear results, i.e. uptake was not blocked by 30 
mM GABA or enhanced by 40 μM GABA as would be expected for GABA-mediated uptake 
via VGAT. To be able to reliably measure uptake of [3H]GABA, probably even higher 
concentrations would be needed and maybe even other parameters would have to be 
changed, like the contents and concentrations of the uptake buffer ingredients, or more 
concentrated vesicle preparations would need to be used. 

 

 

 

 

  

Figure 16: More concentrated GABA uptake was difficult to measure in mouse synaptic vesicles. (A) 
[3H]GABA uptake in mouse striatal synaptic vesicles (n=3). Summarised data is shown as cpm of [3H]GABA 
uptake after adding 40 µM and 30 mM of GABA or 40 µM of GABA together with 10 µM reserpine/ 
tetrabenazine. (B) Data of individual experiments is shown as cpm (C) Data of individual uptake 
experiments is shown, measured cpm values were normalised to [pmol/min/mg protein] of [3H]GABA 
uptake. Tested conditions were [3H]GABA uptake with 40 µM non-labelled GABA (positive control), after 
addition of 10 μM of reserpine/ tetrabenazine (non-specific uptake) or adding 30 mM non-labelled GABA 
(negative control). Radioligand concentration was 344 nM, incubation with [3H]GABA was 10 min at 30°C. 
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4.2  Radioligand bindings 
First, it was tested in mouse synaptic vesicles from the striatum, whether our binding 
assay is robust and if a KD for [3H]DTBZ at VMAT2 similar to the literature can be obtained. 
In order to achieve that, a saturation binding assay with different [3H]DTBZ concentrations 
was performed, yielding an apparent KD of 5 nM (Figure 17). Compared to literature values 
like 18 nM (Dalton et al. 2024), this was considered reasonable and supports assay 
feasibility. 

 

 

Next, it was tested whether GABA would be able to displace [3H]DTBZ, which is a close 
analogue (the keto group in the piperidin ring is reduced to a hydroxyl group) to the high-
affinity VMAT2 ligand tetrabenazine. The results from these binding assays show that 
binding of [3H]DTBZ was not affected even at the highest GABA concentrations used, 
neither in mouse (Figure 18) nor in rat (Figure 19) striatal synaptic vesicles. One 
explanation could be the vast difference in affinity of several orders of magnitudes 
between the antagonist DTBZ (low nanomolar range) (Wang et al. 2024) and the putative 
substrate GABA (millimolar range) and a presumably much lower off-rate (koff) of DTBZ 
compared to GABA. In contrast, the affinity of monoamines towards VMAT2 is in the 
micromolar range (Finn and Edwards 1997) and my therefore be easier to displace by a 
low-affinity substrate such as GABA. Interestingly, since the binding sites of 5-HT and TBZ 
are overlapping at VMAT2 (Pidathala et al. 2023; Wang et al. 2024), it may seem likely that 
the binding sites of TBZ and GABA also overlap. 

 

Figure 17: The utilized binding assay in synaptic vesicles worked robustly. Saturation binding of 
[3H]DTBZ in mouse striatal synaptic vesicles (n=3) yielded a KD of about 5 nM. Data points were measured 
at 0.3, 3, 20, 30 and 40 nM DTBZ and the cpm values were normalized to [pmol/mg protein]. Incubation 
with [3H]DTBZ was 90 min at 30°C. 
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Figure 18: GABA did not decrease binding of DTBZ in mouse synaptic vesicles. (A) Binding of [3H]DTBZ 
were not affected in mouse striatal synaptic vesicles (n=5-6). Summarised data is shown as % of [3H]DTBZ 
binding after adding 3, 10, 30 and 100 mM of GABA. (B) Data of individual binding experiments is shown, 
measured cpm values were normalised to [pmol/mg protein] of [3H]DTBZ binding. Tested conditions were 
[3H]DTBZ binding after addition of 0, 3, 10, 30 and 100 mM of GABA or 10 μM of tetrabenazine (non-specific 
binding, not shown). Radioligand concentration was 20 nM, incubation with [3H]DTBZ was 90 min at 30°C. 

Figure 19: GABA did not decrease binding of DTBZ in rat synaptic vesicles. (A) Binding of [3H]DTBZ was 
not affected in rat striatal synaptic vesicles (n=4). Summarised data is shown as % of [3H]DTBZ binding 
after adding 1, 10, 30 and 100 mM of GABA. (B) Data of individual binding experiments is shown, measured 
cpm values were normalised to [pmol/mg protein] of [3H]DTBZ binding. Tested conditions were [3H]DTBZ 
binding after addition of 0, 1, 10, 30 and 100 mM of GABA or 10 μM of tetrabenazine (non-specific binding, 
not shown). Radioligand concentration was 20 nM, incubation with [3H]DTBZ was 90 min at 30°C. 
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4.3  FFN206 
The fluorescent false neurotransmitters (FFNs) are a group of neurotransmitters, that are 
analogues of various transporter substrates. Many are substrates at VMAT2 and initially 
they were developed to observe neurotransmitter uptake and release from individual 
presynaptic terminals (Gubernator et al. 2009). They do not need an additional tag, since 
they are fluorescent because of their aromatic rings/ conjugated electronic system (see 
Figure 20) (Alvarez et al. 2011). Here, FFN206 was used, which has been found to be a 
specific substrate at VMAT2 (Hu et al. 2013). Conducting uptake assays with FFN206 
instead of radiotracers would be of much interest, because the handling and disposal is 
safer (no radioactivity), FFN206 is a lot cheaper than e.g. [3H]5-HT, this assays enables 
VMAT2 monitoring in intact cells/tissues with subcellular spatial resolution and can be 
used as a high-throughput assay by straightforward and rapid fluorometric 
measurements (Hu et al. 2013). 

 

Therefore, experiments were conducted in untransfected HEK293 cells (negative control) 
and stably transfected HEK293-VMAT2 similar to the first published paper on FFN206 (Hu 
et al. 2013). 

According to the published protocols, there were two differently prepared well plates 
used, one for microscopy and one for an uptake assay followed by a read-out in a plate 
reader (PerkinElmer multilabel counter). Since VMAT2 is GFP-labelled, it was also 
examined whether there would be overlaps in excitation or emission wavelengths with 
FFN206; excitation wavelengths are 369 nm (FFN206) and 489 nm (eGFP), emission 
wavelengths are 464 nm (FFN206) and 508 nm (eGFP) (Hu et al. 2013; Patterson et al. 
2001). With the chosen wavelengths on the plate reader (λEx= 340 ± 25 nm, λEm= 450 ± 10 
nm), there were no interferences to be expected. 

  

Figure 20: Fluorescent false neurotransmitter 206 (FFN206). The VMAT2 substrate FFN206 (like all 
FFNs) consists of an aromatic conjugated electronic system, causing fluorescence. The figure was taken 
from (Hu et al. 2013). 
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At first, an experiment was conducted in order to get a first impression whether these 
uptake experiments work in general and to find out what measuring conditions might be 
most suitable. Here, mainly different measuring positions (distance from the bottom of 
the wells) were tested, as can be seen in the summary (Figure 21). At first, the uptake 
seems to generally have been successful, because uptake of FFN206 could be blocked 
by adding reserpine or tetrabenazine and was then in the same range as the negative 
control without FFN206 added. On the other hand, the signal ratio of positive/negative 
control was comparatively low with only about 15,000 relative fluorescence units (RFU) 
difference between positive and negative control (Figure 22 A) in a range of approximately 
50,000 RFU (Figure 21). In other words, the measured signal of the negative control was 
still around 70% of the positive control. This might be due to autofluorescence from the 
cells or suboptimal measuring conditions. However, after subtracting the negative control 
(baseline), the non-specific uptake after addition of inhibitors (reserpine/tetrabenazine) 
went down to about 15% of total FFN206 uptake (Figure 22 B), which is comparable to 
what I have determined in uptake assays using [3H]5-HT in synaptic vesicles. 

 

 

 

Figure 21: FFN206 uptake in HEK293-VMAT2 cells. Uptake of FFN206 was measured at different 
distances (5, 8, 12, 15 and 18 mm) from the bottom of wells of a 96-well plate, using untransfected HEK293 
cells as well as stably transfected HEK293-VMAT2 cells. Testing conditions were incubation with FFN206 
only, FFN206 + reserpine/tetrabenazine (10 μM) and incubation without FFN206. FFN206 concentration 
is 1 μM, pre-incubation time was 30 min and incubation with FFN206 was 60 min at 37°C. 
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I also performed fluorescent microscopy in parallel to the plate reader measurements to 
test whether uptake of FFN206 or inhibition could be directly visualized. Again, I 
compared untransfected HEK293 cells with our stable HEK293-VMAT2 cell line. As an 
additional negative control, cells were incubated with buffer absent of FFN206, which did 
not cause any appreciable fluorescence (Figure 23 A+C). Then, both cell lines were 
incubated with FFN206-containing solutions (5 μM FFN206), leading to a strong signal in 
HEK293-VMAT2 cells (Figure 23 F) and to a comparatively weak signal in untransfected 
HEK293 cells (Figure 23 B), which corresponds to the background signal from unspecific 
binding/uptake of FFN206. Lastly, HEK293-VMAT2 cells were co-incubated with reserpine 
(4 μM) (Figure 23 D) or tetrabenazine (4 μM) (Figure 23 E) and FFN206: there still was 
some detectable signal but considerably weaker compared to FFN206 uptake without 
inhibitors (Figure 23 F). Lastly, Figure 23 G confirmed expression of VMAT2-eGFP in the 
stable HEK-VMAT2 line. 

Figure 22: Baseline-corrected FFN206 uptake in HEK293-VMAT2 cells. Uptake of FFN206 was 
measured at different distances (5, 8, 12, 15 and 18 mm) from the bottom of wells of a 96-well plate, using 
a stable HEK293-VMAT2 cell line. Testing conditions were incubation with FFN206 only, FFN206 + 
reserpine/tetrabenazine (10 μM) and incubation without FFN206 (baseline). Results are shown after 
subtracting the baseline as RFU (A) and as % of FFN206 uptake (B). FFN206 concentration was 1 μM, pre-
incubation time was 30 min and incubation with FFN206 was 60 min at 37°C. 
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Figure 23: Fluorescent microscope images show FFN206 present in HEK293-VMAT2 cells after 
uptake, while in untransfected HEK293 cells there could no signal be detected. As general negative 
control, first HEK293 cells were incubated with and without FFN206. (A) Incubation without FFN206 in 
untransfected HEK293 cells. (B) Incubation with FFN206 in untransfected HEK293 cells. Next, HEK293-
VMAT2 cells were incubated with and without FFN206 as well as with FFN206 + reserpine/tetrabenazine. 
(C) Incubation without FFN206 (negative control) in HEK293-VMAT2 cells. (D) Incubation with FFN206 and 
reserpine in HEK293-VMAT2 cells. (E) Incubation with FFN206 and tetrabenazine in HEK293-VMAT2 cells. 
(F) Incubation with FFN206 (positive control) in HEK293-VMAT2 cells. (G) GFP channel depicting positions 
of VMAT2 transporters. FFN206 concentration was 5 μM, pre-incubation time was 30 min and incubation 
with FFN206 was 60 min at 37°C. All images were taken at 4x magnification, the drawn bars indicate 500 
μm. 
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After the initial tests, another FFN206 uptake assay was performed to determine dose-
response relationships of FFN206 uptake with increasing concentrations of VMAT2 
inhibitors (Figure 24). The fluorescence measured was reduced with increasing 
concentrations of inhibitor (Figures 24+25). 

However, similar to the first uptakes, the difference between control (no inhibitor) and the 
condition without FFN206 was only about 6,000 RFU (Figure 25 A+B). Taken aside the 
outliers, overall the error bars indicated relatively high variability between replicates and 
again it has to be considered that the actual measured signal went up to around 45,000 
RFU (Figure 24) compared to a maximum signal of about 7,000 RFU after baseline 
correction (Figure 25 A+B). That means that as it is, the FFN206 assay is not very sensitive, 
especially for small changes in signal intensities e.g. when measuring weaker effects like 
GABA inhibition. There seemed to be a dose-response to some extent (Figure 25 
C+D+E+F), although the measured IC50 of approximately 6 μM (Figure 25 E) or 0.6 μM 
(Figure 25 F) were higher than expected (in the range of 10-110 nM) (Pidathala et al. 2023). 
Additionally, variable cell numbers per well possibly influenced the variability of these 
measurements. Accordingly, more testing and optimisation of this assay is warranted. 

 

 

 

 

 

Figure 24: FFN206 uptake in HEK293-VMAT2 cells decreased with increasing concentrations of the 
VMAT2 antagonists reserpine or tetrabenazine. Uptake of FFN206 was measured at 8 mm distance 
from the bottom of the wells, with different concentrations of reserpine (A) or tetrabenazine (B). FFN206 
concentration was 1 μM, pre-incubation time was 30 min and incubation with FFN206 was 60 min at 37°C. 
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Figure 25: Baseline-corrected FFN206 uptake in HEK293-VMAT2 cells decreased with increasing 
concentrations of the VMAT2 antagonists reserpine or tetrabenazine. Uptake of FFN206 was 
measured at 8 mm distance from the bottom of the wells. Results are shown after subtraction of the 
baseline (no FFN206) as RFU with different concentrations of reserpine (A) or tetrabenazine (B) and as % 
of FFN206 uptake with different concentrations of reserpine (C) or tetrabenazine (D). Non-linear regression 
yielded an IC50 of ~6 μM for reserpine (E) and ~0.6 μM for tetrabenazine (F). FFN206 concentration was 1 
μM, pre-incubation time was 30 min and incubation with FFN206 was 60 min at 37°C. 
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4.4  Co-immunoprecipitation and immunoblotting 
In order to determine whether GAT1 and VMAT2 can co-precipitate from brain lysates, I 
started to also perform co-immunoprecipitation experiments. The idea was that if the two 
transporters are in close proximity, they should co-purify. If true, it may hint towards a 
mechanism making GABA uptake via VMAT2 possible due to local shunting, despite the 
rather low affinity of GABA at VMAT2. 

For co-precipitation experiments, brain tissue or transfected cells with tagged 
transporters, i.e. YFP-GAT1 or YFP-VMAT2 (transient transfection) or GFP-VMAT2 (stable 
transfection), were lysed and incubated first with primary antibodies (anti-
GAT1/VMAT2/GFP), then with protein G beads that bind the Fc regions of the primary 
antibodies (Akerström et al. 1985). In case of an interaction, tightly bound proteins should 
co-precipitate. I hypothesize that GAT1 interacts with VMAT2 and can therefore be pulled-
down with an anti-VMAT2 antibody, and vice versa. 

First, it was tested whether the antibodies against GAT1, VMAT2 or GFP would be specific 
for their designated epitopes. Therefore, the antibodies were first tested in different cell 
lines (either stably expressing HEK293-VMAT2 or transiently transfected Neuro2A (N2a) 
GAT1/GAT1+VMAT2 cells) and brain tissue (mouse striatum). Also, anti-VMAT2, anti-GFP 
and anti-GAT1 antibodies were tested for their applicability in co-immunoprecipitation 
(co-IP) experiments with the mouse striatum lysates. 

Rat GAT1 has a molecular weight of approximately 67 kD (Guastella et al. 1990), while 
human GAT1 is expected around 70 kD (Zhu et al. 2023). Glycosylated GAT1 should show 
bands at 96 kD and 108 kD (Cai et al. 2005). For VMAT2, the predicted molecular weight 
is around 55 kD, while also a glycosylated form around 75 kD was reported (Jassen et al. 
2005). Usually there are differentially glycosylated forms of transporters, that get N-
glycosylated during synthesis and transport to their final destination (e.g. vesicle or 
plasma membrane). The N-glycosylation may affect protein stability and depending on 
the size, will result in a higher apparent molecular weight of the transporter 
(Ramamoorthy et al. 1998). I predict that in contrast to the endogenous forms, in my 
transfected cell lysates there are bands to be expected at around 95 kD or 125 kD (YFP-
GAT1) and 80 kD or 100 kD (YFP/GFP-VMAT2). This is because the transporters for 
transient transfection are tagged with YFP which adds another 27 kD to the total 
molecular weight (Nishiuchi et al. 1998). 
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In the beginning, it was tested whether the primary antibodies are suitable for 
immunoblot detection, starting with the antibody against GAT1. In the first immunoblot 
(Figure 26 A), it seems like GAT1 detection with the rabbit anti-GAT1 primary antibody was 
successful for mouse brain lysates. This is because the band at 70 kD was getting fainter 
with higher incubation temperature while at the top there was a band slightly getting 
stronger, which looks like it is due to aggregation of GAT1. It is also noteworthy that there 
seem to be unspecific bands around 55 kD with high intensity throughout all samples. In 
Figure 26 B, the results were less clear. While in the HEK-VMAT2 sample the bands around 
70 kD (GAT1) and 100 kD (glycosylated GAT1) could be from GAT1, the N2a-GAT1 sample 
showed only one intense band at around 115 kD and the STR sample at 55 kD. The latter 
looks similar to the presumably unspecific bands from mouse brain samples (Figure 26 
A), while the 115 kD band from the N2a-GAT1 sample represented a glycosylated form of 
GAT1 at best. In the last immunoblot (Figure 26 C), additionally two different incubation 
temperatures were tested, namely 95 °C for 3 min and 50 °C for 15 min. A band from GAT1 
would be expected to decrease in intensity with increasing heat because of GAT1 
aggregation, which was only true for the band around 125 kD. This either means that said 
band came from a glycosylated form of GAT1 or that there were no specific bands. 
Furthermore, similar to the probably unspecific bands around 55 kD in mouse brain 
samples (Figure 26 A+B), in the N2a-GAT1 samples (Figure 26 C) there seemed to be 
unspecific bands around 36 kD. 

Overall, these results indicate that the rabbit anti-GAT1 antibody did work for GAT1 
immunoblot detection from mouse brain samples, but not so well with cell lysates. 
Additionally, there might be a specificity problem, looking at mentioned unspecific bands. 
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Figure 26: GAT1 detection using a rabbit anti-GAT1 antibody did presumably work for immunoblot 
detection. (A) Western blots (WBs) of mouse striatum (STR) or hippocampus (HC) lysates are shown. 
Incubation before loading on the gel for SDS-PAGE was done at 95 °C for 3 min, 50 °C for 15 min and 37 °C 
or room temperature (RT) for 30 min. (B) WBs of stably transfected HEK293-VMAT2 (HEK-VMAT2) cells, 
transiently YFP-GAT1-transfected N2a (N2a-GAT1) cells and mouse striatum lysates (STR) are shown. 
Incubation before loading on the gel for SDS-PAGE was done at 50 °C for 15 min. (C) WBs of transiently 
YFP-GAT1-transfected N2a (N2a-GAT1) cell lysates are shown. Incubation before loading on the gel for 
SDS-PAGE was either done at 95 °C for 3 min or at 50 °C for 15 min. Primary antibodies for the WBs were 
rabbit anti-GAT1 (1:2000 for (B) or 1:1000 for (A) and (C)), secondary antibody was goat anti-rabbit 
(1:5000). Shown on the right side of each blot is a Ponceau S staining of the blotting membrane. Coloured 
frames indicate where bands would be expected: endogenous unmodified GAT1 (red), YFP-GAT1 or 
endogenous glycosylated GAT1 (green), glycosylated YFP-GAT1 (blue) 
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The next immunoblots I performed to do a similar test like before with primary antibodies 
directed either against VMAT2 directly or against the GFP/YFP-tag. Both immunoblots 
(Figure 27 A+B) did not show bands with high intensities, only some faint ones around 65 
kD, 90 kD and 100 kD (Figure 27 B). As mentioned in this chapter, GFP/YFP-tagged VMAT2 
is expected to produce bands around 80 kD or at 100 kD in its glycosylated form. Bands 
could be seen with approximately these molecular weights (Figure 27 B, green and blue 
frames), but given the low intensity and that the bands looked the same in untransfected 
HEK293 cells, they were not likely to reliably indicate VMAT2 detection; since in 
untransfected cells there is no tagged VMAT2 present, there should not be any band 
detected with an anti-GFP antibody. 

Taken together, these results indicated that neither the rabbit anti-VMAT2 antibody nor the 
mouse anti-GFP antibody are well suited for tagged VMAT2 detection in immunoblots. At 
least in the HEK-VMAT2, HEK-VM2-GAT1 and mouse striatum samples, there should be 
clearly visible VMAT2 bands. Judging from the Ponceau S staining (Figure 27 A+B) there 
were proteins of the expected size on the membranes, but presumably either the 
sensitivity was not high enough for detection with the antibodies or the antibodies were 
not specific. 

Figure 27: VMAT2 detection using a rabbit anti-GAT1 or a mouse anti-GFP antibody did not work for 
immunoblot detection. (A) Western blots (WBs) of stably transfected HEK293-VMAT2 cells (HEK-VMAT2) 
and mouse striatum (STR) lysates are shown. Incubation before loading on the gel for SDS-PAGE was done 
at 50 °C for 15 min. (B) Shown are WBs of lysates from untransfected HEK293 cells (HEK Ctr) and HEK293 
cells that were transiently transfected with both GAT1 and YFP-VMAT2 (HEK-VM2/GAT1). Incubation before 
loading on the gel for SDS-PAGE was either done 95 °C for 3 min or at 50 °C for 15 min Primary antibodies for 
the WBs were rabbit anti-VMAT2 (1:2000) (A) or mouse anti-GFP (1:1000) (B), secondary antibodies were 
goat anti-rabbit (1:5000) (A) or goat anti-mouse (1:5000) (B). Shown on the right side of each blot is a Ponceau 
S staining of the blotting membrane. Coloured frames indicate where bands would be expected: 
endogenous unmodified VMAT2 (red), YFP/GFP-VMAT2 or endogenous glycosylated VMAT2 (green), 
glycosylated YFP-VMAT2 (blue) 
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Finally, I started to perform co-immunoprecipitation (co-IP) experiments to test whether 
the primary antibodies are suitable for these experiments. Co-IPs were done from N2a 
cells transiently transfected with YFP-GAT1 (Figure 28 A), mouse striatum lysates (Figure 
28 B) and with HEK293 cells transiently transfected with GAT1 and YFP-VMAT2 (Figure 28 
C) 

What one can see immediately when looking at the immunoblots (Figure 28), is that 
although loading the same overall amount of protein as in the previous blots (Figures 26 
+ 27), there were almost no proteins visible in the Ponceau S staining. This could mean 
that the co-IP of GAT1 and VMAT2 was successful, since only proteins interacting with 
GAT1 or VMAT2 should theoretically be enriched in that process. Most likely though, the 
stronger bands at 23 kD, 50 kD and 73 kD correspond to the light, heavy or light + heavy 
chains of the primary antibody (IgG) used for pulldown (Björk and Tanford 1971). The 73 
kD band is only expected from intact whole IgG (Björk and Tanford 1971) and indicates 
inadequate reduction of disulfide bonds between heavy and light chains of the antibody 
during sample preparation (Hagihara and Saerens 2014). Overall, the blot looked rather 
unspecific because the bands are mainly in the range of IgG heavy, light or heavy + light 
chains. For instance, there are bands around 70 kD (Figure 28, A+B+C) and 50 kD (Figure 
28, A+B+C) that could resemble GAT1 or VMAT2, but might as well be from IgG. 

From these preliminary results it was concluded that the co-IP of GAT1 and VMAT2 likely 
did not work, but that there was also possibly some problem with the antibody specificity 
leading to detection of no bands (anti-VMAT2) or unspecific bands (anti-GAT1), e.g. at 55 
kD in all mouse brain samples. The main problem might be that the used primary 
antibodies for co-IP and immunoblot in most cases were from the same species. One 
solution against IgG bands therefore could be to use different primary antibodies for co-
IP and immunoblot (i.e. different species). For instance, when examining the transfected 
cell lysates, one could use a primary mouse anti-GFP antibody for either the co-IP or the 
immunoblot detection and a rabbit anti-GAT1 antibody for the other one (like in Figure 28 
C), since the transporters are YFP-tagged. This might have yielded better results than 
using rabbit anti-GAT1 for co-IP as well as immunoblot detection, although this is unclear 
when looking at Figure 28 C; for instance there still are presumably unspecific bands 
around 35 kD, as it already was in Figure 26 C for the cell lysates. The immunoblots in 
Figure 28 A+B did not yield clear results, since almost all lanes looked similar to each 
other. Only from Figure 28 C one could guess that maybe co-IP and immunoblot worked 
with the antibodies. This is because for the co-IPs with both anti-VMAT2 and anti-GAT1 
there were bands getting fainter around 100 kD, which would be in the range of either 
glycosylated GAT1 or glycosylated YFP-VMAT2. 
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Figure 28: Co-immunoprecipitation of VMAT2 and GAT1 presumably did not work. (A) Shown is a 
western blot (WB) of co-immunoprecipitations (co-IPs) with antibodies against GAT1 and GFP from lysates 
of transiently YFP-GAT1-transfected N2a cells. Incubation before loading on the gel for SDS-PAGE was 
either done at 95 °C for 3 min or at 50 °C for 15 min. (B) Shown is a WB of co-IPs with antibodies against 
GAT1 and VMAT2 from mouse striatum lysates. Incubation before loading on the gel for SDS-PAGE was 
done at 50 °C for 15 min. (C) Shown is a WB of co-IPs with antibodies against GAT1 and VMAT2 from 
HEK293 cells that were transiently transfected with YFP-VMAT2 and GAT1. Incubation before loading on 
the gel for SDS-PAGE was done at 50 °C for 15 min. Primary antibodies for the WBs were rabbit anti-GAT1 
at 1:1000 (A) or 1:2000 (B), rabbit anti-VMAT2 (1:2000) (B) and mouse anti-GFP (1:1000) (C), secondary 
antibody was goat anti-rabbit (1:5000) (A)+(B) and goat anti-mouse (1:5000) (C). Shown on the right side 
of each blot is a Ponceau S staining of the blotting membrane. Red vertical lines indicate separate lanes. 
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5  Summary and outlook 
Radiotracer flux measurements (using [3H]5-HT and [3H]GABA) as well as radioligand 
binding assays (using [3H]DTBZ) were conducted in striatal or cerebellar synaptic 
vesicles, doing inhibition curves with unlabelled GABA, glycine or taurine. From the [3H]5-
HT uptakes it was concluded that GABA decreased [3H]5-HT uptake at high millimolar 
concentrations, while glycine overall did not reduce uptake at all and taurine had a similar 
effect to GABA. This could mean that GABA is a weak VMAT2 substrate; similarly, taurine 
could be a weak VMAT2 substrate and as a possible GABAA receptor ligand might have 
induced oIPSCs in the experiments of Tritsch et al., while glycine does not seem to play 
an important role here. 

More experiments in human synaptic vesicles would be desirable, since we were short on 
tissue and as discussed, most of the samples cannot be used for uptake assays in the 
first place. The most interesting experiment would have been direct [3H]GABA uptake into 
striatal synaptic vesicles, but unfortunately the results cannot be used because even the 
controls did not yield clear results. What could help for future experiments would be to 
use more concentrated and/or better purified synaptic vesicle preparations in larger 
volumes, as well as higher amounts of [3H]GABA per sample; both is not that easy 
because of limited availability or high expenses. In the binding experiments, GABA was 
not able to displace [3H]DTBZ which was almost to be expected, since TBZ is a high-
affinity ligand of VMAT2 while GABA presumably has a weak affinity. 

The FFN206 experiments indicated that FFN206 may be a suitable substrate for future 
VMAT2 studies in the lab. Because of limited time, the FFN206 experiments could not be 
further pursued and refined. 

Co-immunoprecipitation experiments with immunoblots were performed to test the 
antibodies for that application and to find out, whether there might be an interaction 
between GAT1 and VMAT2, yielding unclear results for now. For future experiments, 
maybe different antibodies should be used (with different species for the co-
immunoprecipitation and the immunoblots), also to better distinguish between bands 
from the transporters and bands from the IgG. What could then be tried additionally is to 
incubate with a crosslinker before lysing the cells/tissue for co-immunoprecipitation, to 
see if there are differences in pulling down GAT1 and VMAT2 together. 

Generally, the next steps besides optimising the utilised protocols would be in vivo 
experiments in mice, trying to further deepen the understanding of how GABA co-release 
from midbrain DA neurons works and then also what the physiological role might be, e.g. 
in Parkinson’s Disease.  
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