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Abstract 

 

Presynaptic dopaminergic regulation is important to maintain a homeostatic balance of dopamine 

stored levels and release. Changes in dopamine neurotransmission contribute to neurological and 

psychiatric disorders. Recent findings from our group (Ma et al., 2015; González-Sepúlveda et 

al.,-submitted) describe strong effects of several classes of dopaminergic drugs on dopamine 

synthesis, including L-DOPA (used in Parkinson), tetrabenazine (Huntington) and aripiprazole 

(schizophrenia). In this study, I confirm and extend those findings and compare the effects of D2R 

partial agonist antipsychotics cariprazine and brexpiprazole, the psychostimulants amphetamine 

and methylphenidate, and several other selective and experimental compounds. Rat brain striatum 

was minced and incubated ex-vivo in the presence or absence of these drugs at different 

concentrations. Spontaneously, dopamine and serotonin accumulated over time reaching near-

maximal storage levels. This experimental approach allowed me to evaluate their synthesis and 

storage dynamics under the influence of chosen pharmacological agents. My results could be 

useful to understand the mechanisms of action of antipsychotics, and they could facilitate further 

research with animal models and clinical trials using new dopaminergic agents. 

 

 

 

 

 

  



 
 

Resumen 

 

La regulación dopaminérgica presináptica es importante para mantener un equilibrio homeostático 

de los niveles almacenados y liberación de dopamina. Los cambios en la neurotransmisión de 

dopamina contribuyen a los trastornos neurológicos y psiquiátricos. Hallazgos recientes de nuestro 

grupo (Ma et al., 2015; González-Sepúlveda et al., presentado) describieron los fuertes efectos de 

varias clases de medicamentos dopaminérgicos en la síntesis de dopamina, incluida L-DOPA 

(utilizada en Parkinson), tetrabenazina (Huntington) y aripiprazol (esquizofrenia). En este estudio, 

confirmamos y ampliamos esos hallazgos y comparamos los efectos de los antipsicóticos agonistas 

parciales D2R cariprazina y brexpiprazol, las psicoestimulantes anfetamina y metilfenidato varios 

otros compuestos selectivos y experimentales. El estriado cerebral de rata fue troceado e incubado 

ex vivo en presencia o ausencia de estos fármacos a diferentes concentraciones. Espontáneamente, 

la dopamina y la serotonina se acumularon con el tiempo alcanzando niveles de almacenamiento 

casi máximos. Este enfoque experimental nos permitió evaluar su dinámica de síntesis y 

almacenamiento bajo la influencia de los agentes farmacológicos elegidos. Nuestros resultados 

podrían ser útiles para comprender los mecanismos de acción de los antipsicóticos, y podrían 

facilitar la investigación futura con modelos animales y ensayos clínicos utilizando nuevos agentes 

dopaminérgicos. 

  



 
 

Resum 

 

La regulació dopaminèrgica presinàptica és important per mantenir un equilibri homeostàtic dels 

nivells emmagatzemats de dopamina i el seu alliberament. Els canvis en la neurotransmissió de 

dopamina contribueixen a trastorns neurològics i psiquiàtrics. Treballs recents del nostre grup (Ma 

et al., 2015; González-Sepúlveda et al.,-presentada) van descriure importants efectes de diverses 

classes de fàrmacs dopaminèrgics sobre la síntesi de dopamina, inclosa la L-DOPA (emprada en 

Parkinson), la tetrabenazina (Huntington) i aripiprazol (esquizofrènia). En aquest estudi, vam 

confirmar i ampliar aquestes troballes i vam comparar els efectes dels antipsicòtics agonistes 

parcials D2R cariprazina i brexpiprazol, els pricostimulants amfetamina i metilfenidat i diversos 

altres compostos selectius i experimentals. L’estriat cerebral de rata va ser trocejat i incubat ex-

vivo en presència o absència d’aquests fàrmacs a diferents concentracions. De manera espontània, 

la dopamina i la serotonina es van acumular al llarg del temps i van assolir nivells 

d’emmagatzematge gairebé màxims. Aquest enfocament experimental ens va permetre avaluar la 

seva síntesi i dinàmica d’emmagatzematge sota la influència d’agents farmacològics escollits. Els 

nostres resultats podrien ser útils per comprendre els mecanismes d’acció dels antipsicòtics, i 

podrien facilitar més investigacions amb models animals i assajos clínics mitjançant nous agents 

dopaminèrgics. 
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Introduction 

 

Schizophrenia represents one of the leading causes of disability in the world. The disorder was 

first known as dementia praecox before it was renamed by Eugene Bleuler, who composed it from 

two Greek words: skhízō (to split) and phrēn (mind) between 1910 and 1911 to mean “the loss of 

the sense of reality” (Bleuler E., 1950). Even though schizophrenia has been diagnosed for more 

than a century and various antipsychotics are useful, we are still in progress to achieve an effective 

medical treatment covering different aspects of this illness. Now, schizophrenia alone is suffered 

by more than 21 million people worldwide. It is known, however, that the development of a new 

drug is a long and expensive process from research to market, often taking many years to move 

through each phase of preclinical and clinical development. In fact, total costs from discovery to 

market launch are in the range of $800 million for each new drug being developed, yet 

approximately 92% of new drugs fail between the preclinical and clinical development phases 

(Pampaloni & Masotti, 2009). This is primarily due to the lack of efficacy and various adverse 

drug reactions, and it has posed a serious challenge to new novel drug development (Olson, 2002). 

Thus, it is important to understand the pathological aspects of schizophrenia and the mechanisms 

of action of existing drugs in order to recognize the properties of different antipsychotics behind 

the success in the clinical treatments; these will be covered in my introduction. 

Before I discuss the pathological aspects of schizophrenia, I should mention that this 

general knowledge of the structure and function of the nervous system is also of great importance. 

This will increase our understanding of how chemical compounds may treat a pathological 

condition. A nerve cell, also called a neuron, is the basic unit of the nervous system. A neuron is 

constituted by three major components: a cell body (soma), which acts as a controller to regulate 
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the functions of the cell; an axon, which conducts electrical impulses from the cell body to the 

axon terminals; and dendrites, which receive, process and integrate the incoming synaptic 

communications. The basic structure of a neuron is illustrated in fig. 1-1. The cell body and the 

dendrites form the postsynaptic component of the synapse, while the axon terminals form the 

presynaptic component. In this Ph.D. work, I have worked experimentally with brain minces 

containing axon terminals of a specific type of neurons synthesizing the neurotransmitter 

dopamine (DA). 

 

 

Fig. 1-1. The basic structure of a neuron (London & Fountas, Z., 2020). 

 

Neurons can be sub-classified into different types based on their location, function or 

neurotransmitter types (e.g. DA, serotonin (5-HT), γ-aminobutyric acid (GABA), acetylcholine, 

norepinephrine, etc.). Neurons communicate with one another via these neurotransmitters. Since 

my work was focused mostly on the effect of compounds with pharmacology components on DA, 

I would like to elaborate more on dopaminergic neurons in the brain. In addition, I will also discuss 

some minor details of serotonergic neurons, as some of my results may also show the effect on 5-

HT levels in comparison with DA concentration in the brain region called striatum. It should also 



4 
 

be borne in mind that all other neurotransmitters mentioned are present in other cells in the same 

tissue where DA and 5-HT are being analyzed. 

 

1. DA 

 

DA is the predominant catecholamine in the brain, a monoamine neurotransmitter that has a 

catechol structure (benzene with two hydroxyl groups next to each other) and an amine side chain 

(fig. 1-2).  

 

 

Fig. 1-2. Chemical structure of DA. The image is extracted from 

https://pubchem.ncbi.nlm.nih.gov/compound/681#section=Structures  

 

The discovery of DA in the brain dates back to more than 60 years ago, when Arvid Carlsson 

identified an intermediate compound or a precursor in the synthesis of adrenaline and 

noradrenaline in 1957. Following that discovery, the role of DA as a neurotransmitter was revealed 

in subsequent years after finding a distinct distribution pattern of the dopaminergic system from 

that of noradrenaline (Arvid Carlsson, 2001). For his significant contributions and works related 

to DA, Carlsson was awarded for Nobel Prize in Physiology or Medicine in 2000.  

https://pubchem.ncbi.nlm.nih.gov/compound/681#section=Structures


5 
 

2. Dopaminergic System in the Brain 

 

Anatomically, DA cells were designated as ‘A’ or aminergic-containing cells group. These cells 

were categorized from A8 through A14, succeeding the noradrenergic cells which were 

categorized from A1-A7. DA cell bodies are primarily located in the small brain regions of 

substantia nigra (DA cell group A8 and A9), ventral tegmental area (DA cell group A10), arcuate 

(DA cell group A12) and periventricular nucleus (DA cell group A14) of the hypothalamus. These 

regions are part of the mesencephalon, or midbrain area of the brain. The DA cell bodies project 

into other regions of the brain through three main pathways: (1) nigrostriatal pathway, (2) 

mesocortical pathway, and (3) mesolimbic pathway. The nigrostriatal pathway connects the DA 

cell bodies in the substantia nigra with dorsal striatum. This projection is involved in goal-directed 

behaviors and voluntary movements. Impairment within this region is implicated with neurological 

diseases such as Parkinson’s, Huntington’s and Tourette’s syndromes. DA cell bodies in the 

ventral tegmental area form two projections. The first projection is the mesocortical pathway, 

which connects the ventral tegmental area with cortex and is involved in regulating motivation, 

emotion, and cognitive control. Impairment within this region may be implicated in the attention 

deficit hyperactivity disorder (ADHD) and the negative symptoms of schizophrenia. The second 

projection is the mesolimbic pathway, which connects the ventral tegmental area with several parts 

of the brain, including limbic structures, nucleus accumbens, olfactory tubercles, amygdala and 

hippocampus. This pathway is involved in incentive salience, reinforcement, learning and desire, 

and is thought to play an important role in addiction and the positive symptoms in schizophrenia 

(Berridge, 2007). Other dopaminergic projections include the tubero-infundibular pathway, which 

connects DA cell groups of A12 and A14 from the hypothalamus with the pituitary. This pathway 
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regulates pituitary hormones, especially prolactin secretion. Overall dopaminergic pathways in the 

brain are illustrated in fig. 1-3. 

 

 

Fig. 1-3. Dopaminergic pathways in the brain (Nummenmaa et al., 2020). 

 

3. Striatum 

 

Since the focus of my experimental design for this thesis is DA levels and dynamics in the rat brain 

striatum (discussed later in the pathophysiology of schizophrenia), I shall briefly explore the 

anatomy and neurophysiology of the striatum in the brain. The striatum is the largest structure and 

component of basal ganglia. It is located in the forebrain region. The striatum is divided into ventral 

and dorsal divisions based on its function and connection. The ventral striatum consists of the 

nucleus accumbens, while the dorsal striatum constitutes the caudate nucleus and the putamen; 

they are separate from each other by white matter in humans, but not in rats (consist mainly of 

nerve fibers with their myelin sheaths) (fig. 1-4). There are many strands of grey matter in the 
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striatum. White and grey matter overlay each other, creating the striatum’s striped appearance. It 

was due to this characteristic that it was named striatum (the name comes from a Latin word for 

“striped”). The striatum receives glutamatergic and dopaminergic inputs from different sources. 

In fact, the striatum receives the densest DA innervation and contains the highest concentration of 

DA receptors in the brain (Gerfen, 2004). The dorsal striatum receives synaptic input projections 

from the prefrontal cortex and other frontal regions. The ventral striatum, on the other hand, 

receives extensive synaptic input projections from the ventral frontal regions (orbitofrontal, 

ventromedial and ventrolateral cortex). Both the dorsal and ventral striatum receive intense 

dopaminergic inputs from substantia nigra and ventral tegmental area, as discussed before, with 

regard to the dopaminergic pathways in the brain. The ventral striatum is associated with the limbic 

system and plays an important role in mediating cognition, movements, reward, reinforcement and 

motivational salience, while the dorsal striatum mediates the cognition involving motor functions, 

certain executive functions, stimulus-response learning and reward. 

 

 

Fig. 1-4. The schematic shows the anatomical structure of striatum which constitutes of the caudate nucleus, 

putamen and nucleus accumbens. The image is extracted from http://www.learnneurosurgery.com/basal-

ganglia.html. 

http://www.learnneurosurgery.com/basal-ganglia.html
http://www.learnneurosurgery.com/basal-ganglia.html
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The striatum contains both the projecting neurons and interneurons (neurons that innervate within 

the brain regions) (Bolam et al., 2000). Overall, there were two types of cells in the striatum as 

follows: 

Medium spiny projection neurons: These are the principal neurons and comprise between 90 and 

95% of the total neuronal population in the striatum. They contain GABA as their main 

neurotransmitter (GABAergic neurons) and are classified as inhibitory neurons. The medium spiny 

projection neurons can also be subdivided into two equal-size population of neurons based on their 

projection and their neurochemical contents, as follows: 

• Direct pathway: project directly from the striatum to the output nuclei of the basal ganglia 

and express neuropeptide substances and D1-like receptor in addition to GABA receptor. 

• Indirect pathway: project from the striatum to the globus pallidus and express enkephalin 

and D2-like receptor in addition to the GABA receptor. 

Interneurons: These neurons comprise only between 5 and 10% of the total neuronal population 

in the striatum and are classified as excitatory neurons. They play an important role in regulating 

medium spiny projection neurons. An example of interneurons in the striatum is cholinergic 

interneurons, which release acetylcholine as a neurotransmitter. 

 

4. DA Biosynthesis 

 

Three pathways have been described for the synthesis of DA (Delcambre et al., 2016). All three 

start from an amino acid L-tyrosine as a precursor. The first well-known and main pathway starts 

when L-tyrosine is hydroxylated into 3,4-dihydroxyl-l-phenylalanine (L-DOPA) by tyrosine 

hydroxylase (TH) with tetrahydrobiopterin (BH4) act as a cofactor, O2 and Fe2+, resulting in the 
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formation of dihydrobiopterin and water (Dunkley et al., 2004). TH is known as a rate-limiting 

step in the synthesis of catecholamine. TH also exhibits a substrate inhibition phenomenon, which 

controls the synthesis and DA levels independently of the fluctuation of L-tyrosine concentration 

from meal intakes. Fe2+, which is bound to TH, can be oxidized to Fe3+. Fe3+ can bind to catechols 

(e.g. DA), and mediates a feedback-inhibition mechanism as summarized in fig. 1-5. The activity 

of TH can be regulated by two mechanisms: medium‐ to long‐term regulations of gene expression 

or short‐term regulation of enzyme activity through feedback inhibition by direct DA binding via 

competing for the BH4 cofactor binding, allosterism regulation and phosphorylation (Dunkley et 

al., 2004). TH can be phosphorylated at serine (Ser): Ser8, Ser19, Ser31, and Ser40 by a variety of 

protein kinases and phosphatases. Phosphorylation of TH alters the enzyme conformation which 

dissociates the catechols’ binding, returning the enzyme to the fully active state.     

 

 

Fig. 1-5. Summary of TH’ regulation (Dunkley et al., 2004). 

 

The second pathway synthesizes L-DOPA from L-tyrosine via a hydroxylation process; however, 

the enzyme involved is tyrosinase, and this process can occur even in the absence of TH (Rios et 

al., 1999). L-DOPA is then decarboxylated by an aromatic amino acid decarboxylase to produce 

DA. The third pathway involves a different intermediate compound but also used L-tyrosine as a 

precursor. In this case, L-tyrosine is first to decarboxylate by the same DOPA decarboxylase 
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enzyme to yield tyramine before further hydroxylation by cytochrome-P450 Cyp2D enzyme to 

form DA. The overall steps for these three different biosynthetic pathways of DA are illustrated in 

fig. 1-6. In noradrenergic and adrenergic cells, DA can later be converted into other 

catecholamines, including noradrenaline and adrenaline. 

 

 

Fig. 1-6. Biosynthetic pathways of DA (Delcambre et al., 2016). Abbreviations: TH; tyrosine hydroxylase, TYR; 

tyrosinase, AADC; aromatic amino acid decarboxylase and Cyp2D; cytochrome-P450 Cyp2D enzyme. 

 

5. DA Storage 

 

Two types of vesicular monoamine transporter (VMAT) are found in humans: VMAT-1, which 

largely expresses in neuroendocrine cells, and VMAT-2, which is majorly found both in 

monoaminergic cells in the brain and in the sympathetic nervous system (Erickson et al., 1996). 

Cytosolic DA, which is synthesized (as described earlier), is then uptaken, encapsulated and stored 

inside synaptic vesicles by VMAT-2 to protect them from degradation (German et al., 2015). This 

process is done against high concentrations gradient inside synaptic vesicles driven by 

transmembrane pH and electrochemical gradient generated by the vesicular H+-ATPase in the 

granule membrane (fig. 1-7). This mechanism involves the exchange of one molecule of DA 
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transport into the synaptic vesicle with two H+ ions out of the vesicle. Various pharmacological 

compounds inhibit VMAT-2 activity such as reserpine (the very first antipsychotic, but not used 

anymore), tetrabenazine (TBZ) and lobeline. Due to this action, TBZ is approved by the United 

States Food and Drug Administration (U.S. F.D.A.) for the treatment of chorea associated with 

Huntington’s disease. Other compounds may also interfere with the physiological functions of 

VMAT-2: these include neurotoxin 1-methyl-4-phenylpyridinium (Darchen et al., 1988) and 

amphetamine (AMPH). AMPH interrupts VMAT-2 actions either via disrupting intravesicular pH 

gradients or by directly binding to the VMAT-2 and preventing the substrate from interacting with 

the transporter (Floor & Meng, 1996).     

 

 

Fig. 1-7. DA (shown in green) is uptaken from the cytosol into the synaptic vesicles via VMAT-2. This is facilitated 

by H+-ATPase (German et al., 2015). 

 

6. DA Release 

 

The stored DA is released into the synaptic cleft via exocytosis in response to the presence of 

action potential stimulation at dopaminergic terminals. This action is mediated by ion-specific 

channels (e.g., K+, Na+, Ca2+, etc.). For example, the Ca2+ channels increase the influx of Ca2+ ions, 
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thus increasing intracellular concentrations. These channels enable controlled membrane electrical 

potentials to propagate as action potentials through the neurite extensions towards the end of 

terminals. Such action potential stimulates the fusion of vesicles containing DA to the plasma 

membrane of dopaminergic terminals leading to a release of DA to the extracellular synaptic space. 

The amount of DA-mediated signaling is dependent on the amount of DA available in synaptic 

cleft. This DA that is available in extracellular synapse will then: (1) bind to target receptors, 

including DA receptor at postsynaptic (known as D2L or D2-long), which leads to the activation 

of various signal transductions; (2) binds to the DA receptor located at presynaptic (known as D2S 

or D2 short), which can modulate a negative-feedback inhibition on TH; (3) be recycled by 

reuptake into the presynaptic terminals, mainly via DA transporter (DAT); and (4) be metabolized 

by the action of several enzymes, e.g. catechol-o-methyl transferase (COMT).  

 

7. DAT 

 

Previously, I have discussed the mechanisms following the release of DA, where it can be recycled 

and reused mainly via presynaptically localized DAT to transport DA against its concentration 

gradients from the synaptic cleft back to the dopaminergic terminals. This process is dependent on 

extracellular Na+ and Cl¯ concentrations with the binding of two Na+ ions and one Cl- ion per DA 

molecule. This process will cause a conformational change from outward-facing to inward-facing 

and create a complex transport-associated current (German et al., 2015). The release of DA and 

ions into the cytoplasm will shift DAT back to its original conformation. The model of this process 

is illustrated in fig. 1-8 and the crystal structure of DAT is shown in fig-1-9. Various compounds 

have been recognized to target DAT for their pharmacological actions, such as psychostimulants; 
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these include cocaine, MPH and AMPH, which prolong the duration of DA action on its receptors. 

Impairment of DAT had been shown to be implicated with ADHD and depression, and has been 

correlated with drug abuse and their reinforcing properties.  

 

 

Fig. 1-8. The model of DAT shows the movement of DA from extracellular milieu to cytoplasm through a transition 

from an outward-facing to an inward-facing state (German et al., 2015). 

 

 

Fig. 1-9. (a) Crystal structure of DAT viewed parallel to the membrane with nortriptyline, sodium ions, a chloride 

ion, and a cholesterol molecule, shown in sphere representation in magenta, purple, green, and yellow, 

respectively. (b) DAT view from the extracellular face. (c) Surface representation showing that ligand and ion 

binding sites are accessible from the extracellular vestibule (Penmatsa et al., 2013).  
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8. DA Metabolism 

 

The active metabolism of DA prevents its auto-oxidation, which leads to the formation of reactive 

oxygen species (Delcambre et al., 2016). In a neuron, DA is metabolized primarily by the action 

of monoamine oxidase (MAO), COMT and aldehyde dehydrogenase (ALDH). MAO can be found 

in two isoforms A and B: MAO A, found in catecholaminergic neurons, and MAO B, found mainly 

in astrocytes. MAO is located on the exterior of mitochondria inside the neuron, while COMT is 

located in postsynaptic neurons, glia, and also on the outer mitochondria membrane and 

endoplasmic reticulum. Previously, I have discussed that in neuronal cells DA is uptaken and 

stored inside the synaptic vesicles to prevent itself from being metabolized in the cytoplasm. MAO 

metabolize cytosolic DA into 3,4-dihydroxy-phenylacetaldehyde (DOPAL) before being oxidized 

into 3,4-dihydroxy-phenylacetic acid (DOPAC) by ALDH or reduced to form 3,4-dihydroxy-

phenylethanol (DOPET). COMT, on the other hand, methylate the 3’-hydroxyl group of catechol 

ring on DA to yield a 3-methoxytyramine, and is further metabolized by MAO to form 3-methoxy-

4-hydroxy-phenylacetaldehyde. Both DOPAC and 3-methoxy-4-hydroxy-phenylacetaldehyde can 

be subsequently metabolized to form homovanillic acid (HVA), both by COMT and ALDH. 

Details of the overall pathways of DA metabolism in the brain are clearly illustrated in fig. 1-10. 

Various compounds block the metabolism of DA and inhibit these enzyme activities for their 

pharmacological effects to increase DA availability and prolong the duration of DA action on its 

receptors. These include entacapone, which is a COMT inhibitor used for the treatment of 

Parkinson’s disease, and pargyline, a MAO inhibitor used as an antidepressant. 
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Fig. 1-10. The sequence of DA metabolisms in the brain (Delcambre et al., 2016). Abbreviations: MAO; monoamine 

oxidase, COMT; catechol-O-methyl transferase, ALDH; aldehyde dehydrogenase, AR; aldose reductase, DOPAL; 

3,4-dihydroxy-phenylacetaldehyde, DOPAC; 3,4-dihydroxy-phenylacetic acid, DOPET; 3,4-dihydroxy-

phenylethanol.  

 

9. G-protein coupled receptors 

 

After a release of DA from dopaminergic terminals, it binds mainly at DA receptors to exert its 

action. These DA receptors have been categorized as a member of class A (rhodopsin-like) G-

protein coupled receptors (GPCRs). GPCRs constitute the largest family of transmembrane (TM) 
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protein, and regulate many cellular processes, including central nervous system activities (Jacoby 

et al., 2006). Due to this, GPCRs are a target of many pharmaceutical drug actions with 475 

marketed drugs (~34% of all the U.S. F.D.A.-approved therapeutic agents) (Hauser et al., 2017). 

GPCRs are classified into three major classes (classes A, B and C) depending on the size of N-

terminal, sequence homology and identity of seven TM-domains that participate in ligand binding. 

Among all three classes of GPCRs family, class A (rhodopsin-like receptor family) is the largest 

and counts for 85% of GPCRs genes; these include the receptor for hormones, neurotransmitters 

(including DA receptors), melatonin, and light receptors. These receptors have been classified into 

19 subgroups from A1 to A19, with DA receptors under the A17 subfamily together with 5-HT, 

adrenergic and trace amine receptors.  

  

9.1 Structure of GPCRs 

 

GPCRs are integral proteins that possess seven TM-spanning domains or TM helices (Namkung 

et al., 2009). GPCRs are categorized by N-terminal, which can be glycosylated, followed by the 

seven TM α-helices (TM1 - TM7), which are connected by three intracellular (IL1-IL3) and 

extracellular loops (EL1-EL3), and ending with intracellular C-terminal. GPCRs also contain 

phosphorylation sites for cyclic adenosine monophosphate (cAMP)-dependent, protein kinase A, 

protein kinase C and GPCRs kinase (GRKs), generally in the second and third intracellular loops. 

The Schematic of the amino acid sequence of one of the GPCRs (D2 receptor) is present in fig. 1-

11. The crystal structure of the D2-like receptors is shown in fig. 1-12. 
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Fig. 1-11. 2D schematic of the amino acid sequence of the D2 receptor. Blue sites are involved in ligand binding, 

the green sites are for protein kinase C binding, while orange sites are for GRKs. The 29 amino acids present at the 

D2L variant are indicated with the grey residues (elaborated in more detail in the classification of DA receptors later) 

(Namkung et al., 2009).  

     

 

Fig. 1-12. Crystal structure of D2 (shown in green) in comparison with D3 (shown in magenta) and D4 (shown in 

blue) receptors. (a) Structure of D2 receptor with risperidone. (b and c) view from extracellular (adapted from Wang 

et al., 2018). 
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9.2 Orthosteric and allosteric ligand binding sites at GPCRs 

 

Ligands’ binding sites at GPCRs are classified as orthosteric and allosteric binding sites. The 

orthosteric site is the active ligand binding site at GPCRs. The key component of ligand binding 

at the orthosteric site depends on the ligands’ affinity towards the receptor. A higher affinity of the 

ligand would allow a low dosage to activate the binding sites. The other protein surface at GPCRs, 

which can change the conformation of the orthosteric protein binding site, is known as the 

allosteric binding site (Jeffrey Conn et al., 2009) (fig. 1-13). An allosteric modulator acts via 

shifting the free energy landscape. An allosteric modulator binding towards GPCRs disturbs the 

protein surface atoms, which propagate like a wave to reach the orthosteric binding sites. Thus, 

the design of allosteric modulator depends on the protein conformational ensemble and the 

preferred propagation states (Tsai, 2012). Interestingly, this action can potentiate (positive 

allosteric modulator) or decrease (negative allosteric modulator) ligand responses at the orthosteric 

site (fig. 1-14). Therefore, positive and negative allosteric modulators can change the affinity and 

efficacy of the ligand on the receptors. The other type of allosteric modulator is a silent allosteric 

modulator. This modulator does not alter the action of an orthosteric ligand but blocks another 

allosteric modulator to bind. Overall, allosteric ligands act at GPCRs to: (1) induce a conformation 

change on a target receptor, which increases or decreases the binding affinity and/or efficacy of 

the receptor agonist; (2) stabilize the conformational changes from the agonist binding and increase 

or decrease the probability of the receptor-active states; and (3) prevent or facilitate (change) the 

desensitization of the receptor due to continuous activation or intense exposure of an agonist.  
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Fig. 1-13. Schematic diagram of GPCRs highlighting two common endogenous ligand binding sites, the orthosteric 

and allosteric sites for each GPCRs family members (Jeffrey Conn et al., 2009).  

 

 

Fig. 1-14. Schematic diagram illustrates three types of allosteric modulator actions on GPCRs and their effects to the 

orthosteric ligand (López-Rodríguez et al., 2020).  
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9.3 GPCRs properties and signaling action 

 

G-proteins are a heterotrimer complex that consists of α, β and γ subunits. Without stimulation or 

as in the inactive state, all three subunits are bound together with the GDP (guanosine diphosphate) 

on a Gα subunit. Binding of GPCRs with extracellular ligands (e.g. agonist) results in a 

conformation change on GPCRs structure that is transmitted to the Gα subunit of the heterotrimeric 

G-protein. This activation facilitates an exchange of GTP (guanosine triphosphate) in place of a 

GDP on Gα subunit. The activated Gα-GTP complex triggers the dissociation of the Gα subunit 

from the Gβγ dimers from the receptor. Such dissociation also leads to losses of affinity of the 

ligand. The dissociation of both the Gα subunit monomer and the Gβγ dimers then becomes free to 

interact with other intracellular proteins upon their downstream effectors to initiate intracellular 

signaling responses (e.g. adenylyl cyclase (AC), which I will describe later). After the signal 

propagation, the GTP of Gα-GTP complex is hydrolyzed to GDP and the Gα becomes inactive (Gα-

GDP), which leads to its re-association with the Gβγ dimers to form the inactive heterotrimeric 

complex. The overall cycle of the GPCRs active/inactive states is illustrated in fig. 1-15. A 

conformation equilibrium between active and inactive biophysical states leading to the 

classification of a ligand from an agonist, antagonist and inverse agonist will be described later. 
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 Fig. 1-15. Model of G-protein activation/deactivation cycle (Tuteja, 2009).  

 

There are three common types of G-protein α subunit, Gs, Gi/o and Gq. As shown in fig. 1-14, the 

activated G-protein will bind to the effector to activate the intracellular signal transduction. The 

effector for the G-protein α subunit, Gs and Gi/o effectors are cAMP, which acts as a second 

messenger while the Gq activates phospholipase C which then catalyzes the cleavage of 

phosphatidylinositol 4,5-biphosphate into the second messenger inositol (1,4,5) triphosphate and 

diacylglycerol. The mechanism by which the G-protein α subunit mediates signal transduction on 

cAMP leads to the classification of DA receptors; I will discuss it in detail later. The g-protein Gβγ 
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dimers, on the other hand, act on various ion channels such as G-protein inwardly rectifying K+ 

channels (GIRKs) and voltage-gated Ca2+ channels (VGCC). 

 

9.4 Ligand classifications based on their biological responses on GPCRs 

 

I have mentioned earlier (fig. 1-15) the conformation equilibrium between the active and inactive 

biophysical state of the receptor leading to the classification of a ligand from an agonist, antagonist 

and inverse agonist. Here, I would like to discuss this classification, as it is important to know the 

differences between each of these ligands and their effect, since this thesis works with a different 

type of ligands, including an agonist, partial agonist and antagonist on D2 receptor. A ligand is a 

substance or molecule which binds to other sites on a target protein (in this case a receptor) to 

produce a desired biological response (effect). Referring to this response or effect, this ligand can 

be classified into different classes, as per below: 

Full agonist: Ligand that stabilizes the receptor in an active conformation state. A full agonist 

may bind and stimulates the receptor to produce the maximal biological responses (a term known 

as the maximal effect).  

Partial agonist: In comparison with a full agonist, a partial agonist is a ligand that binds and 

stimulates the receptor but can only produce part of the maximal biological responses. 

Antagonist: Ligand that binds the receptor but does not produce any effect or biological responses. 

A full antagonist may block other ligands (agonist or partial agonist) to bind on the same receptor 

types, thus antagonizing the biological responses produce by these ligands. The presence of a 

competing antagonist causes a rightward displacement of the agonist concentration-response 

curves. 
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Inverse agonist: In comparison with the full agonist, which stabilizes the receptor in an active 

conformation state, an inverse agonist stabilizes the receptor in an inactive conformation state. The 

difference with an antagonist is that this ligand decreases the spontaneous coupling of the receptor 

to the G-protein and suppresses the constitutive activity. 

The overall action of these ligands on the receptor is illustrated in fig. 1-16, and the differences in 

their biological responses are represented in fig. 1-17. 

 

 

Fig. 1-16. The action of an agonist, partial agonist, antagonist and inverse agonist can be interpreted as changing the 

conformation equilibrium balance between the active and inactive biophysical state of the receptor (Seifert et al., 

2003). 
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Fig. 1-17. The concentration-response curve represents the effect of ligands of each classification on the receptor. 

The biological response of a ligand typically follows a sigmoidal function with an agonist increases, while an 

inverse agonist decreases the activity below the basal values. A partial agonist, on the other hand, produces 

submaximal responses. An antagonist has no activity but is able to block the receptor from an agonist, partial agonist 

or inverse agonist (Seifert et al., 2003).  

 

9.5 Basic pharmacological terminology 

 

For an optimal understanding of the differences between the pharmacological responses and the 

properties of these ligands, it is necessary to know the basic pharmacodynamic terminology, as 

follows: 

Affinity: Since these ligands bind to the receptor to produce desired biological responses, the 

nature of such a binding can be quantified by characterizing how tightly the ligand and the receptor 

interact. The higher the affinity of the ligand, the higher their chemical force and the attraction of 

this ligand towards the receptor at any given time.  

Efficacy: The word efficacy is used when referring to the ability of the ligand to produce an effect 

or response. The maximal effect is quote as Emax value. Differences in drug efficacy are compared 

by the Emax value obtained at high concentrations. 
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Potency: Potency describes the amount of a ligand to produce maximal effects. A highly potent 

ligand is able to produce a maximal response at low concentrations. The potency of a ligand is 

evaluated by comparing EC50 or IC50 value, as described below:  

EC50: effective concentration of a ligand to produce half of the maximal effects.  

IC50: inhibitory concentration of a ligand to inhibit half of the specific biological functions.  

The relationship between ligand affinity, efficacy and potency can be further understood with the 

dose-response curves illustrated in fig. 1-18. 

 

 

Fig. 1-18. Comparison between ligand affinity, efficacy and potency can be clearly illustrated based on the 

displacement or properties in their dose-response curves. The image is extracted from 

http://tmedweb.tulane.edu/pharmwiki/doku.php/basic_principles_of_pharm 

  

http://tmedweb.tulane.edu/pharmwiki/doku.php/basic_principles_of_pharm
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10. DA receptors 

 

10.1 Classification of DA receptors 

 

The first identification of DA receptors was based on their action on the second messenger of AC. 

Based on this action, DA receptors were classified into two types: D1 and D2 receptors. The D1 

receptor stimulated, while the D2 receptor had either no effect on AC activity or inhibited it 

(Kebabian & Calne, 1979). With further advancement in medical genetic cloning techniques, DA 

receptors were then separated into five distinct receptor subtypes (D1 to D5) in the late 1980s. 

Based on their pharmacological and biochemical properties, these five receptor subtypes were 

categorized into two major groups or subfamilies: the D1-like family, which contains both the D1 

and D5 receptor subtypes; and the other D2, D3 and D4 receptor subtypes were classified into the 

D2-like family. As mentioned earlier, these classifications were based on their action on AC 

activity. The D1-like family receptors are coupled to the stimulatory Gs family of G-protein to 

stimulate cAMP production by stimulating AC, while the D2-like family receptors are coupled to 

the inhibitory Gi/o family of G protein to inhibit cAMP production by inhibition of the AC (Osinga 

et al., 2017) (fig. 1-19). Location-wise, the D1-like family receptors were exclusively found at the 

postsynaptic terminals, and the D2-like family receptors were expressed in both post- and 

presynaptic on dopaminergic neurons. Genetically, both the D1- and the D2- like family receptors 

are different based on the availability of introns in their coding sequence, with the D1-like family 

receptors not containing introns, while the D2-like family receptors contain several introns in their 

sequence. This structure later leads to the generation of two major D2-like family receptor variants, 

D2S (D2-short) and D2L (D2-long) with the addition of 29 amino acids at the later variant, as shown 
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in fig. 1-10 (Usiello et al., 2000). The D2S variant is mostly expressed presynaptically and is 

involves in autoreceptor function, while the D2L seems to be expressed at the postsynaptic 

dendrites. For the scope of this thesis, I will focus and elaborate on the D2-like family receptors, 

since they play an important role in the treatment of schizophrenia, as all approved antipsychotics 

act on D2-like receptors.  

 

 

Fig. 1-19. Classification of DA receptors bases on their signaling action on AC (adapted from (Osinga et al., 2017). 

 

10.2 Distributions and localizations 

 

I have shown and discussed in detail the dopaminergic system in the brain (fig. 1-2). Here, I would 

like to concentrate on the distribution of D2-like receptors from the dopaminergic system in the 

brain. The D2 receptor is found at the highest level in the striatum, nucleus accumbens and the 
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olfactory tubercle. However, the D2 receptor is also expressed at a high level in other parts of the 

dopaminergic system, including substantia nigra, ventral tegmental area, hypothalamus, 

hippocampus, amygdala, septum and cortex in the brain. Compared to the D2 receptor, the D3 

receptor has a limited pattern of distribution, with the highest level of expression being found in 

the limbic region, such as in the shell of nucleus accumbens, olfactory tubercle and the islands of 

Calleja (Murray et al., 1994). The D3 receptor is also found in the ventral tegmental area, substantia 

nigra and the medial olfactory area. The D4 receptor, on the other hand, has the lowest level of 

expression in the brain, as only a few areas have been documented, including cortex, amygdala, 

hippocampus and hypothalamus (Rondou et al., 2010). The overall distribution of D2-like receptors 

in the brain can be clearly illustrated in fig. 1-20. 

 

 

Fig. 1-20. Distribution of DA receptor subtypes in the brain (Brichta et al., 2013).  
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10.3 Functions 

 

Previously, I have mentioned the location of the D2-like family receptors (D2S variant) which was 

found both post- and pre- synaptically on dopaminergic neurons. This D2 receptor located at 

presynaptic DA terminals was involved in autoreceptor function. Since most parts of this thesis 

are based on the effects of partial agonist antipsychotics and the main effect analyzed is on this 

D2-like autoreceptor (D2R), it is important to know the regulation of this receptor and its functional 

action at the presynaptic terminals. There are several mechanisms involved in the regulation of 

D2R at the presynaptic terminals. The major action of D2R is regulating DA release from axon 

terminals (Benoit-Marand et al., 2001), This regulation involves inhibition of VGCC (Herlitze et 

al., 1996), which are responsible for the Ca2+ entry triggering DA release and hyperpolarization 

via voltage-dependent K+ channels (Kv1.2) (Martel et al., 2011) or the activation of GIRK. This 

action is mediated through G-protein βγ inhibition, as mentioned earlier. As the amount of DA-

mediated signaling at post-synaptic receptors is dependent on the amount of DA available in the 

synaptic cleft, the clearance of DA at extracellular milieu is primarily determined by the reuptake 

mechanism, mainly by the DAT. Thus, the second mechanism of action of D2R in regulating DA 

neurotransmission is altering the reuptake of DA via DAT (Cass & Gerhardt, 1994; Wu et al., 

2002). The third mechanism, in turn, works by decreasing DA synthesis (W. Kehr et al., 1972). 

This regulation involves down-regulation on TH activity via an inhibition of AC, leading to the 

reduction of cAMP-protein kinase A, and provides a feedback mechanism by which DA can 

regulate its own inhibition at the presynaptic terminals. The overall mechanisms of D2R 

regulations of DA transmission at the presynaptic terminals are illustrated in fig. 1-21. In addition 

to these three regulations of D2R at the presynaptic terminals, another study also shows that D2R 
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activation may also regulate and increase the reuptake of DA into the synaptic vesicles via VMAT-

2 (Truong et al., 2004). 

In in-vivo, these effects will lead to the changes of extracellular DA levels (Rouge-Pont et 

al., 2002; Schmitz et al., 2002) and decrease the activity and reinforcement properties of drugs of 

abuse, including ethanol (Phillips et al., 1998) and opiates (Maldonado et al., 1997). Furthermore, 

the absence of D2R has been shown to elevate DA synthesis and release together, with the changes 

in behavior, leading to increased motivation for rewards, hyperlocomotion and supersensitivity, 

induced by cocaine (Bello et al., 2011). These indicate the important role of D2R in regulating 

dopaminergic neurotransmission at the presynaptic terminals. 

 

 

Fig. 1-21. Schematic of the D2R signaling and regulation of DA transmission at presynaptic dopaminergic terminals 

(Ford, 2014).  
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11. Serotonergic systems in the brain 

 

In addition to DA, another neurotransmitter that also plays an important role in schizophrenia 

symptoms is 5-HT (see section 13.2 in the pathophysiology of schizophrenia). Therefore, I would 

like to discuss some of the general knowledge of serotonergic systems in the brain. The discovery 

of 5-HT in the brain dates back to earlier than that of DA, when Erspamer and Vialli found a 

compound later named enteramine in enterochromaffin cells in rabbit intestines during the 1930s 

(Erspamer & Asero, 1952). Later, in 1948, a vasoconstrictor substance that was the same molecule 

as enteramine was discovered and named 5-HT (Rapport et al., 1948). 5-HT is an indoleamine (a 

family of molecules that has a common structure), which consists of an indole compound (a six-

member of benzene ring fused to a five-member of pyrrole ring) that contain an amine group (fig. 

1-22). 

 

 

Fig. 1-22. Chemical structure of 5-HT. The image is extracted from 

https://pubchem.ncbi.nlm.nih.gov/compound/Serotonin 

 

  

https://pubchem.ncbi.nlm.nih.gov/compound/Serotonin
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Serotonergic systems in the brain constitute a defined neuronal population with the cell bodies 

located in the raphe nuclei of the brain stem (Dahlström & Fuxe, 1964). From the raphe nuclei, the 

5-HT neuron projects to almost all brain regions, including the cortex, amygdala, hippocampus 

and hypothalamus. Serotonergic systems in the brain are illustrated in fig. 1-23. 

 

  

Fig. 1-23. Serotonergic pathways in the brain (Tarlacı, 2011). 

  



33 
 

11.1 Biosynthesis, storage and metabolism of 5-HT 

 

5-HT is synthesized in two steps from the amino acid L-tryptophan as a precursor (Gray & Roth, 

2007). The first step involves hydroxylation of L-tryptophan into 5-hydroxy-l-tryptophan (5-HTP) 

via tryptophan hydroxylase (TPH) with BH4 acting as a cofactor. Similar to TH, TPH is also known 

as the rate-limiting enzyme. The second and final step of the biosynthesis involves converting 5-

HTP into 5-hydroxytryptamine or synonym as the 5-HT via AADC. The overall steps for the 

biosynthetic pathways of 5-HT are illustrated in fig. 1-24. 5-HT can be metabolized by the enzyme 

MAO to produce 5-hydroxyindole acetic acid (5-HIAA). Similarly to DA, following the synthesis, 

5-HT is then uptaken, encapsulated and stored inside the synaptic vesicles by the same VMAT-2 

to protect them from degradation. The same mechanism is involved as for the uptake of DA, and 

this process is done against a high concentration gradient inside the synaptic vesicles. 5-HT is 

stored at the presynaptic terminals until the action potential of the neurons triggers the release into 

the synaptic cleft, where it can be reuptaken by 5-HT transporter or bind to 5-HT receptors at the 

postsynaptic terminals. 
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Fig. 1-24. Biosynthetic pathways of 5-HT (Gray & Roth, 2007).  

 

11.2 5-HT receptors 

 

After 5-HT is released from the serotonergic presynaptic terminals, it later binds mainly at 5-HT 

receptors to exert its action. There are at least 14 different 5-HT receptor subtypes, which have 

been grouped into seven classes (5-HT1-7) based on their structural and operational characteristics. 

Similarly to the DA receptors, all 5-HT receptors subtypes are GPCRs, except for 5-HT3, which is 
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a ligand-gated ion channel. I have discussed that the D2 receptor was expressed both at the post- 

and pre- synaptic terminals; all 5-HT receptor families were expressed only at postsynaptic 

terminals, except for the 5-HT1 family, which also existed at the presynaptic terminals. The 5-

HT1A receptor subtype is expressed in the somatodendritic region and exerts a general inhibitory 

influence of neuronal firing, while both the 5-HT1B and the 5-HT1D receptors subtypes are 

expressed at the serotonergic nerve terminals, thus mediating presynaptic autoinhibition 

regulations via negative feedback mechanisms (Hoyer et al., 2002). The density of 5-HT receptor 

subtypes varies between different brain regions. The 5-HT2A receptor subtype is more highly 

expressed in the cortex than any other brain region (Hall et al., 2000). The 5-HT1A receptor subtype 

is abundantly found in the limbic system (hippocampus, posterior entorhinal cortex and subcallosal 

area), and the 5-HT1B receptor subtype is highly expressed in the ventral striatum (Varnäs et al., 

2004).  The overall distribution of 5-HT receptor subtypes in the brain is clearly illustrated in fig. 

1-25. 

 

 

Fig. 1-25. Distribution of 5-HT receptor subtypes in the brain (Brichta et al., 2013).   
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12. DA-related neurological disorders 

 

DA plays an important role in brain functions, including cognitive, motor, motivation, reward and 

reinforcement. Dysfunctional dopaminergic neurons have been implicated in many neurological 

disorders. Throughout this thesis, several compounds that target presynaptic dopaminergic 

terminals as their pharmaceutical actions are used for understanding the mechanisms involved in 

regulating DA synthesis These compounds have been approved for the treatment of some of the 

dopaminergic related diseases. Therefore, I would like to give an overview of the pathophysiology 

of these illnesses and the mechanisms of action of the drugs used for treatments. These illnesses 

include Parkinson’s disease, Huntington’s disease and ADHD. In addition to treating these 

disorders, some drugs (psychostimulants) also contribute to reinforcement properties, and I will 

discuss them before continuing to the second part of the introduction of this thesis, which is related 

to schizophrenia.  

 

12.1 Parkinson’s disease 

 

Parkinson’s disease is one of the most common neurodegenerative disorders causing motor 

impairment. It arises from the death of cells in the basal ganglia. This affects most of the DA 

neurons, resulting in a depletion of DA levels in the striatum. The earliest changes can be observed 

in the medulla oblongata and olfactory bulb (Braak stages 1 and 2) where patients are found to be 

pre-symptomatic (Braak et al., 2006). In the later stages (Braak stages 3 and 4), the changes are 

spread into the substantia nigra areas of the midbrain and basal forebrain. During this phase, the 

illness probably becomes symptomatic and clinically manifest. It later goes to the final stages of 5 
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to 6, when the lesions appear in the neocortex. Classical symptoms and signs of parkinsonism are 

associated with movement disorders: these include hypokinesia (poverty of movement, e.g. loss 

of facial expression), bradykinesia (slowness of movement), rigidity and rest tremor. Other 

symptoms include depression and pain. The most common characteristic of Parkinson’s disease is 

the accumulation of Lewy bodies in DA neurons in substantia nigra (Davie, 2008). Lewy 

bodies are abnormal aggregations of protein that develop inside the nerve cells; their distribution 

varies depending on the pathological stages mentioned above. Histologically, Lewy bodies appear 

as spherical masses that displace other cell components (fig. 1-26). They consist of α-synuclein 

with a primary structural component like a dense core made up of neurofilament proteins and 

proteins responsible for proteolysis (ubiquitin).  

 

 

Fig. 1-26. Characteristics of Lewy bodies showed with the arrows from Parkinson´s disease patients (Ingelsson, 

2016).  

 

At the moment, there is no cure for Parkinson’s disease, and the treatments are aimed to ameliorate 

the symptoms. Understanding that symptoms are related to the depletion of DA, it was assumed 

that treatments should increase DA levels. Several pharmacological compounds have been 
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approved for the treatment of Parkinson’s disease and are based on its mechanism of action on 

DA. These include: 

➢ Increasing DA synthesis 

Treatment with L-DOPA, the intermediate compound for the synthesis of DA has been used for 

more than 50 years. In fact, L-DOPA has become the gold standard for the treatment of Parkinson’s 

disease. However, long-term treatment with L-dopa is complicated with dyskinesia.  

➢ Mimic DA 

Other than increasing DA synthesis, the use of DA agonists to mimic DA bound at post-synaptic 

DA receptors has been accepted and shown to be the most effective for treatment during the early 

stages of Parkinson’s disease.   

➢ Decrease DA metabolism 

Previously, I have discussed that the release of DA from the presynaptic terminals can be 

metabolized by certain enzymes, including MAO and COMT. With the decreased levels of DA in 

Parkinson’s disease, the use of MAO inhibitor and COMT inhibitor could prevent further DA 

metabolism and increase DA availability.  

 

12.2 Huntington’s disease 

 

Huntington’s disease is an inherited disorder that causes motor impairment. The motor impairment 

is due to the initial loss of medium spiny neurons in the striatum. Movement disturbance in 

Huntington's disease can be characterized as a hyperkinetic phase, with chorea as the prominent 

symptom. This symptom can be found in the early stages. This is followed by a hypokinetic phase, 

characterized by bradykinesia, dystonia (uncontrolled muscle contractions) and balance 
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disturbances, which is found in the later stages. In addition to the motor impairments, patients 

suffering from Huntington's disease also experience a wide variety of neuropsychiatric symptoms 

including apathy, anxiety, depression, obsessive-compulsive behavior and psychosis. 

Huntington’s disease is caused by a mutation in the gene for a protein called huntingtin. The defect 

causes the abnormal repetition of cytosine, adenine, and guanine triplet, which are the building 

blocks of deoxyribonucleic acid (McColgan & Tabrizi, 2018). This results in the production of a 

mutant Huntington protein with an abnormally long polyglutamine repeat.  

At the moment, there is no curative treatment for Huntington’s disease. Currently approved 

drugs include TBZ for the treatment of chorea associated with Huntington’s disease (S. Frank, 

2009; Huntington Study Group, 2006). Other than TBZ, deuterabenazine is also used for the 

treatment. Unlike TBZ, deuterabenazine contains deuterium atoms to prolong its half-life. 

Commonly reported side effects include drowsiness, hypertonia, muscle rigidity, depression, 

akathisia, and restlessness. Several antipsychotics have also been used for the treatment of chorea: 

these include SUL, olanzapine and risperidone (Coppen & Roos, 2017). 

 

12.3 ADHD 

 

ADHD is characterized by a series of symptoms, including inappropriate hyperactivity, inattention 

and impulsiveness (Thapar et al., 2012). These symptoms arise from a deficiency in cognitive 

functions, especially the executive system functions (e.g. attentional control, inhibitory control and 

working memory) (Brown, 2008), and are related to the dysfunction of the mesocortical pathway 

in the dopaminergic system. ADHD commonly causes developmental and learning problems, 

resulting in difficulties with speech and language, motor co-ordination and reading. Patients with 
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ADHD also suffer from a range of psychiatric disorders including anxiety, antisocial personality 

disorders and depression. Until now, similarly to other psychiatric disorders (e.g. schizophrenia), 

the exact cause that contributes to the development of the illness is still unknown, although it has 

been hypothesized that there is a complex association between genetic factors and environmental 

risks. Several studies have shown that ADHD is related to the impairment of DA, 5-HT and 

norepinephrine neurotransmission in the brain. This reduction could be due to a dysfunction of the 

transporter including DAT. This is supported by a DAT knockout mouse that exhibits symptoms 

of hyperactivity and deficits in inhibitory behavior (Gainetdinov, 2008). Also, among different DA 

receptor subtypes, it is suggested that the impairments reflect both the D4 and D5 receptor subtypes 

(Faraone et al., 2001; Gizer et al., 2009).  

With ADHD association resulting in the impairment of DA, 5-HT and norepinephrine 

neurotransmission in the brain, the treatment with psychostimulants is suggested to possess 

treatment efficacy because of its ability to increase neurotransmitter levels and receptor 

stimulation. The two most commonly prescribed drugs for ADHD are AMPH and MPH. Patients 

with long-term treatment with AMPH present fewer abnormalities in functional brain networks 

and improve the brain’s functions (Hart et al., 2013). However, chronic administration of these 

drugs leads to the up-regulation of DAT expressions, due to the differences in initial 

responsiveness, which may possibly change risk for subsequent substance abuse (Zahniser & 

Sorkin, 2004).  
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12.4 Reinforcement disorders 

 

I have discussed the mechanisms of action of some psychostimulants (e.g. MPH) that block the 

action of DAT at the presynaptic terminals. This action is based on the synaptic properties on an 

action potential-dependent DA release. Other psychostimulants including AMPH induce DA 

release from presynaptic terminals, and this action is independent of the properties of the neurons 

under action potential modulation. It is also thought that AMPH-induced DA release through 

DAT-mediated reverse transport in addition to its interference with DA reuptake activity (Sulzer 

et al., 2005). However, both mechanisms also lead to an increase in DA availability. This is 

supported by studies that have found that psychostimulants increase extracellular DA 

concentrations in in-vivo (Carboni et al., 1989; Di Chiara & Imperato, 1988). As chronic 

administrations of AMPH leads to up-regulation of DAT expressions, at high dose AMPH will 

also increase various transcription factors expressions, i.e. ΔFosB and CREB, a protein that 

contributes to addictive behavior (Nestler, 2013) (fig. 1-27). This describes general mechanisms 

in which psychostimulants regulate reinforcement properties. In addition to its action on DAT, 

psychostimulants such as cocaine also regulate DA release via other neuromodulators, including 

inhibition of 5-HT transporter (Mateo et al., 2004). I will discuss this regulation later on in the 

section on cross-talk between DA and 5-HT.  
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Fig. 1-27. Psychostimulants alter intracellular signaling cascade which leads to the activation or inhibition of various 

transcription factors (Nestler, 2013). 

 

13. Pathophysiology of schizophrenia 

 

With the end of the basic discussions on dopaminergic and serotonergic systems in the brain and 

general knowledge of some of the DA-related neurological disorders, I would like to proceed with 

the second part of the introduction of this thesis. In this section, I would like to explore and 

understand the pathological aspects of schizophrenia, and later describe the action of approved 

antipsychotics and their mechanisms of action in the brain. Schizophrenia is characterized by 

relapse episodes of psychosis. Psychosis defines as an abnormal condition of the mind that results 

in the difficulties to determine between reality and hallucinations. Since no biological marker for 

schizophrenia has been found so far, the diagnosis of the illness is based on the assessment of the 
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symptoms, as was proposed by Eugene Bleuler; the assessment was printed in the first edition of 

the Diagnostic and Statistical Manual of Mental Disorders (DSM-I). In addition to the diagnosis, 

this assessment also makes suggestions for treatment, and has been continuously updated on the 

basis of new findings, with the latest edition, the fifth (DSM-V), published in 2013. With this 

criterion, the schizophrenia symptoms were first divided into two main categories: positive and 

negative symptoms. It is characterized by having two or more of these symptoms (Substance abuse 

and mental health service administration, 2016). The positive symptoms are episodic and 

associated with acute psychosis. These include hallucinations, delusions, disorganized speech and 

behavior. The negative symptoms generally represent a loss of function and include social 

withdrawal, slowness of thinking and movement, and lack of drive. The latest DSM-V excluded 

emotional expression for the assessment of the negative symptoms. In addition to the positive and 

negative symptoms, the third category, which includes the cognitive deficits, is also recognized 

among the symptoms. Cognitive deficits are the earliest and most constant symptoms found in 

schizophrenia. The cognitive deficits associated with schizophrenia include lack of abstraction, 

verbal memory, attention, working memory and executive functions. Other criteria including 

social dysfunction were also included in the assessment for schizophrenia symptoms. 

 

13.1 Etiology of schizophrenia 

 

The word “hyperdopaminergia” or hyperactivity of DA neurotransmission is synonymous with the 

development of psychosis. DA dysfunctions that contribute to the development of schizophrenia 

were traced in the 1950s with the discovery that chlorpromazine had antipsychotic properties, after 

a search for sedative drugs (Ban, 2007). In 1952, chlorpromazine was approved as an 

antipsychotic. In 1954, reserpine, which is isolated from Rauwolfia roots, was also used for the 
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treatment of “insanity” (psychosis). The use of reserpine, a TH inhibitor that leads to the inhibition 

of DA synthesis, showed benefits for treating psychosis (A Carlsson et al., 1972, 1973). Besides, 

psychostimulant drugs such as AMPH or MPH, which increase monoamine neurotransmitter 

levels, as discussed before, were found to induce psychotic symptoms or increase psychotic 

symptoms suffered by schizophrenics (J. A. Lieberman et al., 1987). The effect of AMPH-induced 

DA release in schizophrenics is generally twice that of the control subjects (Laruelle et al., 1999). 

Thus, over-stimulation of DA receptors has been accepted to contribute to the etiology of psychotic 

symptoms.  

With the advancement of medical technology, more findings have been discovered to 

support this theory. Over-stimulation of DA receptors may come from the dysfunction of 

presynaptic (synthesis and release) or/ and postsynaptic (higher susceptibility or sensitivity of DA 

receptors) dopaminergic terminals (Seeman, 2013). Higher presynaptic DA synthesis, availability 

and release found in the striatum of schizophrenics confirm that the major abnormalities in DA 

transmissionism are from the presynaptic terminals (Howes et al., 2012) (fig. 1-28). Another study 

also supports this theory by reporting that a 14% increase in the DA synthesis capacity was found 

in the striatum of schizophrenics (Fusar-Poli & Meyer-Lindenberg, 2013). Although most of the 

abnormalities in schizophrenics are from the presynaptic terminals, a slight increase of 5.8 ± 2.7% 

(means ± S.E.) in DA receptors density was also found at the postsynaptic terminals, which  

contributes for the higher stimulations (Seeman, 2013).  
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Fig. 1-28. Higher presynaptic DA synthesis, availability and release found in schizophrenics (Howes et al., 2012). 

 

The GPCRs (in this case the D2 receptor) can exist in high (D2H)- or low (D2L)- affinity states for 

DA; such conformation changes can rapidly convert into each other in a matter of seconds or less. 

D2H has been hypothesized to be the functional state related to the action on DA (Seeman, 2013). 

In schizophrenics, there is an increase in the apparent D2H state as compared with normal persons 

(fig. 1-29). However, at the D2H state, the effect of DA on the receptor is not affected even with 

the presence of an antagonist (Boundy et al., 1995). This is interesting because both typical and 

typical antipsychotics are antagonists at the D2 receptor and may be affecting the therapeutic 

efficacy of antipsychotics. 
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Fig. 1-29. Elevation of apparent D2H receptor states in schizophrenics (Seeman, 2013). 

 

These high levels of DA in the striatum, however, do not emerge to the same levels as in other 

brain regions, as there is an inverse relationship of DA release between the striatum and the 

prefrontal cortex. Higher striatal DA release and deficit capacity of prefrontal cortex DA release 

have been found in schizophrenics (Slifstein et al., 2015). There is a direct regulation from the 

prefrontal cortex, as the lesion of DA neurons in the prefrontal cortex results in an increase of DA 

levels and its metabolite in the striatum (Pycock et al., 1980). These lead to the concept of 

schizophrenia, which is characterized by hyperdopaminergia in mesolimbic and 

hypodopaminergia in mesocortical pathways. Furthermore, it is also suggested that the 

schizophrenia positive symptoms arise as a result of striatal hyperdopaminergia, based on the 

finding that higher dopamine metabolite levels are related to greater positive symptoms and 

response to antipsychotic treatment. In turn, it has been hypothesized that both the negative 

symptoms and the cognitive deficits of schizophrenia are a result of frontal cortex 
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hypodopaminergia. This was based on the similarities between behavior exhibited by animals and 

humans with frontal lobe lesions and the development of the negative symptoms. 

 

13.2 Cross-talk between DA and other neurotransmitters contribute to schizophrenia 

 

The fact that over-stimulation of DA receptors aggravates the positive but not the negative 

symptoms of schizophrenia indicates that the DA receptors are not the only receptors accountable 

for schizophrenia. In this section, I would like to discuss the interaction between DA and other 

neurotransmitters which may contribute to the development of the negative symptoms and 

cognitive deficits of schizophrenia.   

 

13.2.1 DA and glutamate 

   

L-glutamate is an amino acid used for the synthesis of proteins. L-glutamate can also act as one of 

the excitatory neurotransmitters or as a precursor for the synthesis of the inhibitory 

neurotransmitter, GABA. L-glutamate is involved in cognitive functions such as learning and 

memory (McEntee & Crook, 1993).  In the central nervous system, L-glutamate can bind and 

activate four different types of receptors; α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid 

(AMPA), N-methyl-D-aspartic acid (NMDA), kainate and metabotropic glutamate receptors. The 

first three are categorized as the ionotropic receptors that upon activation allow the passage of Na+, 

Ca2+ and K+ through the cell membrane, while the metabotropic receptors are coupled to the G-

proteins and activate intracellular second messenger systems. Among these four receptors, NMDA 

is hypothesized to be the receptor that contributes to the full range of psychosis effects, including 
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the negative and cognitive deficits in schizophrenia (Coyle et al., 2012). NMDA receptor is located 

throughout the brain, with the highest densities in the frontal cortex, hippocampus and nucleus 

accumbens (Monaghan & Cotman, 1985). The consumption of phencyclidine, with its primary 

pharmacological properties, as an antagonist to the NMDA receptor will produce 

hypoglutamatergic mechanisms (Allen & Young, 1978). This occurs through GABAergic 

inhibitory interneurons to inhibit glutamatergic projection neurons and could induce a psychotic 

state similar to schizophrenia (Homayoun & Moghaddam., 2007). These findings led to the use of 

NMDA receptor antagonists as a model for schizophrenia in in-vivo studies. 

The interaction between dopaminergic and glutamatergic neurons has been discussed in 

the literature. Based on the hypodopaminergic prefrontal cortex and hyperdopaminergic striatum, 

it is predicted that there is a direct regulation from the prefrontal cortex and the striatum. It is 

hypothesized that this regulation may involve glutamatergic neurons. The prefrontal cortex 

regulates the activity of midbrain DA neurons via both activating and inhibitory pathways (A 

Carlsson et al., 1999). The activating pathway consists of a direct projection to midbrain 

dopaminergic neurons, while the inhibitory pathway involves GABAergic neurons. These dual 

regulations have been demonstrated in rodents, in which higher prefrontal cortex glutamatergic 

stimulation increases but lower stimulation decreases DA release in nucleus accumbens (Jackson 

et al., 2001). In addition, blockade of glutamatergic activity in the ventral tegmental area produces 

an increase of DA release in nucleus accumbens, but a decrease in the prefrontal cortex (Takahata 

& Moghaddam, 2000). This indicates that a loss of glutamatergic receptor functions would result 

in indirect regulations of DA activity in neurons projecting to the prefrontal cortex as well as to 

the mesolimbic pathway.  



49 
 

13.2.2 DA and 5-HT 

 

In addition to the glutamatergic neurons, serotonergic systems have been shown to have an 

interaction with dopaminergic systems. Several studies have shown that 5-HT receptors may also 

regulate DA transmission in the brain. Generally, an excess of 5-HT may potentiate the effect of 

D2 agonist on the inhibition mediated by DA (Brodie & Bunney, 1996). Another study on the 

blockade of 5-HT transporter increases extracellular DA concentration and as showed with the 

effects of cocaine (Mateo et al., 2004). Specific 5-HT receptor subtypes involved in this regulation 

have also been studied. This includes the 5-HT2 receptor subtypes family, where the activation of 

the 5-HT2A receptor increases DA release (Gobert & Millan, 1999), while the 5-HT2A antagonist 

will attenuate DA release (Pehek et al., 2001).  This is different from the 5-HT2C receptor, where 

the agonist suppresses, but antagonists increase DA release (Porras et al., 2002). Other than the 5-

HT2 receptor subtypes family, the 5-HT1A receptor has also been shown to regulate DA release. 

The 5-HT2A antagonist alone appears to suppress DA release, but the combination with the 5-HT1A 

receptor subtype agonist increases DA release (Ichikawa et al., 2001). Furthermore, the 5-HT4 

receptor subtype also appears to be involved in this regulation where its activation has been shown 

to increase DA firing activity (Bonhomme et al., 1995). These findings have shown that 

serotonergic systems may also modulate DA in the brain, but the exact mechanisms on how this 

regulation mediates DA neurotransmission are still unknown. However, given that the 

phencyclidine-model of schizophrenia in rats showed an increase of 5-HT and its metabolite 5-

HIAA levels (Martin et al., 1998), it is assumed that this regulation may involve NMDA receptors.  

In addition to the indirect regulation of 5-HT on DA, the dysfunction of the 5-HT systems 

also plays an important role in the pathophysiology of schizophrenia, and has been implicated with 
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the negative symptoms. Between different types of 5-HT receptor subtypes, it has been suggested 

that 5-HT1A, 5-HT2A, 5-HT2C and 5-HT7 are the strongest receptor candidates for producing 

impairments that contribute to the development of the negative symptoms of schizophrenia 

(Richtand et al., 2007; Schotte et al., 1996). Due to an important aspect of 5-HT receptors in the 

pathophysiology of schizophrenia, I will discuss in the next section how antipsychotics incorporate 

their affinity on 5-HT receptors other than acting on the D2 receptor alone in parts of their 

properties. 

 

13.3 Antipsychotics: their classification and mechanisms of action 

 

There are a wide variety of antipsychotics that have been approved for the treatment of 

schizophrenia over the years, starting from chlorpromazine, which has been approved by U.S. 

F.D.A. in 1973, to the latest lumateperone (LUMA), approved in 2019. All currently approved 

antipsychotics target the D2 receptor. They have been grouped according to their mechanisms of 

action (Mailman & Murthy, 2010). The original antipsychotic drugs, including chlorpromazine, 

fluphenazine, haloperidol, etc., have been called as typical or the first generation. The clinical 

effectiveness of these antipsychotics is highly correlated to their affinity for the D2 receptor (Creese 

et al., 1976). Despite their effectiveness, treatment with this type of antipsychotics may cause many 

side effects, including sedation, autonomic and cardiovascular effect, weight gain, extrapyramidal 

side effects (parkinsonism, dystonia, akathisia), tardive dyskinesia and neuroendocrine effects 

(Mailman & Murthy, 2010).  

Further development of antipsychotics has focused on improving treatment and on 

reducing side effects. These drugs should have at least equal antipsychotic efficacy as the typical 

antipsychotics, and without producing the extrapyramidal and neurological side effects or 
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sustaining prolactin elevation. In the 1970s, clozapine was recognized as showing superior effects 

than typical antipsychotics in the treatment of schizophrenia. Clozapine induces less 

extrapyramidal side effects and tardive dyskinesia, and causes far less of an increase in prolactin 

relative to typical antipsychotics (J. Lieberman et al., 1989). Clozapine possesses many 

characteristics that distinguish it from the typical antipsychotics. The drug has a modest affinity 

for not only the D2 receptor, but also for the 5-HT and many other neurotransmitter receptors 

including histaminergic, muscarinic, and α-adrenergic receptors (Bymaster et al., 1996). Due to 

the proven benefits of clozapine, the mechanism of action of antipsychotics had incorporated the 

affinity on many other neurotransmitter receptors in their properties. Subsequently, all approved 

antipsychotics have shared common properties with high affinity to the 5-HT and other 

neurotransmitter receptors, rather than acting on the D2 receptor alone, which differentiates them 

from typical antipsychotics. These include risperidone, quetiapine, olanzapine, ziprasidone, 

paliperidone, asenapine, iloperidone and lurasidone, which were grouped as atypical or second 

generation of antipsychotics. It was then hypothesized that the benefits of these atypical 

antipsychotics to treat the negative symptoms and cognitive deficits enhance with a higher affinity 

towards 5-HT2A than D2 receptors (Schotte et al., 1996). Such characteristics also share a greater 

ability to treat cognitive functions associated with lower incidence of producing extrapyramidal 

side effects as compared with typical antipsychotics (Meltzer & Mcgurk, 1999). The similarities 

between typical and atypical antipsychotics were their antagonism properties on the D2 receptor. 

These antipsychotics were aimed to block the activation of the D2 receptor, and primarily targeted 

the postsynaptic dopaminergic receptors.  

The newest generation of antipsychotics has shifted its mechanisms of action, targeting the 

presynaptic dopaminergic terminals associated with the finding of the dysfunctional presynaptic 
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dopaminergic terminals that contribute to the development of the positive symptoms of 

schizophrenia (as discussed in the etiology of schizophrenia section). In 2012, ARI was approved 

as the first antipsychotic of this class which acts as a partial agonist on the D2 receptor. Since then, 

the next approved D2R partial agonist antipsychotics were CARI and BREX, both of which were 

approved in 2015, and the latest LUMA, approved in 2019. The similarities and the differences 

between D2R partial agonist antipsychotics will be discussed in the next section. The overall list 

and classification of antipsychotics approved by the U.S. F.D.A. are shown in fig. 1-30. 

 

 

Fig. 1-30. Some of the list of oral antipsychotics approved by the U.S. F.D.A. for the treatment of schizophrenia. 

The mechanisms of action of antipsychotics have shifted from acting on D2 antagonist alone (typical) to 

incorporating affinity on 5-HT receptors and other neurotransmitter receptors in addition to acting on D2 antagonist 

(atypical). The latest development of antipsychotics showed a D2 partial agonist property with a higher affinity on 5-

HT receptors and other neurotransmitter receptors. The diagram is developed from Mailman & Murthy, 2010 and 

the U.S. F.D.A. website.  
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13.4 D2R partial agonist antipsychotics 

 

At the moment, there are four D2R partial agonist antipsychotics. ARI was the first antipsychotic 

approved by the U.S. F.D.A., followed by BREX, CARI and the latest LUMA. The chemical 

structures for all four D2R partial agonist antipsychotics are shown in fig. 1-31.  

 

 

 

 

 
Fig. 1-31. Chemical structure of D2R partial agonist antipsychotics. 

 

To understand the effect and properties of D2R partial agonist antipsychotics, most of the research 

published in the literature was done with ARI as a reference for comparison with other typical and 

atypical antipsychotics. This may be due to the fact that ARI was the only available candidate for 

this class for more than a decade. One of the unique properties of ARI in contrast to other typical 

lumateperone 
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and atypical antipsychotics is its ability to stimulate or block presynaptic D2R depending on 

endogenous DA levels (Ma et al., 2015). At high DA concentrations, the property of ARI changes 

from a partial agonist to an antagonist at D2R. These properties are consistent with the lower 

intrinsic activity of ARI as a partial agonist as compared to DA at D2R. This mechanism of action 

underlines the key role of its unique “DA stabilizer” property on dopaminergic neurotransmission. 

The goal of the intermediate level of D2R stimulation is to remain beneath the threshold for the 

development of positive symptoms induced by excessive DA concentrations, but at the same time 

above the minimum levels to avoid causing adverse effects. ARI has also proved to have the 

capacity to display functional selectivity properties that may cause selective changes to different 

signaling pathways (Tuplin & Holahan, 2017). Therefore, with the activation of D2R, ARI does 

not only activate the G-protein-dependent PKA signaling pathway, but can also simultaneously 

activate glycogen synthase kinase 3β-dependent signaling pathway (Pan et al., 2016).  

Excluding LUMA, which has currently just received approval as an antipsychotic, our 

knowledge of the relationship between the other three D2R partial agonist antipsychotics is still 

lacking. Are the properties which have been shown in ARI (describe above) can also be 

demonstrated on CARI and BREX are still unknown. To further differentiate between D2R partial 

agonist antipsychotics, I would like to take this opportunity to highlight the similarities and 

differences in terms of their properties and efficacies between all D2R partial agonist 

antipsychotics. The differences between D2R partial agonist antipsychotics can be related to their 

binding affinities and efficacies towards D2, D3 and other receptors, including 5-HT, adrenergic, 

histamine, etc. as follows:  
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D2-like receptors: 

➢ D2S receptor: 

ARI, CARI, BREX and LUMA possess partial agonists activity at D2R, with BREX having higher 

affinities for the receptor (0.30nM), followed by ARI (0.34nM) and CARI (0.69nM) and LUMA 

(32nM) at much less affinity (Kiss et al., 2010; Kumar & Kuhad, 2018; K. Maeda et al., 2014; 

Shapiro et al., 2003).  

➢ D2L receptor: 

LUMA, on the other hand, is the only antipsychotic of this class reported to act differently on both 

presynaptic D2R and postsynaptic D2 receptors. While LUMA acts as a partial agonist at the 

presynaptic D2R, it can also behave differently (as an antagonist) at the postsynaptic D2 receptor 

(Kumar & Kuhad, 2018).  

➢ D3 receptor: 

In addition to the D2 receptor, ARI, CARI and BREX act as partial agonists at D3 receptor where 

CARI (0.085nM) has 10-fold higher affinity than ARI (0.8nM) (Kiss et al., 2010; Shapiro et al., 

2003), followed by BREX (1.1nM) at much less affinity (K. Maeda et al., 2014). CARI has also 

been shown to have rapid binding kinetics (Frank et al., 2018) towards the D3 receptor. At low 

concentrations, CARI occupies most of the D3 receptor in the striatum and cerebellum, as 

compared with ARI (Gyertyán et al., 2011). D3 receptor has been hypothesized to be involved in 

social interactions and cognitive functions (Watson et al., 2012), and CARI appears to show greater 

improvement in negative symptoms compared with ARI (Earley et al., 2019), and risperidone 

(Németh et al., 2017).  
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5-HT receptors: 

Due to the important role of 5-HT receptors in schizophrenia, as discussed in the section on cross-

talk between DA and 5-HT, all D2R partial agonist antipsychotics have a higher affinity to these 

receptors.  

➢ 5-HT1A receptor: 

ARI, CARI and BREX possess a partial agonist activity at 5-HT1A receptor, with BREX having a 

higher affinity for this receptor (0.12nM) followed by ARI (1.7nM) and CARI (2.6nM) (Kiss et 

al., 2010; Kenji Maeda et al., 2014; Shapiro et al., 2003).  

➢ 5-HT2A receptor: 

ARI, CARI, BREX and LUMA are also antagonists at the 5-HT2A receptor, with BREX having 

the highest affinity for this receptor (0.47nM) followed by LUMA (0.54nM), ARI (3.4nM) and 

CARI (18.8nM) (Kiss et al., 2010; Kumar & Kuhad, 2018; Kenji Maeda et al., 2014; Shapiro et 

al., 2003).  

➢ 5-HT2C receptor: 

ARI, CARI and BREX are also antagonists at the 5-HT2C receptor, with BREX possessing the 

highest affinity for this receptor (12nM) followed with ARI (15nM) and CARI (134nM) (Kiss et 

al., 2010; Kenji Maeda et al., 2014; Shapiro et al., 2003).  

➢ 5-HT7 receptor: 

Other than 5-HT1A, 5-HT2A and 5-HT2c, ARI, CARI and BREX are also antagonists at the 5-HT7 

receptor, with BREX having the highest affinity for this receptor (3.7nM) followed by ARI 

(9.6nM) and CARI (111nM) (Kiss et al., 2010; Kenji Maeda et al., 2014; Shapiro et al., 2003).  
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➢ Histamine H1 receptor: 

Other than all the receptors mention above, ARI, CARI and BREX also act as antagonists at the 

histamine H1 receptor, with BREX having the highest affinity for this receptor (19nM) followed 

by ARI (27.9nM) and CARI (23.2nM) (Kiss et al., 2010; Kenji Maeda et al., 2014; Shapiro et al., 

2003). 

➢ Adrenergic α1A receptor: 

Furthermore, ARI, CARI and BREX also act as antagonists at the α1A-adrenergic receptor, with 

BREX having the highest affinity for this receptor (3.8nM) followed with ARI (25.9nM) and CARI 

(155nM) (Kiss et al., 2010; Kenji Maeda et al., 2014; Shapiro et al., 2003). 

 

This kind of properties are probably important as it has been associated with low incidences of 

neurological side effects, weight gain and prolactin elevation in patients receiving treatment with 

D2R partial agonist antipsychotics compared with other approved antipsychotics (Taylor et al., 

2018). In addition, as noted, BREX has the highest affinity for all the 5-HT receptor subtypes 

mentioned above, together with the histamine H1 and the α1-adrenergic receptors, as compared 

with ARI and CARI. Also, BREX shows a modest reduction in impulsivity and significantly low 

incidence to develop akathisia compared with ARI (Citrome et al., 2016). 
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Aim 

 

This thesis aims to expand our knowledge on the homeostatic regulation of presynaptic terminals 

controlling DA synthesis and storage in the striatum. This regulation is of interest since 

impairments at the presynaptic terminals may have neurological consequences in diseases such as 

schizophrenia, Parkinson’s, ADHD, etc. In addition, the definition of mechanisms of action of 

pharmacological treatments for these diseases are based on their synaptic actions. Thus, I have 

given special relevance to clinically useful treatments and their possible combinations in search 

for future treatments. 

  



61 
 

Objectives 

 

The first objective of this thesis is to increase our understanding of the overall homeostatic 

mechanisms toward regulation of DA accumulation at the presynaptic terminals in the striatum. 

Synaptic mechanisms related to the DA synthesis, vesicular uptake, storage, release, reuptake, 

metabolism and feedback regulations by D2R need to be studied to understand how several drugs 

such as QUIN, ARI, TBZ, OKA, PAOPA, AMPH and MPH act. Part of this data continues 

research done by a previous Ph.D. student (Marta González-Sepúlveda) for the manuscript in the 

Appendix. In addition, the combination of different clinically useful drugs (e.g. TBZ with ARI and 

PAOPA -experimental- with QUIN) is of relevance in search of a synergistic effect that could lead 

to better treatment approaches.  

 The second objective of this thesis is to examine the mechanism of actions of D2-like 

partial agonist antipsychotics at presynaptic D2R. We assumed all three D2-like partial agonist 

antipsychotics should have similar effects but with different efficacies on brain presynaptic D2R. 

Thus, these present experiments will: 

➢ compare the similarities and differences in the functional properties and efficacy of D2-like 

partial agonist antipsychotics in modulating DA feedback-regulations at presynaptic D2R;  

➢ assess if both agonist and antagonist properties under different dopaminergic tone 

previously documented with ARI (Ma et al., 2015), can also be observed with CARI and 

BREX at presynaptic D2R; and 

➢ contribute to understanding the discrepancies in their functional properties and efficacy 

between all three D2-like partial agonist antipsychotics at presynaptic D2R. 
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The third objective of this thesis is to explore the implication of non-D2 receptor 

components in the properties of D2-like partial agonist antipsychotics on DA dynamics. In my 

introduction, I have discussed that all three D2-like partial agonist antipsychotics share common 

properties with distinct affinities at different receptors other than on the D2 receptor. Thus, some 

of these properties are worth studying to assess if there is an interaction from the corresponding 

receptor of interest that may indirectly modulate DA accumulation and enhance the efficacy of D2-

like partial agonist antipsychotics at presynaptic D2R. These include: 

➢ the higher affinity of CARI than ARI and BREX on D3 receptor; and 

➢ the high affinity of D2-like partial agonist antipsychotics towards certain 5-HT receptor 

subtypes. For this, the use of more specific agonists and antagonists of these receptor 

subtypes could provide an indicator of whether there is any effect that could be suggestive 

of a cross-talk between D2 and selected 5-HT receptor subtypes. 
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1.  Materials 

 

1.1 Chemicals 

 

Optiphase ‘Hisafe’-III liquid scintillation cocktail and [3,5-3H]-l-tyrosine ([3H]-Tyr), 40–60 

Ci/mmol, were purchased from PerkinElmer, Boston, MA, USA. Natrium hydrogen carbonate, 

potassium dihydrogen phosphate and magnesium sulfate heptahydrate were obtained from Merck 

Biosciences, Darmstadt, Germany. Sodium disulphite and d-(+)-glucose anhydrous were 

purchased from Panreac Quimica S.A.U., Spain. Perchloric acid 70% and triethylamine were 

obtained from Fluka Biochemika, Switzerland. Sodium chloride and sodium hydroxide were 

purchased from Scharlau S.L., Spain. Octane-1-sulphonic acid sodium salt, HPLC grade was 

obtained from Romil Ltd, Cambridge, UK. Methanol and acetonitrile, both with ultra-gradient 

HPLC grade were from J.T. Baker, Netherlands. Other chemicals include l-ascorbic acid, calcium 

chloride dihydrate 99%, potassium chloride, sodium phosphate monobasic monohydrate 98%, 

ethylenediaminetetraacetic acid disodium salt dihydrate 99%, DA hydrochloride, dimethyl 

sulfoxide 99.5% (DMSO), citric acid and trichloroacetic acid 99% were purchased from Sigma-

Aldrich, Steinheim, Germany. 
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1.2 Drugs 

 

ARI was kindly provided by Otsuka Pharmaceutical Co. Ltd., Tokyo, Japan. CARI hydrochloride 

and BREX were purchased from MedChem Express. (-)-quinpirole hydrochloride (QUIN), (s)-(-

)-sulpiride (SUL), SB 277011-A dihydrochloride (SB 277011-A), okadaic acid (OKA), PAOPA, 

MDL 100907, 8-OH DPAT and SB 258719 were obtained from Tocris Bioscience, UK. D-

amphetamine sulfate (AMPH), methylphenidate hydrochloride (MPH) and 3-

hydroxybenzylhydrazine dihydrochloride (NSD-1015) were from Sigma-Aldrich, Steinheim, 

Germany. ARI, CARI, BREX and SUL were dissolved in DMSO, while QUIN, NSD-1015, 

AMPH, MPH, PAOPA, SB 277011-A, MDL 100907, 8-OH DPAT and SB 258719 were directly 

dissolved in milli-q water before all were further diluted with modified Krebs-Ringer-bicarbonate 

medium (Krebs-Ringer buffer) as described below: 

 

1.3 Preparation of Krebs-Ringer buffer 

 

Krebs-Ringer buffer was prepared with the following composition: 120mM sodium chloride, 

0.8mM potassium chloride, 2.6mM calcium chloride dihydrate, 0.67mM magnesium sulfate 

heptahydrate, 1.2mM potassium dihydrogen phosphate, 27.5mM sodium hydrogen carbonate, and 

10mM d-(+)-glucose anhydrous dissolved in milli-q water. Half of the chemicals (sodium chloride, 

potassium chloride, potassium dihydrogen phosphate and magnesium sulfate heptahydrate) were 

dissolved in milli-q water and prepared earlier, and the rest of the chemicals, consisting of calcium 

chloride dihydrate, sodium hydrogen carbonate and d-(+)-glucose anhydrous, were added into the 
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solution right before the experiments were done. The buffer was saturated with 95% O2/5% CO2 

(carbogen) and the pH was adjusted into pH 7.4 with diluted NaOH solution. 

 

1.4 Mobile Phase used in HPLC system 

 

1.4.1 Preparation the mobile phase for [3H]-Tyr purifications 

 

The mobile phase used for the purification of [3H}-Tyr with HPLC-UV is an ion-pair mobile phase 

that consists of the following compositions: 100mM sodium phosphate monobasic monohydrate 

and 0.19mM octane-1-sulphonic acid sodium salt dissolved in milli-q water. The pH was adjusted 

into pH 3.4 with a diluted phosphoric acid solution. The mobile phase solution was then filtered 

and degassed before 1% (vol/vol) methanol was added into the solution prior to the analysis. 

 

1.4.2 Preparation the mobile phase for quantification of [3H]-DA synthesis, [3H]-DA release 

and [3H}-DA storage  

 

The mobile phase used for the determination of [3H]-DA synthesis with HPLC-UV is an ion-pair 

mobile phase that consists of the following compositions: 100mM sodium phosphate monobasic 

monohydrate and 0.75mM octane-1-sulphonic acid sodium salt dissolved in milli-q water. The pH 

was adjusted into pH 4.5 with a diluted hydrochloric acid solution. The mobile phase solution was 

then filtered and degassed before 15% (vol/vol) methanol was added into the solution prior to the 

analysis. 
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1.4.3 Preparation the mobile phase for quantification of endogenous DA, DOPAC, 5-HT and 

5-HIAA concentrations 

 

The mobile phase used for the determination of endogenous DA, DOPAC, 5-HT and 5-HIAA with 

HPLC-EC is an ion-pair mobile phase that consists of the following compositions: 0.055M citric 

acid, 0.063mM ethylenediaminetetraacetic acid disodium salt dihydrate and 1.217mM octane-1-

sulphonic acid sodium salt dissolved in milli-q water. The pH was adjusted into pH 7.2 with a 

diluted triethylamine solution. The mobile phase solution was then filtered and degassed before 

0.5% (vol/vol) acetonitrile was added into the solution prior to the analysis. 
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2. Methods 

 

Animals were handled in accordance with the Ethics Committee for Human and Animal Research 

(Universitat Autònoma de Barcelona), compliance with the guidelines established by the Ethical 

Committee for the use of Laboratory Animals in Spain (53/2013) and European Community’s 

Council Directive 1986(86/609/EEC). The experimental protocols were performed as previously 

described (González-Sepúlveda et al., 2013; Ma et al., 2015) as below:  

 

2.1 Striatal tissue preparations 

 

A total of 69 male (aged (week) 8.5 ± 0.9 (mean ± SD), with approximate weight (g) 329.2 ± 54.1, 

(mean ± SD)) and 9 female (aged (week) 9.1 ± 1.8 (mean ± SD), with approximate weight (g) 

231.6 ± 29.7, (mean ± SD)) of Sprague-Dawley rats (Charles River laboratories, France) were used 

in this study. The rats were euthanized via carbon dioxide asphyxiation in the animal service, 

Universitat Autònoma de Barcelona, between 0800-1000hrs. The brain was immediately removed 

and chilled in ice-cold Krebs-Ringer buffer. Striatal tissue (from both hemispheres) was dissected 

and minced using McIlwain tissue chopper (The Mickle Laboratory Engineering Co., Surrey, UK), 

with an approximate cube shape of 0.3x0.3mm/side. This procedure was done in a 4oC room to 

facilitate cooling of the tissue. Tissue minces were then suspended in ice-cold Krebs-Ringer buffer 

followed with centrifugation (1000rpm, 1-min, 3x) to remove the cell debris and molecules 

released during tissue processing, which includes intracellular proteases and DA (Anna Galán, 

unpublished observation). The supernatant was discarded for each centrifugation and the final 

volume of Krebs-Ringer buffer added was according to the total number of samples for each 



70 
 

experiment. Striatal tissue from a single rat yielded up to 28 aliquots of 25μl (0.3-0.7mg protein 

each) corresponding to 24 incubation samples and 4 blank samples inside a 2ml polypropylene 

tube containing 225μl of Krebs-Ringer buffer. Overall steps for striatal tissue preparations are 

illustrated in fig. 3-1. 

 

 

 

 

  

Sprague-Dawley rats were euthanized with CO2 

asphyxiation.  

Brain was immediately extracted and suspended in ice-

cold Krebs-Ringer buffer. 

Striatal tissue as shown with an arrow (from both brain 

hemisphere) was dissected. 

Tissue minces were then suspended in ice-cold Krebs-

Ringer buffer followed with a centrifugation (1000rpm, 

1-min, 3x) to remove the cell debris. 

Striatal tissue was then minced using McIlwain tissue 

chopper, with an approximate cube shape of 

0.3x0.3mm/side.  

Fig. 3-1. Overall steps for striatal tissue preparations. 
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2.2 Determination of [3H]-DA synthesis, [3H]-DA release and [3H]-DA storage 

 

2.2.1 [3H}-Tyr purification using high-performance liquid chromatography with ultraviolet 

detector (HPLC-UV) 

 

The radio-labeled [3H]-Tyr precursor, 40–60 Ci/mmol, was purified before use to maintain a high 

degree of purity after storage due to its degradation (rate of 1–3 % per month). The HPLC system 

used for this purification consisted of a reverse-phase C18 column (Tracer Extrasil ODS2, 5m 

particle size, 25x0.46cm; Teknokroma, Spain) and equipped with a UV detector set at 285nm. Ion-

pair mobile phase was used as described above and the flow rate was set at 1.0 ml/min. Under 

these conditions, tyrosine was eluted between 9–10 min. For each purification, 0.4mCi of [3H]-

Tyr was injected into the HPLC, and the whole [3H]-Tyr fraction (1.5–1.8ml) was collected. An 

aliquot from the [3H]-Tyr fraction was mixed with optiphase ‘Hisafe’-III liquid scintillation 

cocktail in a scintillation vial for quantification using a liquid scintillation counter (Perkin Elmer 

Tri-Carb 2810TR, USA). Results were recorded as disintegration per min (DPM) counts. The 

concentration of [3H]-Tyr was determined based on the DPM counts and area under the curve 

against an external standard calibration curve of non-radiolabeled tyrosine injected with the final 

concentration of 2.5-20nmol/µl prior to the analysis. This concentration was used to determine the 

amount of [3H]-Tyr to be added into each sample for the synthesis of [3H]-DA. 
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2.2.2 Drug(s) treatment and samples incubation for the determination of [3H]-DA synthesis 

 

Striatal tissue samples which had been prepared were incubated for 120-min (incubation-time-

dependent effects in our experimental conditions: González-Sepúlveda et al., submitted) at 37°C, 

400 rpm with discontinuous 15s/10s of agitation/interval in an Eppendorf Thermomixer Comfort 

(5 Prime, Inc., Boulder, CO) under carbogen atmosphere. SUL, if used, was added into the samples 

at the latest 20-min prior to the treatment with the drug (QUIN, ARI, CARI, BREX, or DMSO), 

which was added at 10-min before the end of incubation time. Depolarizing condition was obtained 

by increasing potassium (K+) concentrations in the Krebs-Ringer buffer with concentrated 

potassium chloride, added 10-min before drug treatments. The radio-labeled [3H]-Tyr was added 

with a final concentration of 0.10μM to all the samples, and the incubation was continued for 

another 10-min to synthesize [3H]-DA. The experiment ended with the addition of a deproteinizing 

solution that contains the following compositions: 7% w/v trichloroacetic acid, 32.2nMol l-

ascorbic acid and 25nMol DA hydrochloride as an internal standard. The internal standard was 

used to quantify the recovery efficiency during sample incubations as well as to facilitate the 

collection of [3H]-DA by providing the peak signal for DA to be detected via HPLC-UV. For the 

blank samples (non-incubated), the deproteinizing solution was added before [3H]-Tyr; the 

samples were kept on ice throughout the experiments. The acidic condition of deproteinizing 

solutions will reduce pH and stop the reactions by denaturing enzymes in the tissue samples. 

Overall experimental design of drug incubation time for the determination of [3H]-DA synthesis 

is indicated as a timeline in fig. 3-2. At the end of the incubations, all samples were kept on ice 

before being further homogenized using Dynatech/Sonic Dismembrator (Dynatech Labs, 

Chantilly, VA) for approximately 5s. This sonication will allow the liberation of intracellular [3H]-
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DA for quantifications. An aliquot (10µl) was taken for protein quantifications using Pierce BCA 

protein assay (Thermo Scientific, IL, USA), to consider the variability of tissue contents in each 

sample tube. Samples were then centrifuged (12,000rpm, 10-min, 4°C), and supernatants were 

recovered. [3H]-DA was analyzed with HPLC-UV.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3-2. Experimental design of drug incubation time for the determination of [3H]-DA synthesis is illustrated in a 

timeline under (a) non-depolarized condition of 2mM K+ and (b) depolarizing condition with concentrated K+. 
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2.2.3 Drug(s) treatment and samples incubation for the determination of [3H]-DA release and 

[3H]-DA storage 

 

For the determination effect of the drugs on [3H]-DA release and [3H]-DA storage, the same striatal 

tissue samples preparation was used. Similar pre-incubation time and conditions were applied. 

However, the radio-labeled [3H]-Tyr with a final concentration of 0.10μM was added to all the 

samples at the beginning of samples incubation to newly synthesize [3H]-DA. Later, NSD-1015 

with a final concentration of 10μM was added into all the samples at the latest 40-min prior to the 

treatment with the drug (AMPH, ARI, CARI or BREX), which was added at 30-min before the 

end of pre-incubation time. NSD-1015 may block the activity of aromatic amino acid 

decarboxylase, and prevent new [3H]-DA synthesis production or any effect towards increasing or 

decreasing [3H]-DA synthesis from the drugs treatment. Thus, any changes in [3H]-DA 

concentrations in the tissue may indicate the effect of [3H]-DA depletion from storage. The 

supernatant was then carefully isolated (reflecting the amount of [3H]-DA being released), and a 

new Krebs-Ringer buffer was added into the tissue samples with the same final volume. The 

experiment ended with the addition of the same deproteinizing solution as above into both the 

supernatant and the tissue samples. For the blank samples (non-incubated), the deproteinizing 

solution was added before the addition of [3H]-Tyr, which took place prior to the separation 

between the supernatant and the tissue samples. Both the supernatant and the tissue from the blank 

samples were kept on ice throughout the experiments. Overall experimental design of drug 

incubation time for determination of [3H]-DA release and [3H]-DA storage is shown in a timeline 

in fig. 3-3. At the end of the incubation, all samples were kept on ice before further homogenized 

using Dynatech/Sonic Dismembrator (Dynatech Labs, Chantilly, VA) for approximately 5s. This 
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sonication will allow the liberation of intracellular [3H]-DA for quantifications. An aliquot (10µL) 

was also taken for protein quantifications using Pierce BCA protein assay (Thermo Scientific, IL, 

USA), to consider the variability of tissue contents in each sample. All samples were then 

centrifuged (12,000rpm, 10-min, 4°C), and supernatants were recovered. [3H]-DA in both 

supernatant and tissue samples were analyzed with HPLC-UV. 

 

 

 

 

 

 

 

Fig. 3-3. Experimental design of drug incubation time for the determination of [3H]-DA release and [3H]-DA storage 

is illustrated in a timeline. 

 

2.2.4 Introduction of the HPLC system 

 

The HPLC system is one of the techniques used for purification and to separate each component 

in mixtures. The HPLC is mainly constituted of an injector, a pump, a column (stationary phase) 

and a liquid form of a mobile phase (solvent), as illustrated in fig. 3-4. The HPLC is usually 

connected with a detector to visualize, identify and quantify each component in the compound. 

Each component is visualized in a peak with its concentration quantified based on the area under 

the curve. The HPLC system relies on the pump to control and pressurize the liquid form of the 

mobile phase, which carries the injected sample through a column. This column consists of an 
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adsorbent (e.g. silica in a reverse-phase column) to separate each component from the mixtures 

depending on the degree of interaction with the adsorbent particles. The composition and the pH 

of the mobile phase together with the flow rate, which can be controlled via the pump, play an 

important role to regulate the retention time for an analyte. 

 

 

Fig. 3-4. The HPLC system. The image is extracted from https://www.waters.com/waters/en_US/How-Does-High-

Performance-Liquid-Chromatography-Work%3F/nav.htm?cid=10049055&locale=en_US 

 

2.2.5 [3H]-DA analysis with HPLC-UV 

 

The chromatographic system used for [3H]-DA analysis consists of a reverse-phase C18 column 

(Tracer Extrasil ODS2, 5μm particle size, 25x0.46cm; Teknokroma, Spain). The C18 column 

contains a hydrophobic string with 18 carbons. The longer carbon strings enhance the interaction 

area, thus increasing the retention, to isolate and detect DA in the tissue samples. An ion-pair 

mobile phase was used as described above, and the flow rate was set at 1.0 ml/min. The 

hydrophobic moiety of octane-1-sulphonic acid sodium salt used in the mobile phase interacts with 

https://www.waters.com/waters/en_US/How-Does-High-Performance-Liquid-Chromatography-Work%3F/nav.htm?cid=10049055&locale=en_US
https://www.waters.com/waters/en_US/How-Does-High-Performance-Liquid-Chromatography-Work%3F/nav.htm?cid=10049055&locale=en_US
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hydrophobic strings in C18 column and together with the negative charge from octane-1-sulphonic 

acid sodium salt enhances the retention time of positively charged amines, such as DA. The HPLC 

system is connected with a UV detector, set at 285nm to detect DA used as an internal standard. 

This is due to the low sensitivity of the UV detector, which is not able to detect endogenous DA 

in the tissue samples (fig. 3-5). Thus, the DA fraction detected by the UV detector was a mixture 

of three sources of DA, including the endogenous DA, the [3H]-DA which was synthesized from 

the [3H]-Tyr, and DA which was used as the internal standard. Since both DA from endogenous 

and internal standards were not radioactively labeled, their presence was not quantitatively 

measured by liquid scintillation and was not affect the calculation of [3H]-DA concentration.  

 

 

Fig. 3-5. Typical peaks of a UV chromatogram obtained from the tissue samples. The first peak is ascorbic acid 

while the second peak is the DA fraction (Ma G.F., Ph.D. thesis 2014).   
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The same volume of 50µL for each sample and the internal standard were injected into the HPLC-

UV and the recovery of the internal standard was quantified via internal/external standard peak 

area. Besides, since the [3H]-Tyr was used as a precursor for the synthesis of new [3H]-DA, there 

was an excess of [3H]-Tyr in each sample (in order to ensure enough [3H]-Tyr available for the 

synthesis of [3H]-DA). In our protocols, we did not use tyrosine as an internal standard and this 

[3H]-Tyr peak could not be detected by the UV detector and did not appear in the chromatogram. 

Therefore, this [3H]-Tyr can be excluded in the measurements by ensuring there is enough 

separation in the retention time between the [3H]-Tyr and [3H]-DA fractions as shown in fig. 3-6; 

this was done at the beginning of the study.   

 

 

Fig. 3-6. Temporal outline of radioactivity present in the eluates in comparison with DA chromatogram. The black 

peaks represent the DPM counts while the pink peaks indicate the absorbance value obtained from the UV detector 

(Ma G.F., Ph.D. thesis 2014).  
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The retention time of DA, based on the conditions used in our HPLC system, was around 10-min. 

The fractions of DA were collected in scintillation vials; this sampling took approximately 2.70-

min. This eluent, which consists of DA fractions, was later mixed with an optiphase ‘Hisafe’-III 

liquid scintillation cocktail (to convert the kinetic energy of nuclear emissions and provide better 

counting and detection efficiency) to a final volume of 8ml. [3H]-DA concentration was then 

quantified using a liquid scintillation counter (Perkin Elmer Tri-Carb 2810TR, USA).  

 

2.2.6 Results 

 

Results were recorded as DPM counts and were corrected with the following variables: (1) DA 

internal standard recovery, (2) DPM counts in blank samples, and (3) amount of protein in each 

incubated sample tubes. Results were presented in the form of concentration-response curves or 

histogram after normalization of the data to the percent of control in the same brain incubations 

and pooling of data from more than one brain with the number of samples (n) indicated in the 

graph/ bar/ figure legends.  

 

2.3 Determination of endogenous DA, DOPAC, 5-HT and 5-HIAA concentrations 

 

2.3.1 Drug treatments and sample incubations 

 

For the determination of endogenous DA and DOPAC concentrations, the preparation of striatal 

tissue minces was similar to above. However, the drug(s) (QUIN, ARI, CARI, BREX, SUL, SB 

277011-A, etc.) treatment was added at the beginning of the sample incubations. Similar pre-

incubation time and conditions were applied. The incubation ended with the addition of 10 
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volumes (w/v) deproteinizing solution of 0.25M perchloric acid containing 0.25mM 

ethylenediaminetetraacetic acid disodium salt dihydrate and 0.1mM sodium disulphite. For 

showing basal values (non-incubated) in the samples, the deproteinizing solution was added at the 

beginning of sample incubations and they were kept on ice throughout the experiments. The 

experimental design of drug incubation time for the determination of endogenous DA and DOPAC 

accumulation is described in a timeline in fig. 3-7. During the first 120-min of sample incubations, 

a typical 4-fold increase of endogenous DA occurs, thought to reflect new DA formation and 

storage without release in non-depolarizing conditions (González-Sepúlveda et al., submitted). 

Thus, in this thesis I have called this increase “spontaneous DA accumulation”. At the end of the 

incubations, all samples were kept on ice before being further homogenized using Dynatech/Sonic 

Dismembrator (Dynatech Labs, Chantilly, VA) for approximately 5s. An aliquot (10µl) was taken 

for protein quantifications using Pierce BCA protein assay (Thermo Scientific, IL, USA), to 

quantify tissue in each sample tubes. Samples were then centrifuged (13,000rpm, 5-min, 4°C), and 

the supernatants were recovered. The concentrations of DA, DOPAC, 5-HT and 5-HIAA were 

quantified using high-performance liquid chromatography with electrochemical detector (HPLC-

EC). 

By using the above sample preparations, neither the endogenous 5-HT nor the 5-HIAA 

concentrations were able to be detected and quantified by our HPCL-EC. For the determination of 

endogenous 5-HT and 5-HIAA concentrations in each sample, the preparation of striatal tissue 

minces was slightly modified to increase the tissue content in each sample tube. Therefore, the 

number of samples prepared from a single rat brain was reduced to a total of 24 samples. 

Furthermore, to concentrate the amount of endogenous 5-HT and 5-HIAA concentrations to be 

detected, the total volume for each sample was also reduced. For this experiment, each sample 
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consisted of 25μl of striatal tissue samples in 100μl of Krebs-Ringer buffer inside a 2ml 

polypropylene tube containing 100μl of Krebs-Ringer buffer. The same experimental design as for 

the determination of endogenous DA and DOPAC concentrations was followed, with the drug 

added at the beginning of the sample incubations. At the end of the incubations, similar protocols 

including homogenization, protein determination and centrifugations were followed as above.  

 

 

 

 

 

 

Fig. 3-7. Experimental design of drug incubation time for determination of endogenous DA, DOPAC, 5-HT and 5-

HIAA accumulation is illustrated in a timeline. 

 

2.3.2 Analysis of DA, 5-HT and its metabolites by HPLC-EC 

 

For the determination of DA, DOPAC, 5-HT and 5-HIAA concentrations, the HPLC-EC was used 

for higher sensitivity. The chromatographic system used consists of a reverse-phase C18 column 

(2.5m particle Fortis C18, 10 x 0.46 cm, Sugelabor, Spain). The flow rate was set at 1.5ml/min. 

The HPLC system was equipped with Coulochem II (ESA) detector (model 5011 dual-electrode 

analytical cell with porous graphite electrodes) to detected, separated and quantified DA, DOPAC, 

5-HT and 5-HIAA concentrations in the samples (fig. 3-8). The potential of electrodes 1 and 2 was 

set at −0.05V and +0.4V respectively. The concentration of endogenous DA, DOPAC, 5-HT and 

5-HIAA in the tissue samples was determined on the basis of the area under the curve against an 

Time (min)  t (0)  t (120) 

Incubation start 

 

Drug(s)  

 

Incubation end  

  

Deproteinizing 

solution  
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external standard of the calibration curve (final concentrations of 10-200nmol/µl obtained from 20 

µl of injections) which was done prior to the analysis. The same volume for the samples (20µl) 

was injected into the HPLC-EC for the analysis of endogenous DA and DOPAC, while the amount 

of aliquot injected for the analysis of endogenous 5-HT and 5-HIAA was doubled. 

   

 

Fig. 3-8. Typical peaks of a chromatogram obtained from the tissue samples using HPLC-EC. The black peaks 

represent both DA and DOPAC fractions in the tissue samples while the pink peaks indicate the external standard 

used for quantifications. 

 

  

Minutes

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

m
V

-600

-500

-400

-300

-200

-100

0

100

200

300

400

500

600

700

800

900

1000

1100

m
V

-600

-500

-400

-300

-200

-100

0

100

200

300

400

500

600

700

800

900

1000

1100

(N
A

)   

0
,0

0
0

 B
D

L

(L
-d

o
p

a
)   

0
,0

0
0

 B
D

L

D
o

p
a

c   

4
3

,8
3

1

D
A

  

6
0

,4
3

2

(5
H

II
A

)   

0
,0

0
0

 B
D

L

H
V

A

  

4
,6

1
1

N
A

  

1
5

0
,0

0
0

 C
A

L

  
 0

,0
0

0

L
-d

o
p

a   

1
5

0
,0

0
0

 C
A

L

  
 0

,0
0

0

D
o

p
ac

  

1
5

0
,0

0
0

 C
A

L

D
A

  

1
5

0
,0

0
0

 C
A

L

5
H

II
A

  

1
5

0
,0

0
0

 C
A

L

H
V

A

  

1
5

0
,0

0
0

 C
A

L

  
 0

,0
0

0

AID
C2

Name

ESTD concentration

AID
mix_150_2

Name
ESTD concentration



83 
 

2.3.3 Results 

 

Results were expressed via the concentration of DA, DOPAC, 5-HT and 5-HIAA versus mg 

protein in each sample. While the concentration-response curves obtained from more than one 

brain incubations were normalized to percent of control in the same brain incubation and pooling 

of data from more than one brain with the number of samples (n) indicated in the graph/ bar/ figure 

legends. The relationship between the DOPAC/ DA and the 5-HIAA/ 5-HT concentration ratios 

was presented as a release or metabolism index. 

 

2.4 Statistical analysis 

 

Statistical analysis was carried out with GraphPad Prism software (version 4) (GraphPad Software 

Inc, USA). Data were presented as mean ± standard error of the mean (SEM). Interaction between 

2 factors was assessed by two-way analysis of variance (ANOVA) followed by Bonferroni test for 

post-hoc comparison. One-way ANOVA was applied with Dunnett´s post-hoc test for comparison 

against control or Bonferroni post-hoc test for direct comparison between tested groups. Statistical 

analysis of treated drug and the respective control was performed by the unpaired Student´s t-test. 

A difference was considered to be statistically significant at *p<0.05, **p<0.01 and ***p<0.001. 
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Results  

 

1. First objective: Increase our understanding of the overall homeostatic mechanisms 

toward regulation of DA accumulation at presynaptic neurons in the striatum. 

 

In our ex-vivo experimental method, the mincing of brain striata on ice during tissue preparations 

releases DA from synaptic vesicles, which leads to a decrease of DA concentration and increase 

its metabolism. This was discovered in our group in 2020 by Anna Galán, who found a decrease 

of DA levels but an increase in the DOPAC and the DOPAC/ DA concentration ratio in minced 

vs. unminced striatal tissue, thus indicating transiently higher cytosolic DA levels in striatal tissues 

which undergo such processing, despite the low temperature (0-4ºC) maintained. However, during 

tissue sample incubations at 37ºC, there is a 3-4-fold spontaneous increase in endogenous DA 

levels in the first 120-min of samples incubation, reaching higher DA levels than previously to 

mincing. During this process, endogenous DA can actively be synthesized, reaccumulated and 

refilled inside the synaptic vesicles. The increase of DA synthesis was highly dependent on a 

negative-feedback mechanism on TH primarily via cytosolic DA, until it reached a plateau state 

where the equilibrium between DA storage and leak from vesicles was achieved, probably due to 

the maximal storage capacity (González-Sepúlveda et al., submitted). Such an effect also occurs 

without any external stimulation at low K+ concentration (2mM K+), which prevents DA release. 

This observation opens a new framework of research towards understanding the homeostatic 

mechanisms on the regulation of DA storage dynamics at presynaptic terminals and its 

pharmacological utility as a test of the synaptic effects of dopaminergic drugs. 
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1.1 Spontaneous increase of endogenous DA accumulation over incubation time 

 

In order to understand the overall homeostatic mechanisms toward regulation of DA accumulation 

at presynaptic neurons in the striatum, a similar experiment with the same experimental conditions 

than in González-Sepúlveda et al. was done to prove that such an increase of spontaneous DA can 

be replicated. Similarly, an increase of spontaneous endogenous DA accumulation was shown in 

120-min sample incubations (fig. 4-1). In line with the increase of DA accumulation, an increase 

of its metabolite, DOPAC levels were observed. DA is likely transformed into DOPAC when 

storage in vesicles approaches saturation. With a similar rate of increase between DA and DOPAC 

levels, I observed an apparent constant in the DOPAC/ DA concentration ratio in the first 120-min 

incubations. I conclude that our ex-vivo tissue incubations may provide an ideal environment to 

study the homeostatic mechanisms which accumulated neurotransmitter DA at the presynaptic 

terminals. This observation was extended to 5-HT for this thesis and it will be illustrated in the 

results of my third objective. 

 

  



88 
 

      

0 30 60 90 120

0

200

400

600

800

1000

1200

1400

1600

**

**

**

Incubation time (min)

D
A

 c
o

n
c
e
n

tr
a
ti

o
n

(p
m

o
l/
 m

g
 p

ro
te

in
)

  

0 30 60 90 120

0

200

400

600

800

1000

1200

1400

1600

**

**

**

Incubation time (min)

D
O

P
A

C
 c

o
n

c
e
n

tr
a
ti

o
n

(p
m

o
l/
 m

g
 p

ro
te

in
)

0 30 60 90 120

0.0

0.5

1.0

1.5

2.0

Incubation time (min)

D
O

P
A

C
/ 
D

A
 r

a
ti

o

 

Fig. 4-1. (a) Schematic illustration of the increase of DA synthesis during tissue samples incubation, which was 

highly dependent on a negative-feedback mechanism on TH, primarily via cytosolic DA leak from synaptic vesicles. 

Such increases were translated in view of the effect of different tissue samples’ incubation times on endogenous (b) 

DA accumulation, (c) DOPAC levels, and (d) the DOPAC/ DA concentration ratio at 2mM K+. The data are 

expressed as mean ± SEM (n=16 incubations per data point) from the control group of four brains accumulated from 

four different experiments with D2R agonist and partial agonist antipsychotics in Results Chapter 2. **p<0.01 vs 

basal of non-incubated samples which correspond to the 0-min value, one-way ANOVA followed with Dunnett’s 

post-hoc test. The data were adjusted into the sigmoidal dose-response curve for both DA accumulation and DOPAC 

levels, one-phase exponential decay for the DOPAC/ DA concentration ratio.  

 

  

a) b) 

c) d) 
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1.2 D2R agonist and partial agonist decrease endogenous DA and DOPAC accumulations 

 

With the aim to understand the homeostatic mechanisms and regulations at presynaptic D2, I first 

evaluated the effect of QUIN, a full D2R agonist, and ARI, a D2R partial agonist on DA 

accumulation. This effect was studied under non-depolarized conditions (2mM K+), which prevent 

DA release and thus D2 receptor activation by endogenous DA. Under this condition, 1µM QUIN 

significantly blocked endogenous DA accumulation as early as 30-min and the blockade was 

maintained for 120-min incubations, shown by a statistically significant ANOVA interaction with 

control data under incubation-time-dependent effects, p<0.001 (fig. 4-2b). The same effect was 

also observed with 1µM ARI but with less efficacy, since the significant decrease in DA 

accumulation can only be seen after 60-min incubations and remains lower than that of QUIN for 

120-min incubations, p<0.01 (fig. 4-2e). As this experiment was done under non-depolarizing 

conditions, the effect for both the D2 agonist and the partial agonist is thought to modulate a 

negative-feedback inhibition on TH by stimulating D2R, probably void of extracellular DA as 

2mM K+ prevents DA release. This condition may also affect DOPAC levels as a TH inhibition 

would also prevent new DOPAC formation. As expected, a decrease in DOPAC concentration by 

1µM QUIN was observed with a statistically significant interaction by 1µM QUIN as early as 30-

min and remains the same for 120-min incubations, p<0.001 (fig. 4-2c). A decreased in DOPAC 

concentration can also be observed with 1µM ARI but with less efficacy, as the significant 

decrease can only be seen at 120-min incubations, p<0.05 (fig. 2f). Differently to QUIN, ARI 

showed a lower decrease of DOPAC levels, which led to a non-statistically significant increase in 

the DOPAC/ DA concentration ratio, p<0.05 (QUIN) and p>0.05 (ARI) (fig. 2d and 2g). These 

results show that D2R agonist and partial agonist at the presynaptic terminals lead to a decrease of 
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DA synthesis, accumulation and metabolism. Thus, a decrease of DOPAC levels follows the 

decrease of DA concentration elicited by QUIN and ARI. 
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Fig. 4-2. (a) Schematic illustration of the mechanism of QUIN and ARI at 2mM K+, which is thought to 

modulate a negative-feedback inhibition on TH via stimulating D2R. Such an activation leads to a decrease in 

DA accumulation (b and e) followed by DOPAC levels (c and f). The DOPAC/ DA concentration ratio was 

plotted for both QUIN and ARI (d and g) as a metabolism index. The data are expressed as mean ± SEM (n=4 

incubations per data point). All incubations from one graph were obtained from a single brain. *p<0.05, 

**p<0.01 and ***p<0.001 vs control data under incubation-time-dependent effects, two-way ANOVA followed 

with Bonferroni’s post-hoc test. The data were adjusted into the following analysis parameters: panel (b) 

sigmoidal dose-response curve for control and one-phase exponential decay for QUIN; panel (c) sigmoidal 

dose-response for both control and QUIN curve; panel (d) gaussian for both control curve and QUIN curve; 

panel (e) sigmoidal dose-response for both control and ARI curve; panel (f) sigmoidal dose-response for both 

control and ARI curve; and panel (g) gaussian for both control curve and ARI curve. 

b) c) d) 

e) f) g) 

a) 
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1.3 Independent effects of D2R stimulation and DA inhibition on TH to inhibit [3H]-DA 

synthesis 

 

Previously, I showed that both QUIN and ARI significantly decrease DA accumulation; this effect 

was studied under non-depolarized conditions that prevent DA release (fig. 4-2). Both QUIN and 

ARI actions were assumed via the activation of presynaptic D2R, which can modulate a negative-

feedback mechanism to decrease TH phosphorylation. To assess whether exogenous DA 

application to slice incubations inhibited TH through D2R, as was thought, by D2 agonists or via 

direct DA inhibition of the enzyme, I studied the effect of the addition of 1μM DA into the samples 

on [3H]-DA synthesis in comparison with the full D2 agonist, QUIN in the presence or absence of 

the D2 antagonist, SUL (fig. 4-3). The technique of [3H]-DA synthesis from [3H]-Tyr was used in 

order to be able to differentiate between exogenously applied DA and endogenously synthesized 

DA. As reported in González-Sepúlveda et al., submitted, I demonstrated that the addition of 

additional extracellular DA significantly decreases [3H]-DA synthesis. To know if this action was 

due to the activation of presynaptic D2R, I further combined with the D2 antagonist, SUL. The 

presence of SUL was shown to block the effect of QUIN, but not DA, suggesting a prominent 

effect of DA by other mechanisms, probably involving DAT, which transports extracellular DA 

into the presynaptic terminals. Such a mechanism increases cytosolic DA levels which compete 

with the BH4 cofactor to limit TH enzymatic activity. Cytosolic DA could regulate its own 

inhibition on [3H]-DA synthesis (as was proven by González-Sepúlveda et al.,-submitted), as 

compared with the effect of QUIN via the activation of D2R alone.   
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Fig. 4-3. (a) D2 antagonism blocks the effect of QUIN but not DA on the inhibition of [3H]-DA synthesis under 

2mM K+, as signified in the schematic diagram illustrating that DA can directly inhibit TH (b), and unlike QUIN 

this effect is not mediated by D2R. Contrarily to other experiments, this study was done in 25-min tissue incubations, 

as shown in the timeline above, to match the experimental design in González-Sepúlveda et al., submitted. The data 

are expressed as mean ± SEM (n=4-6 incubations per data point) from two brains. **p<0.01 and ***p<0.001 vs 

control, one-way ANOVA followed with Dunnett’s post-hoc test; and ###p<0.001, one-way ANOVA followed with 

Bonferroni’s post-hoc test for comparison between DA and QUIN effects with and without pretreatment with SUL.  

 

  

Time (min)  t (0)  t (5) t (15) t (35) t (25) 

Incubation 

start 

Incubation end  

 

Deproteinizing 

solution  

[3H]-Tyr DA/ 

QUIN/ 
SUL 

a) b) 



94 
 

1.4 OKA increases endogenous DA accumulation 

 

In the introduction I have mentioned that short-term TH activity can be modulated with the 

phosphorylation. The phosphatase inhibitor OKA was shown to increase the phosphorylation of 

TH at Ser19, Ser31 and Ser40 (Haycock, 1990). With the increase of TH phosphorylation, I 

hypothesized OKA would increase DA accumulation. As predicted, OKA significantly increased 

endogenous DA accumulation; this could only be observed at the higher concentrations used in 

this study, with the EC50 of 2.3µM, p<0.01 (fig. 4-4). My results are in agreement with Ma G.F., 

Ph.D. Thesis 2014, that OKA significantly enhanced [3H]-DA synthesis. I believe this effect may 

be due to the phosphorylation of Ser31 and Ser40, since phosphorylation of Ser19 has been shown to 

have no direct effect on TH activity (Dunkley et al., 2004). This is supported by González-

Sepúlveda et al., submitted, where the authors found that OKA increased Ser31 and Ser40 TH 

phosphorylation. In line with the increase of DA accumulation, an increase of DOPAC levels was 

also observed at the same concentration, with the EC50 of 3.3µM, p<0.01. Interestingly, the levels 

of DOPAC were tremendously increased at a much higher magnitude than DA accumulation, 

leading to a significant increase in the DOPAC/ DA concentration ratio, p<0.01. This result 

suggests that OKA did not only increase DA accumulation but simultaneously increased DA 

metabolism more than it accumulated. 
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Fig. 4-4. (a) Schematic illustration of the effect of OKA to increase DA accumulation. but simultaneously enhance 

its metabolite levels, indicating higher DA metabolism. This is manifested by the concentration-response curves on 

the effects of OKA on endogenous (b) DA accumulation, (c) DOPAC levels, and (d) the DOPAC/ DA concentration 

ratio under 2mM K+ in 120-min incubations. The data are expressed as mean ± SEM (n=6 incubations per data 

point) from one brain. Basal levels in non-incubated samples are shown by ▲. **p<0.01 vs control, one-way 

ANOVA followed with Dunnett’s post-hoc test. The data were adjusted into a sigmoidal dose-response curve for 

DA accumulation, DOPAC levels, and the DOPAC/ DA concentration ratio.  
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1.5 Lack of effects by PAOPA on endogenous DA accumulation 

 

As I discussed in the introduction, the orthosteric site at GPCRs is the primary and active binding 

site for the ligand at the receptor including D2R. This includes QUIN, a D2 agonist. Other than the 

orthosteric site, the allosteric binding site provides an alternative for ligand (known as allosteric 

modulators) to bind at GPCRs. PAOPA is the positive allosteric modulator at the D2 receptor (Basu 

et al., 2013). Under non-depolarized conditions (2mM K+) and without any orthosteric stimulation, 

PAOPA did not have any effects on endogenous DA accumulation, DOPAC levels and the 

DOPAC/ DA concentration ratio (fig. 4-5). This is consistent with the properties of an allosteric 

modulator, which does not activate the D2 receptor and has no capacity to facilitate signal 

transductions on its own.  
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Fig. 4-5. (a) The presence of PAOPA did not regulate presynaptic DA accumulation, as shown by lack of effects in 

the concentration-response curves of PAOPA on endogenous (b) DA accumulation, (c) DOPAC concentration, and 

(d) the DOPAC/ DA concentration ratio under 2mM K+. The data are expressed as mean ± SEM (n=6 incubations 

per data point) from one brain. Basal levels in non-incubated samples are shown by ▲. The data was adjusted into 

the sigmoidal dose-response curve for DA accumulation, DOPAC levels and the DOPAC/ DA concentration ratio. 
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1.6 PAOPA potentiates QUIN effect on endogenous DA accumulation 

 

I have previously shown that PAOPA alone did not activate the D2 receptor and had no action to 

facilitate signal transductions to decrease DA accumulation on its own (fig. 4-5). As a positive 

allosteric modulator, a few studies have shown that PAOPA can enhance the affinity of an agonist 

and increase its binding to D2 receptor (Mishra et al., 1999; Verma et al., 2005). This was achieved 

by maintaining the D2 receptor in high-affinity states. Thus, I hypothesized that the combination 

of QUIN, a D2 agonist with PAOPA will increase its efficacy to inhibit DA accumulation. To do 

this, I used a low concentration of QUIN (10nM) and 10nM of PAOPA (a concentration that 

showed a significant increase of QUIN binding on the D2 receptor by Verma et al., 2005). Similarly 

to before (fig. 4-5), PAOPA alone did not have any effect on DA accumulation. However, the 

presence of PAOPA significantly enhanced the QUIN effect to decrease DA accumulation, p<0.05 

(fig. 4-6b). The same effect was observed on DOPAC levels (fig. 4-6c) but it did not reach 

statistical significance and led to no significant differences in the DOPAC/ DA concentration ratio 

(fig. 4-6d). This study indicates that the efficacy of D2 agonists on the inhibition of DA synthesis 

via stimulating D2R to mediate a feedback-inhibition on TH can be enhanced with the combination 

of a positive allosteric modulator. Given the low number of incubations and single PAOPA 

concentration used, this result could be considered preliminary, but potentially promising for 

further study.   
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Fig. 4-6. (a) A schematic diagram showing that PAOPA increases D2 agonist efficacy at presynaptic terminals. This 

is revealed by the combination of PAOPA and QUIN to decrease endogenous (b) DA accumulation. The same effect 

was observed on DOPAC levels (c) but it did not reach statistical significance, leading to no significant differences 

in the DOPAC/ DA concentration ratio (d). The basal levels in non-incubated samples are shown by the dotted line. 

The data are expressed as mean ± SEM (n=6 incubations per data point) from one brain. *p<0.05, one-way ANOVA 

followed with Bonferroni’s post-hoc test for comparison between “PAOPA” and “PAOPA + QUIN” effects.  

a) b) 

c) d) 
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1.7 VMAT-2 inhibition decreases DA accumulation inside synaptic vesicles 

 

I have shown the increase of DA accumulation in presynaptic neurons, which was due to the 

continuity of DA synthesis during tissue samples incubations, as documented by González-

Sepúlveda et al. (fig. 4-1). The DA synthesized is then uptaken, encapsulated and stored inside the 

synaptic vesicles by an integral membrane protein VMAT-2 (German et al., 2015). Here, I would 

like to analyze quantitatively the role of VMAT-2 controlling this activity on DA accumulation 

with TBZ, a VMAT-2 inhibitor. In agreement with previous results by González-Sepúlveda et al. 

using [3H]-Tyr to [3H]-DA synthesis, my quantitative analysis shows that TBZ significantly 

decreases uptake of endogenous DA into synaptic vesicles, resulting in a decrease of DA levels 

with the maximal effects (Emax) of 87.0% and EC50 at 41.3nM, p<0.01 (fig. 4-7b). The significant 

effect of TBZ to deplete DA storage can be seen with a decrease of DA concentration beyond the 

basal level, which is the concentration of DA detected in the minced tissue before being 

accumulated during sample incubations. Such conditions lead to an increase of cytosolic DA that 

will: (1) modulate a negative-feedback on TH (as was proven by González-Sepúlveda et al., 

submitted); and (2) be metabolized by MAO and aldehyde dehydrogenase, as shown, with a 

significant increase of DOPAC levels, EC50 at 106.0nM, p<0.01 (fig. 4-7c). This effect leads to an 

increase in the DOPAC/ DA concentration ratio (fig. 4-7d). By comparing both the EC50 to 

decrease of DA accumulation and to increase DOPAC levels, it is concluded that TBZ action on 

VMAT-2 happens at slightly lower concentrations than its effect to increase DOPAC levels. This 

suggests a primary action of DA to exert a negative-feedback inhibition on TH than a secondary 

effect to be metabolized into DOPAC, the DA that cannot be stored.   
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Fig. 4-7. (a) Schematic illustration on the effect of TBZ to deplete DA storage via VMAT-2 inhibition, thus 

increasing cytosolic DA which can modulate a negative-feedback inhibition on TH. This mechanism is shown by the 

concentration-response curves of TBZ on endogenous (b) DA accumulation, (c) DOPAC levels and (d) DOPAC/ 

DA concentration ratio. The data are expressed as mean ± SEM from two brain incubations with n shown in the 

graph. Basal levels in non-incubated samples are shown by ▲. **p<0.01 vs control, one-way ANOVA followed 

with Dunnett’s post-hoc test. The data were adjusted into the sigmoidal dose-response curve for DA accumulation, 

DOPAC levels and the DOPAC/ DA concentration ratio. 

 

  

a) 
b) 

c) d) 
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1.8 VMAT-2 inhibition by TBZ at different incubation times 

 

As mentioned in the methodology, the effect of DA accumulation was studied with the addition of 

TBZ at the beginning of the 2h sample incubations. To know the minimum time required for TBZ 

to block VMAT-2 action, different incubation times were used. For this, 30nM concentration was 

chosen for TBZ, because this concentration showed an intermediate and significant decrease in 

endogenous DA accumulation (fig. 4-7). I found that TBZ significantly inhibited VMAT-2 action, 

caused a decrease in endogenous DA accumulation in as short as 10-min drug incubation time, 

and this effect was increased with longer drug incubations (fig. 4-8a). Similarly to the previous 

result (fig. 4-7), higher DOPAC concentration was observed from DA metabolism (fig. 4-8b). The 

DOPAC levels were found to be significantly increased at 30-min drug incubation time. This result 

also indicates that the prominent action of cytosolic DA in modulating negative-feedback 

inhibition on TH to decrease DA accumulation was faster than the time required for DA to be 

metabolized. Overall, from both data on the effect of DA and DOPAC concentrations, I estimate 

a significantly delayed increase in the DOPAC/ DA concentration ratio, indicating higher efficacy 

of TBZ on the inhibition of DA accumulation, with longer time incubations and a delayed DA 

metabolism as a consequence of the previous effect (fig. 4-8c)  
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Fig. 4-8. Effects of different TBZ incubation times on endogenous (a) DA concentration, (b) DOPAC levels, and (c) 

the DOPAC/ DA concentration ratio at 2mM K+. (d) A schematic diagram describing the effect of TBZ to deplete 

DA storage via VMAT-2 inhibition, thus increasing cytosolic DA, which can exert a negative-feedback inhibition on 

TH. The data are expressed as mean ± SEM (n=6 incubations per data point) from one brain. Basal levels in non-

incubated samples are shown by ▲. *p<0.05 and **p<0.01 vs control, one-way ANOVA followed with Dunnett’s 

post-hoc test. The data were plotted into the sigmoidal dose-response curve for both DA accumulation and the 

DOPAC/ DA concentration ratio, sigmoidal dose-response with variable slope curve for DOPAC levels.  

 

  

a) b) 

c) 
d) 
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1.9 Cytosolic DA negative-feedback overcomes D2R activation effects on DA accumulation  

 

I have previously shown that ARI significantly decreased endogenous DA accumulation via the 

activation of D2R (fig. 4-2), but TBZ differently decreased DA accumulation via the inhibition of 

VMAT-2 to increase cytosolic DA, which can modulate a negative-feedback inhibition on TH (fig. 

4-7). While the relationship between the effect of decreasing DA accumulation was dependent on 

the concentration of ARI (as I will show in fig. 4-18), the dose-response effect of TBZ was not 

obvious. At low concentrations (≤10nM), TBZ did not mediate the decreasing effects, suggesting 

a narrow window separating clinical benefits from excessive unwanted side effects (fig. 4-7a, and 

similarly to previous results by González-Sepúlveda et al. using [3H]-Tyr to [3H]-DA synthesis). 

Therefore, it may be interesting to study the effects of the combination of ARI and TBZ on DA 

accumulation. The hypothesis behind this combination may be clinically relevant, due to the TBZ 

treatment of hyperkinetic disorders alone giving rise to a certain side effect. In clinical patients, 

TBZ is titrated slowly to bypass the threshold levels and find the most effective dose for each 

patient, and at the same time to avoid the side effects. In theory, such co-treatment with ARI may 

give the advantage of reducing TBZ doses if the combination will enhance its efficacy to decrease 

DA accumulation. Unfortunately, I observed no synergistic effect and interactions between both 

the combination of a subthreshold (1nM) and a standard (100nM) concentration, of ARI with TBZ 

on decreasing DA accumulation as no obvious displacements of TBZ concentration-response 

curve to the left was observed (fig. 4-9). This suggests VMAT-2 inhibition exerts a powerful 

inhibition of DA synthesis through cytosolic DA negative-feedback on TH, which overcomes the 

D2R activation mediated effects. Although ARI has not been approved for the treatment of chorea, 

one study has shown that a high dose of ARI improves some of the symptoms of Huntington's 
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disease patients (Ciammola et al., 2009). I noticed the limitation of this study with regard to ARI 

dosage, where it was prescribed at a much higher dose in clinical patients as compared with other 

partial agonist antipsychotics. The fact that there is no synergism on DA accumulation does not 

refute the combination. Therefore, this experiment deserves to be studied further using higher 

concentrations of ARI, or with other partial agonist antipsychotics. 

  



106 
 

  

-8 -7
0

200

400

600

800

1000

1200

Basal

TBZ

1nM ARI + TBZ

100nM ARI + TBZ

**

**

##

##

log (TBZ), [M]

D
A

 c
o

n
c
e
n

tr
a
ti

o
n

(p
m

o
l/
 m

g
 p

ro
te

in
)

Control

 

-8 -7
0

200

400

600

800

1000

1200

Basal

TBZ

1nM ARI + TBZ

100nM ARI + TBZ

log (TBZ), [M]

D
O

P
A

C
 c

o
n

c
e
n

tr
a
ti

o
n

(p
m

o
l/
 m

g
 p

ro
te

in
)

Control

     

-8 -7
0.0

0.3

0.6

0.9

1.2

1.5

1.8

2.1

2.4

2.7

3.0

Basal

TBZ

1nM ARI + TBZ

100nM ARI + TBZ

##

##

##

##

**

**

log (TBZ), [M]

D
O

P
A

C
/ 
D

A
 r

a
ti

o

Control

 

Fig. 4-9. (a) Schematic diagram illustrating the prominent effect of cytosolic DA to inhibit TH, which overcomes the 

simultaneous D2R activation by ARI, as shown by the lack of synergistic effects between concentration-response 

curves of TBZ with and without the presence of 1nM or 100nM ARI on (b) DA accumulation, (c) DOPAC levels, 

and (d) the DOPAC/ DA concentration ratio. The data are expressed as mean ± SEM (n=6 incubations per data 

point). All incubations for each concentration-response curve were obtained from a single brain. Basal levels in non-

incubated samples are shown by ▲. **p<0.01, one-way ANOVA followed with Dunnett’s post-hoc test for TBZ 

alone vs control; ##p<0.01, one-way ANOVA followed with Dunnett’s post-hoc test for comparison on the addition 

of 1nM or 100nM ARI and TBZ on decreasing DA accumulation vs control in the same brain incubation. The data 

were adjusted into the same sigmoidal dose-response curve for all analysis parameters of DA accumulation, DOPAC 

levels and the DOPAC/ DA concentration ratio. 

 

a) b) 

c) d) 
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1.10 AMPH decreases endogenous DA accumulation 

 

Other than TBZ, another drug that indirectly interrupts DA storage is AMPH (Floor & Meng, 

1996). As compared with TBZ, which may increase cytosolic DA levels, AMPH will induce DA 

release from presynaptic terminals and increase extracellular DA (Carboni et al., 1989). With the 

interruption of DA storage and increased DA release from dopaminergic terminals, I hypothesized 

that AMPH would reduce DA accumulation. This is putatively shown by the action of cytosolic 

DA in addition to the D2R activation from exogenous DA to modulate a negative-feedback 

inhibition on TH, although a direct blocking of TH activity by AMPH by raising cytosolic DA was 

not documented. As expected, AMPH significantly decreased endogenous DA accumulation under 

non-depolarized conditions (2mM K+) with the maximal effects (Emax) of 72.0% and EC50 at 

147nM, p<0.01 (fig. 4-11b). In contrast, AMPH did not increase but slightly decreased DOPAC 

levels, p<0.01 (fig. 4-11c) indicating that less cytosolic DA was formed as compared with TBZ 

(fig. 4-7 and 4-8). This may be due to the combined effects of AMPH on the impairment of DA 

storage together with its action to block the reuptake activity of DAT and released DA stimulating 

D2R (Sulzer et al., 2005). Overall, the well-known releasing action of AMPH was evidenced by 

an increase in the DOPAC/ DA concentration ratio, p<0.01 (fig 4-11d), but the small extent of this 

increase suggests D2R stimulation by released DA, limiting both DA and DOPAC formation. 
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Fig. 4-10. (a) Schematic illustration of the effects of AMPH to decrease DA accumulation primarily via released DA 

stimulating D2R, as shown by the concentration-response curves of AMPH during 120-min incubations under 2mM 

K+ on endogenous (b) DA accumulation, (c) DOPAC concentration, (d) the DOPAC/ DA concentration ratio. The 

data are expressed as mean ± SEM from one brain incubation with n shown in the graph. Basal levels in non-

incubated samples are shown by ▲. Asterisks indicate **p<0.01 vs control, one-way ANOVA followed with 

Dunnett’s post-hoc test. The data were adjusted into the sigmoidal dose-response curve for DA accumulation, 

DOPAC levels and the DOPAC/ DA concentration ratio. 

 

  

a) b) 

c) d) 
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1.11 Effect of depolarization-induced by higher K+ concentrations on DA accumulation 

 

Neuronal depolarization via elevated K+ concentrations is regularly used in in-vitro studies. In our 

ex-vivo studies, under basal conditions (2mM K+) will produce what we call “a low dopaminergic 

tone”. Increasing K+ concentration to 15mM will induce depolarization and mimic a high 

dopaminergic tone, with approximately 6.6-fold DA release into the medium (Ma et al., 2015). 

Previously, I have shown that DA application into slice incubations inhibited TH, leading to a 

decrease in [3H]-DA synthesis (fig. 4-3). Similarly, depolarization induced by higher K+ 

concentrations significantly decreased DA accumulation, as shown by a significant interaction 

between incubation-time-dependent effects at both 2mM K+ and 15mM K+, p<0.001 (fig. 4-11b). 

Conversely, the levels of DOPAC did not decrease as depolarization increased DA release from 

dopaminergic terminals and increased its availability to be metabolized (fig. 4-11c). With high 

levels of DOPAC accumulated throughout the incubation in contrast with a decrease of DA 

accumulation, leading to an increase in the DOPAC/ DA concentration ratio under K+-evoked 

depolarization (display by a significant interaction between incubation-time-dependent effects at 

both 2mM K+ and 15mM K+, p<0.001) (fig. 4-11d). These results are consistent with DA inhibition 

of its own synthesis and potentiation of metabolism after being released. 
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Fig. 4-11. (a) Schematic diagram displaying the effects of depolarization induced by increasing K+ concentrations, 

thus producing a high dopaminergic tone with DA mediated inhibition mechanisms of its own synthesis. This 

illustration describes these effects on endogenous (b) DA accumulation, (c) DOPAC levels, and (d) the DOPAC/ 

DA concentration ratio. The data are expressed as mean ± SEM (n=6 incubations per data point) from one brain for 

each group (2mM K+ or 15mM K+ group). ***p<0.001 vs 2mM K+ curve under incubation-time-dependent effects, 

two-way ANOVA followed with Bonferroni’s post-hoc test. The data were adjusted into the following analysis 

parameters: panel (b) sigmoidal dose-response curve for both 2mM K+ and 15mM K+; panel (c) gaussian curve for 

2mM K+ and 15mM K+; and panel (d) polynomial second-order curve for 2mM K+ and 15mM K+. The experiment 

was done in part of the work carried out by Nayadoleni Nieves Rivera for her Master's degree in Neurosciences in 

2019, under the supervision of Dr. Jordi Ortiz and myself.  

a) b) 

c) d) 
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1.12 Effects of MPH under different experimental conditions induced by K+ concentrations 

 

Both AMPH and MPH block the reuptake of catecholamine neurotransmitters, including DA, by 

DAT. Previously, I have shown the effect of AMPH at presynaptic terminals in regulating DA 

accumulation (fig. 4-10). While the effects of AMPH at presynaptic terminals were independent 

of the properties of neurons under an action potential, other psychostimulants, including MPH, are 

known to act differently. The action of MPH, for instance, can be demonstrated subjected to the 

synaptic properties of membrane potential-dependent DA release, as shown in fig. 4-12. Under 

non-depolarized conditions (2mM K+), MPH did not have any significant effect on presynaptic 

terminals based on its effect on DA accumulation, DOPAC and the DOPAC/ DA concentration 

ratio. As I induce depolarization with higher K+ concentrations (based on the effect in fig. 4-11 

and Ma et al., 2015), there is a significant decrease of DA accumulation (the same finding, as 

shown in fig. 4-11), thought by the action of cytosolic DA and D2R stimulation by released DA, 

both mediate a negative-feedback inhibition on TH. Such depolarization also shown to increase 

DOPAC levels, indicating higher DA metabolism leading to an increase in the DOPAC/DA 

concentration ratio. In the presence of MPH, however, the highest MPH concentrations used 

clearly reverse the effects shown on DA, DOPAC and the DOPAC/ DA concentration ratio, thus 

indicating a prominent action by DAT to inhibit TH through cytosolic DA as compared with 

stimulating D2R by DA-released mechanisms. Overall, the effects of MPH at presynaptic terminals 

in regulating DA accumulation are explicitly dependent on membrane potential induced by 

depolarization at higher K+.     

.   
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Fig. 4-12. (a) Schematic diagram displaying the action of MPH to block the reuptake of DA from extracellular 

milieu under depolarization induced by 15 mM K+. This mechanism shows that MPH reverses the effects of 

depolarization induced by 15mM K+ on (b) DA accumulation, (c) DOPAC levels, and (d) the DOPAC/ DA 

concentration ratio. The data are expressed as mean ± SEM from one brain incubation for each group (2mM K+ or 

15mM K+ group) with n shown in the graph. Basal levels in non-incubated samples are shown by ▲. Asterisks 

indicate *p<0.05 and **p<0.01, two-way ANOVA followed with Bonferroni’s post-hoc test between the two 

groups. The data were adjusted into the sigmoidal dose-response curve for 2mM K+ curves and polynomial third 

order for 15mM K+ curves.  

a) b) 

c) d) 
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Results 

 

2. Second objective: Examine and compare the mechanism of actions of D2-like partial 

agonist antipsychotics at presynaptic D2R. 

 

The properties of QUIN and ARI at presynaptic D2R have been previously documented using the 

same [3H]-DA synthesis method in rat striatal brain samples incubated ex-vivo (Ma et al., 2015). 

For this reason, these compounds were used as references in this study, where ARI, CARI and 

BREX, D2R partial agonist antipsychotics have been compared. LUMA, however, was not 

included because it was only recently approved by the U.S. F.D.A. in December 2019, after the 

planning and start of this Ph.D. thesis work. In addition, I have taken advantage of the spontaneous 

accumulation of endogenous DA and DOPAC in the samples when they are incubated under non-

depolarizing conditions, as shown in the section above. Obtaining more information about the 

effects of all three D2-like partial agonist antipsychotics will increase our understanding of the 

mechanisms contributing to the discrepancies in their functional properties and efficacy at 

presynaptic D2R. 
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2.1 D2R agonist and partial agonist antipsychotics decrease [3H]-DA synthesis 

 

The similarities and the differences in the functional properties and efficacy of D2R partial agonist 

antipsychotics were examined by monitoring the changes in [3H]-DA synthesis in rat brain striatum 

incubated ex-vivo. At non-depolarizing conditions (2mM K+), QUIN activated D2R and 

significantly inhibited [3H]-DA synthesis with the Emax of 51%; p<0.001. Under the same 

experimental condition, the activation of D2R by partial agonist antipsychotics inhibited [3H]-DA 

synthesis dose-dependently, as shown in fig. 4-13. ARI significantly inhibited [3H]-DA synthesis 

at much lower concentration (10nM) with the Emax of 51%; p<0.01. However, CARI and BREX 

showed this effect at much higher concentrations (100nM for CARI and 1μm for BREX) with the 

Emax of 52%; p<0.01; (CARI), and 75%; p<0.01 (BREX). I concluded that BREX shows higher 

efficacy on the inhibition of [3H]-DA synthesis based on the Emax at the maximum concentrations 

used in this experiment, while ARI and CARI have almost equal efficacy with an intermediate 

efficiency in inhibiting [3H]-DA synthesis. In this method, I also noted that QUIN, which is a full 

D2R agonist, was not able to completely inhibit [3H]-DA synthesis (similarly to the report by Ma 

et al., 2015); this may be due to the limitation of the higher QUIN concentrations used, which did 

not give higher effects or the incubation time (10-min) for the drug in this experiment. 
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Fig. 4-13. (a) Schematic illustration of the mechanism of D2 agonist and partial agonist antipsychotics at 2mM K+ is 

thought to modulate a negative-feedback inhibition on TH via stimulating D2R. Results represent the concentration-

response curves of D2R agonist and partial agonist antipsychotics on striatal [3H]-DA synthesis ex-vivo for (b) 

QUIN, (c) ARI, (d) CARI, and (e) BREX. The data are expressed as mean ± SEM for each brain incubation 

normalized to the control values with n shown in the graph. Asterisks indicate *p<0.05 and **p<0.01 vs control, 

one-way ANOVA followed with Dunnett’s post-hoc test. The data were adjusted into a sigmoidal dose-response 

curve for QUIN, ARI and CARI; two-site competition for BREX. The effect of QUIN on [3H]-DA synthesis was in 

part of the work carried out by Anna Martínez Rivas for her Master's degree in Biochemistry, Molecular Biology 

and Biomedicine in 2018 under the supervision of Dr. Jordi Ortiz and myself.  

b) c) 

d) e) 

a) 
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2.2 D2R selectivity for agonist and partial agonist antipsychotics on [3H]-DA synthesis 

 

I have discussed D2R partial agonist antipsychotics’ property to bind with modest affinities to 

different receptors (Kiss et al., 2010; K. Maeda et al., 2014; Shapiro et al., 2003), which may 

indirectly regulate DA synthesis. To determine D2R specificity for D2R agonist and partial agonist 

antipsychotics on the inhibition of [3H]-DA synthesis, we further combined the D2R agonist and 

partial agonist antipsychotics with 1μM SUL, a selected D2R antagonist (fig. 4.14). We found that 

under the same conditions, the presence of 1μM SUL could significantly block QUIN, ARI and 

CARI effects on the inhibition of [3H]-DA synthesis at the concentrations up to 1μM, as shown by 

a significant interaction between SUL and non-SUL groups, p<0.05 (QUIN vs QUIN+SUL), 

p<0.001 (ARI vs ARI+SUL) and p<0.05 (CARI vs CARI+SUL). Interestingly, 1μM SUL fully 

blocked the effects of BREX on the inhibition of [3H]-DA synthesis at much lower concentrations 

(up to 10nM only), but with no significant interaction between the two groups (BREX vs 

BREX+SUL), p>0.05. 1μM SUL could not eliminate completely the effects of either QUIN, ARI 

or CARI at 10μM, probably due to competition against a molecule with a higher affinity for D2R; 

however, their concentration-response curves can be seen as a displacement to the right. The 

effects of BREX at the concentration of 100nM and above were not blocked by 1μM SUL. 

Therefore, the concentration-response curve of BREX best fitted with a two-site competition 

model, considering the higher efficacy at the highest concentrations. This model described the 

specificity of BREX, involving more than one mechanism or receptor. However, for ARI, CARI 

and QUIN this effect was found at higher concentrations and fitted well in the sigmoidal dose-

response curve. To conclude, the comparison between two concentration-response curves of D2R 

agonist and partial agonist antipsychotics with and without prior treatment with 1μM SUL 
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demonstrates the concentrations related to D2R specificity, mediated by the activation of D2R 

mechanisms (D2R-dependent)  
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Fig. 4.14. Schematic diagrams illustrating the specificity of the effect of D2 agonist and partial agonist 

antipsychotics to decrease [3H]-DA synthesis. This was tested with (a) and without (b) in the presence of 1μM SUL 

to block D2R stimulations. Results are represented as a comparison between concentration-response curves on the 

effects of D2R agonist and partial agonist antipsychotics, with and without pretreatment with 1μM SUL on striatal 

[3H]-DA synthesis ex-vivo for (c) QUIN, (d) ARI, (e) CARI, and (f) BREX. The data are expressed as mean ± SEM 

for each brain incubation, normalized to the respective control values with n shown in the graph. Asterisks indicate 

*p<0.05 and **p<0.01 of QUIN/ARI/CARI/BREX vs control (DRUG or DRUG+SUL group), one-way ANOVA 

followed with Dunnett’s post-hoc test from the same group. The data were adjusted into the sigmoidal dose-response 

curve for both QUIN and QUIN+SUL in panel (c), ARI and ARI+SUL in panel (d), and CARI and CARI+SUL in 

panel (e). The data were adjusted into two-site competition for BREX and sigmoidal dose-response curve for 

BREX+SUL in panel (f). The effect of QUIN with and without pretreatment with 1μM SUL on [3H]-DA synthesis 

was in part of the work carried out by Anna Martínez Rivas for her Master's degree in Biochemistry, Molecular 

Biology and Biomedicine in 2018 under the supervision of Dr. Jordi Ortiz and myself. 

c) d) 

e) f) 

a) b) 
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2.3 Sustained effects of D2R agonist and partial agonist antipsychotics on endogenous DA 

accumulation 

 

To gain further insight into the inhibition of [3H]-DA synthesis by all D2R agonist and partial 

agonist antipsychotics, I quantified endogenous DA levels, under the hypothesis that a decrease of 

DA synthesis will affect storage. To study the effect of the drug on DA accumulation, the samples 

were treated at the beginning of the tissue samples’ 120-min incubation. Thus, to compare the 

efficacy and the properties of D2R agonist and partial agonist antipsychotics on endogenous DA 

accumulation, it was necessary to see if the effect of the drugs was sustained over the end period 

of time incubations. 1µM concentration was chosen for all the drugs related to the concentration 

which showed significant inhibition of [3H]-DA synthesis (fig. 4-13). As shown in fig. 4.2, 1µM 

QUIN and 1µM ARI were shown to significantly block endogenous DA accumulation with 

different efficacy and remain blocked for 120-min incubations. Under the same experimental 

condition, a similar effect was also observed with 1µM BREX and 1µM CARI. BREX showed a 

significant decrease in DA accumulation after 60-min incubations that remained for 120-min 

incubations, p<0.01 and p<0.001 respectively, while 1µM CARI only showed this effect at 120-

min incubations, p<0.001 (fig. 4-15). Provided that this experiment was done under non-

depolarizing conditions, the effect for both D2 agonist and partial agonist antipsychotics is thought 

to modulate a negative-feedback inhibition on TH by stimulating D2R, probably void of 

extracellular DA, as 2mM K+ prevent DA release. The same effect was also observed on DOPAC 

concentration, as shown earlier for both 1µM QUIN and 1µM ARI (fig. 4-2). Similar to 1µM ARI, 

a decreased DOPAC concentration can also be observed with 1µM CARI, p<0.01 at 120-min 

incubations (fig. 4-16). Contrary to 1µM QUIN, 1µM ARI and 1µM CARI, 1µM BREX increased 
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the DOPAC concentration, as shown by a statistically significant interaction with control curves 

at 120-min incubations, p<0.001. In order to show the relation of the ligands’ activity towards both 

decreasing DA synthesis and its metabolisms at the same time, I plotted the DOPAC/ DA 

concentration ratio. Under this correlation, I found that only QUIN significantly decreased the 

DOPAC/ DA concentration ratio, while D2R partial agonist antipsychotics increased it, with CARI 

and BREX showing a significant effect, p<0.001 (fig. 4-17). These results showed the sustained 

effect of D2R agonist and partial agonist antipsychotics at presynaptic terminals in 120-min 

incubations to decrease DA synthesis, which will lead to a decrease in DA accumulation. Thus, a 

decrease or increase of DOPAC levels in relation to a decrease of DA accumulation elicited by 

D2R agonist and partial agonist antipsychotics respectively indicates a different mechanism 

involved.   
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Fig. 4-15. (a) Schematic illustration of the mechanism of D2 agonist and partial agonist antipsychotics to modulate a 

negative-feedback inhibition on TH via stimulating D2R. Such activation leads to a decrease in DA accumulation, as 

indicated by (b) QUIN, (c) ARI, (d) CARI, and (e) BREX under different incubation times. The data are expressed 

as mean ± SEM (n=4 incubations per data point). All incubations from one graph were obtained from a single brain. 

*p<0.05, **p<0.01 and ***p<0.001 vs control curve under incubation-time-dependent effects, two-way ANOVA 

followed with Bonferroni’s post-hoc test. The data were adjusted into the following analysis parameters: panel (b) 

sigmoidal dose-response for control curve and one-phase exponential decay for QUIN curve; panel (c) sigmoidal 

dose-response for both control and ARI curve; panel (d) sigmoidal dose-response for control curve and gaussian for 

CARI curve; and panel (e) sigmoidal dose-response for control curve and gaussian for BREX curve. 

b) c) 

d) e) 

a) 
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Fig. 4-16. (a) Schematic illustration of the mechanism of D2 agonist and partial agonist antipsychotics to modulate a 

negative-feedback inhibition on TH via stimulating D2R. This activation also leads to a decrease in DOPAC levels, 

as indicated by (b) QUIN, (c) ARI, and (d) CARI, but not (e) BREX under different incubation times. The data are 

expressed as mean ± SEM (n=4 incubations per data point). All incubations from one graph were obtained from a 

single brain. *p<0.05, **p<0.01 and ***p<0.001 vs control curve under incubation-time-dependent effects, two-way 

ANOVA followed with Bonferroni’s post-hoc test. The data were plotted into sigmoidal dose-response in all control 

and ligands’ curves.  

b) 

a) 

d) e) 

c) 
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Fig. 4-17. The DOPAC/ DA concentration ratio over different incubation times with the effect of (a) QUIN, (b) 

ARI, (c) CARI, and (d) BREX. The data are expressed as mean ± SEM (n=4 incubations per data point). All 

incubations from one graph were obtained from a single brain. *p<0.05, **p<0.01 and ***p<0.001 vs control curve 

under incubation-time-dependent effects, two-way ANOVA followed with Bonferroni’s post-hoc test. The data were 

plotted into the following analysis parameters: panel a) gaussian for both control and QUIN curve; panel b) gaussian 

for both control and ARI curve; panel c) exponential growth for both control and CARI curve; and panel d) 

exponential growth for both control and BREX curve. 

 

 

  

a) b) 

c) d) 
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2.4 D2R-dependent effects of agonist and partial agonist antipsychotics decrease 

endogenous DA accumulation 

 

With a sustained effect of the drugs on DA accumulation and DOPAC levels in 120-min 

incubation, as shown in fig. 4-15, 4-16 and 4-17, the effect of D2R agonist and partial agonist 

antipsychotics on the spontaneous DA accumulation were examined by monitoring the changes in 

the concentration of endogenous DA and DOPAC with and without the combination of 1μM SUL 

at 2mM K+ to match the experiments on [3H]-DA synthesis. In line with a decrease in [3H]-DA 

synthesis, as shown in fig. 4-13, D2R agonist and partial agonist antipsychotics significantly 

decreased DA accumulation dose-dependently, p<0.01 (fig. 4-18). I also found that under the same 

conditions the presence of 1μM SUL could significantly block QUIN, ARI and CARI effects on 

DA accumulation, as shown by a significant interaction between SUL and non-SUL groups, 

p<0.01 (QUIN vs QUIN+SUL), p<0.001 (ARI vs ARI+SUL) and p<0.05 (CARI vs CARI+SUL), 

up to 1µM concentration. Similarly to the effect on [3H]-DA synthesis, 1μM SUL can also block 

the effect of BREX on DA accumulation at much lower concentrations (up to 100nM only), but 

no significant interactions between BREX vs BREX+SUL groups were found, p>0.05. I conclude 

that D2R agonist and partial agonist antipsychotics had a similar effect of inhibiting [3H]-DA 

synthesis and decreasing endogenous DA accumulation, and that the presence of 1μM SUL did 

not block the effect of QUIN, ARI and CARI at 10µM, with BREX at much lower concentrations 

(>100nM). 
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Fig. 4-18. Schematic diagrams illustrating the specificity of the effect of D2 agonist and partial agonist 

antipsychotics to decrease DA accumulation, which was tested with (a) and without (b) in the presence of 1μM SUL 

to block D2R stimulations. The results are represented as a comparison between concentration-response curves on 

the effects of D2R agonist and partial agonist antipsychotics with and without pretreatment with 1μM SUL on the 

spontaneous accumulation of endogenous DA during 120-min incubations with (c) QUIN, (d) ARI, (e) CARI, and 

(f) BREX. The data are expressed as mean ± SEM from two brain incubations for each group (DRUG or 

DRUG+SUL group), normalized to the control values, with n shown in the graph. Basal DA levels in non-incubated 

samples are shown by ▲. Asterisks indicate *p<0.05 and **p<0.01 vs control (DRUG or DRUG+SUL group), one-

way ANOVA followed with Dunnett’s post-hoc test from the same group. The data were adjusted into the sigmoidal 

dose-response curve for both QUIN and QUIN+SUL in panel (c), ARI and ARI+SUL in panel (d), and CARI and 

CARI+SUL in panel (e). The data were adjusted into two-site competition for BREX and sigmoidal dose-response 

curve for BREX+SUL in panel (f). 

a) b) 

c) d) 

e) f) 
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2.5 Similar D2R antagonist property of CARI and ARI which depends on dopaminergic 

tone differently to BREX 

 

I have shown that under basal conditions of 2mM K+, D2R partial agonist antipsychotics 

significantly inhibit [3H]-DA synthesis (fig. 4-13), but ARI loses this property as the K+ 

concentration increases, becoming an antagonist due to its lower efficacy as agonist than QUIN or 

DA (Ma et al., 2015). In order to assess if the antagonist properties of ARI at high dopaminergic 

tone were unique to this compound or can also be observed for both CARI and BREX, 1μM 

concentration was chosen for CARI and BREX, while 100nM was chosen for ARI and QUIN, as 

these concentrations significantly inhibit [3H]-DA synthesis under 2mM K+ (fig. 4-13). 

Interestingly, I observed that the properties of 1μM CARI as an agonist disappeared as I gradually 

increased K+ concentrations (2mM K+, p<0.01, 4mM K+, p<0.05, 6mM K+, p>0.05, 10mM K+, 

p>0.05, and 15mM K+, p>0.05 (fig. 4-19c)), thus showing similar properties as 100nM ARI (Ma 

et al., 2015). Such conditions suggest that – similarly to ARI (Ma et al., 2015) – CARI acts as an 

antagonist due to its property of having lesser agonist efficacy than extracellular DA being released 

at this condition. Further combination with the full agonist QUIN proved that CARI behaves as an 

antagonist and fully blocks QUIN effect under 15mM K+ dopaminergic tone, p<.001 (fig. 4-19d). 

Under the same experimental conditions, however, 1μM BREX significantly decreased 

[3H]-DA synthesis irrespective of K+ concentrations: 2mM K+, p<0.05, 4mM K+, p<0.01, 6mM 

K+, p<0.001, 10mM K+, p<0.001, and 15mM K+, p<0.001 (fig. 4-19e). This result suggests that 

the [3H]-DA synthesis inhibition mediated by D2R-independent effects of BREX enhances its 

apparent intrinsic activity on DA synthesis, producing a tonic effect under 15mM K+. 100nM 

QUIN was also studied for comparison. Consistently with the typical D2R agonist effects observed 
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on the inhibition of [3H]-DA synthesis under 2mM K+ (fig. 4-13), 100nM QUIN also acted as a 

stable agonist under 15mM K+, p>0.05 (fig. 4-19f). I conclude that a distinctive pharmacodynamic 

property of 1μM BREX from other D2R partial agonist antipsychotics on DA synthesis is that 

BREX effects are not dependent on D2R and depolarization-induced DA release. 
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Fig. 4-19. Schematic illustration summarize that K+ depolarization impairs CARI- and ARI (a)- but not BREX (b)- 

inhibition of [3H]-DA synthesis. (c) K+ concentration-response curves of 1µM CARI, (d) antagonist properties of 

100nM CARI significantly block 100nM QUIN inhibition on DA synthesis at 15mM K+, (e) K+ concentration-

response curves of 1µM BREX, and (f) comparison of 100nM QUIN, 100nM ARI, 1µM CARI and 1µM BREX 

between 2mM K+ and 15mM K+ conditions on the inhibition of DA synthesis. The data are expressed as mean ± 

SEM for each brain incubation normalized to the respective control group under the same K+ concentrations with n 

shown in the graph/bar. **p<0.01 and ***p<0.001, unpaired Student’s t-test for comparison between drug and 

respective control under the same K+ concentrations; &p<0.05 vs control in the same brain incubations, one-way 

ANOVA followed with Dunnett’s post-hoc test; and ###p<0.001, one-way ANOVA followed with Bonferroni’s post-

hoc test for comparison between “QUIN” and “QUIN+CARI” effects at 15mM K+. The data were adjusted into the 

sigmoidal dose-response curve for both CARI and BREX in panel (c) and (e). 

c) d) 

e) f) 

a) b) 
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2.6 Biphasic effect of D2R partial agonist antipsychotics on endogenous DOPAC 

concentration 

 

I have shown that under non-depolarized conditions of 2mM K+, D2R agonist and partial agonist 

antipsychotics significantly decreased endogenous DA accumulation (fig. 4-18). I hypothesized 

the same effects could be observed with DOPAC under these conditions, as decreasing the level 

of DA being synthesized at presynaptic terminals will contribute to a decrease in the amount of 

cytosolic DA, which can be catabolized. Reinforcing previous data, this effect was observed only 

with QUIN, ARI and CARI, p<0.01, up to 1µM concentrations (fig 4-20). The biphasic effect of 

the DOPAC levels was observed with QUIN, ARI and CARI at the concentration of 10μM. This 

biphasic effect, however, can be seen on BREX at much lower concentrations (>100nM). Similar 

to the effect on DA accumulation, the presence of 1μM SUL could significantly block QUIN, ARI 

and CARI effects on DOPAC level up to 1μM concentrations, as shown by a significant interaction 

between SUL and non-SUL groups, p<0.001 (QUIN vs QUIN+SUL), p<0.01 (ARI vs ARI+SUL) 

and p<0.001 (CARI vs CARI+SUL). Interestingly, however, 1μM SUL could only block BREX 

decreasing effect on DOPAC concentration at lower concentrations (up to 10nM), since an 

increase of DOPAC level was observed at the concentrations not associated with D2R specificity 

(no significant interaction between both BREX and BREX+SUL groups, p>0.05). These results 

indicate a D2R-independent effect of partial agonist antipsychotics which leads to an increase in 

DOPAC concentration.  
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Fig. 4-20. Schematic diagrams illustrating the specificity of the effect of D2 agonist and partial agonist 

antipsychotics at presynaptic D2R was tested with (a) and without (b) in the presence of 1μM SUL to block D2R 

stimulations. Results were represented as a comparison between concentration-response curves on the effects of D2R 

agonist and partial agonist antipsychotics with and without pretreatment with 1μM SUL on endogenous DOPAC 

concentration for (a) QUIN, (b) ARI, (c) CARI, and (d) BREX. The data are expressed as mean ± SEM from two 

brain incubations for each group (DRUG or DRUG+SUL group) normalized to the control values with n shown in 

the graph. Basal DOPAC levels in non-incubated samples are shown by ▲. Asterisks indicate *p<0.05 and 

**p<0.01 vs control (DRUG or DRUG+SUL group), one-way ANOVA followed with Dunnett’s post-hoc test from 

the same group. The data were adjusted into the following analysis parameters: panel (c) sigmoidal dose-response 

curve for both QUIN and QUIN+SUL; panel (d) polynomial third order for ARI and sigmoidal dose-response curve 

for ARI+SUL; panel (e) polynomial third order for CARI and sigmoidal dose-response curve for CARI+SUL; and 

panel (f) polynomial third order for BREX and sigmoidal dose-response curve for BREX+SUL. 

a) b) 

c) d) 

e) f) 
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2.7 Lack of D2R antagonist effect on [3H]-DA synthesis and accumulation 

 

To study the specificity of D2R agonist and partial agonist antipsychotics on the inhibition of [3H]-

DA synthesis and endogenous DA accumulation, the tissue samples were pre-treated with 1μM 

SUL to block the activation of D2R. Therefore, the effect of 1μM SUL alone was done in parallel 

with the rest of the drug combinations to shows the effect of SUL alone. I found that 1μM SUL as 

a D2R antagonist had no significant effect on [3H]-DA synthesis, p>0.05, endogenous DA 

accumulation, p>0.05, DOPAC concentration, p>0.05, and the DOPAC/DA concentration ratio, 

p>0.05 (fig. 4-21), consistently with the absence of DA release under non-depolarizing conditions 

(2mM K+).  
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Fig. 4-21. (a) Schematic illustration of the lack of effect by D2 antagonist at presynaptic D2R, as shown by 1μM 

SUL on (b) [3H]-DA synthesis, (c) DA accumulation, (d) DOPAC levels, and (e) the DOPAC/ DA concentration 

ratio at 2mM K+. The data were obtained from four brain incubations (n=3-4 incubations each) which run in parallel 

with the combination with D2R agonist and partial agonists antipsychotics. The data are expressed as mean ± SEM, 

unpaired Student´s t-test. 

 

  

b) c) 

d) e) 

a) 
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2.8 Increase in the DOPAC/ DA concentration ratio mediated by D2R-independent 

activation mechanisms of partial agonist antipsychotics  

 

I have previously shown that all D2R agonist and partial agonist antipsychotics decreased DA 

accumulation under 2mM K+ of non-depolarized conditions (fig. 4-18). However, the decrease of 

DOPAC levels was not in line with DA as the biphasic effect was observed (fig. 4-20). For further 

understanding of this effect, I plotted the relationship between the DOPAC/ DA concentration ratio 

as a metabolism or release index. As revealed by this ratio, D2R partial agonist antipsychotics 

probably promote DA release or metabolism from the synaptic vesicles and increased cytosolic 

DA and its metabolism at high concentrations, as shown by a significant increase in the DOPAC/ 

DA concentration ratio as compared with D2R agonist (fig. 4-22). The effect of BREX on the 

increase of the DOPAC/ DA concentration ratio could be seen at much lower concentrations (from 

100nM) and was of much higher magnitude at the highest concentration used (10μM). As 

mentioned earlier, this elevation was not blocked in the presence of 1μM SUL, suggesting that an 

increase of DA release or metabolism induced by D2R partial agonist antipsychotics can be 

interpreted as an indicator of D2R-independent activation mechanisms. 
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Fig. 4-22. Schematic diagrams illustrate the specificity of the effect of D2 agonist and partial agonist antipsychotics 

at presynaptic D2R, which was tested with (a) and without (b) in the presence of 1μM SUL to block D2R 

stimulations. Results were represented as a comparison between D2R agonist and partial agonist antipsychotics on 

the DOPAC/ DA concentration ratio at different concentrations after 120-min incubations under 2mM K+. Under the 

absence (scatter dot plot) and the presence (box plot and whiskers) of 1μM SUL, the DOPAC/ DA concentration 

ratio can be interpreted as an indicator of D2R-independent activation as its elevation was not blocked by SUL. 

Differently to the D2R full agonist QUIN, all three D2R partial agonist antipsychotics increased the DOPAC/ DA 

concentration ratio, however, the effect of BREX was observed at much lower concentrations (100nM) and was of 

much higher magnitude at the highest concentration used (10μM). The data are expressed as mean ± SEM from two 

brains with n=3-6 incubations for each group (DRUG or DRUG+SUL group). **p<0.01 vs control (non-SUL 

group); #p<0.05 and ##p<0.01 vs control (DRUG+SUL group), one-way ANOVA followed with Dunnett´s post-hoc 

test from the same group.  

c) d) 

e) f) g) 

a) b) 
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2.9 D2R-independent activation mechanisms of partial agonist antipsychotics could be 

mediated by [3H]-DA release 

 

The mechanism by which D2R-independent inhibition of [3H]-DA synthesis occurs also leads to 

an increase in the DOPAC/ DA concentration ratio (fig. 4-22). Thus, to know if this mechanism 

was due to the effect of disrupting vesicular storage, leading to DA leakage either into the cytosol 

or directly facilitating DA release from dopaminergic terminals, I quantitatively measured [3H]-

DA concentration in the supernatant and the tissue samples simultaneously. I found that, at the 

concentration mediated by D2R-independent activation mechanisms (10µM), all D2R partial 

agonist antipsychotics significantly elevated [3H]-DA efflux from dopaminergic terminals to a 

lesser extent than AMPH used as a reference compound, p<0.001 (fig. 4-23). [3H]-DA released 

was significantly increased by ARI, CARI and especially BREX, and conversely [3H]-DA storage 

was found to have decreased, p<0.001. This effect could contribute to the mechanism of D2R-

independent inhibition of DA synthesis by D2R partial agonist antipsychotics, increasing DA 

feedback inhibition on TH, and may further enhance its efficacy on the inhibition of [3H]-DA 

synthesis. 
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Fig. 4-23. (a) Schematic diagram illustrating that the D2R-independent inhibition on DA synthesis by partial agonist 

antipsychotics could be mediated by feedback inhibition of TH due to impaired vesicular storage. (b) This effect is 

represented as the percentage of [3H]-DA synthesis being released or stored with AMPH used as a positive control. 

The data are expressed as mean ± SEM (n=16 incubations for control and n=8 incubations for each drug tested) 

from two brains. **p<0.01 vs [3H]-DA released in control group; ##p<0.01 vs stored [3H]-DA in control group, one-

way ANOVA followed with Dunnett’s post-hoc test.   

 

  

b) a) 
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2.10 OKA-induced phosphorylation modifies DA dynamics elicited by QUIN and ARI – but 

not CARI and BREX – at high concentrations 

 

With an increase of DA accumulation mediated by the phosphorylation of TH, probably on Ser31 

and Ser40 via OKA phosphatase inhibition, as shown in fig. 4-4, I wanted to explore the 

phosphorylation-related mechanisms of D2 agonist and partial agonist antipsychotics on TH that 

lead to the inhibition of DA accumulation. I found that, similarly to before (fig. 4-4), a significant 

increase of DA accumulation was observed with OKA alone. When combining D2R agonist and 

partial agonist antipsychotics with OKA, only CARI and BREX showed a significant decrease of 

DA accumulation, p<0.01 and p<0.001 respectively (fig. 4-24a), but not QUIN and ARI, 

suggesting that the latter compounds lost their efficacy for the inhibition of DA synthesis, e.g. to 

decrease TH phosphorylation. My results are in agreement with the previous study done by Ma 

G.F., Ph.D. thesis 2014, on [3H]-DA synthesis, where the combination of OKA and QUIN moved 

the QUIN-inhibition curve of [3H]-DA synthesis to the right, increasing QUIN IC50. However, the 

effects on DOPAC concentration and the DOPAC/ DA concentration ratio cannot be explained in 

the same way. An opposite effect was observed on DOPAC concentration, which led to the 

increase of the DOPAC/ DA concentration ratio by OKA alone. QUIN, however, significantly 

decreased, p<0.01, while CARI and BREX increased both DOPAC and the DOPAC/ DA 

concentration ratio, p<0.05 and p<0.001 respectively (fig. 4-24b and 4-24c). This is consistent 

with the effect of D2R-independent mechanisms by CARI and BREX to increased DOPAC levels, 

as shown in fig. 4-22. Since both QUIN and ARI did not significantly decrease DA accumulation 

in the presence of OKA-mediated TH phosphorylation, a full concentration-response curve may 
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be needed to determine the mechanism of D2 agonist and partial agonist antipsychotics in 

regulating TH phosphorylation.  
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Fig. 4-24. Combination of OKA with QUIN, ARI, CARI and BREX effects on endogenous (a) DA accumulation, 

(b) DOPAC levels, and (c) the DOPAC/ DA concentration ratio. The basal levels in non-incubated samples are 

shown by the dotted line. Bars representing the mean ± SEM of individual points shown, obtained from three brain 

incubations with n shown in the bar. *p<0.05 or ***p<0.001 vs control, one-way ANOVA followed with Dunnett’s 

post-hoc test; and ##p<0.01 or ##p<0.001, one-way ANOVA followed with Bonferroni’s post-hoc test for comparison 

between “OKA” and “OKA + treated drug” effects.  

 

  

a) b) 

c) 
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Results 

 

3. Third objective: Explore the implication of non-D2 receptor components in the 

properties of D2-like partial agonist antipsychotics on DA dynamics. 

 

3.1 Lack of D3 receptor involvements in CARI effects on endogenous DA 

 

I have discussed earlier the CARI’s property of higher affinity on the D3 receptor as compared 

with ARI and BREX. To see if the higher affinity of CARI on the D3 receptor may affect its 

efficacy in regulating DA synthesis, 100nM SB 277011-A was used to block the D3 receptor 

(Reavill et al., 2000). We found that the D3 receptor blockade by 100nM SB 277011-A alone did 

not have a significant effect on DA accumulation. With the combination of 100nM CARI 

(concentration related to D2R-dependent activation mechanisms, which hypothetically may 

include D3 receptor as D2 and D3 receptors are both blocked by 1µM SUL), the D3 receptor 

blockade did not change 100nM CARI decrease of endogenous DA accumulation, p<0.01 (fig. 4-

25b) and DOPAC levels, p<0.05 (fig. 4-25c). The limitation of this study is that there was no 

positive control that showed SB 277011-A truly blocked the D3 receptor. Besides, no test has been 

done with a pure D3 receptor agonist to assess the effect of the D3 receptor in regulating DA 

accumulation. D3 receptor was highly expressed in the substantia nigra and ventral tegmental area, 

where cell bodies are present, as mentioned in the introduction; thus, it could be doubted whether 

it would have effects at nerve endings. Therefore, on the basis of this study alone, it cannot be 

concluded that the D3 receptor may not have any effects in regulating DA synthesis and 
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endogenous DA level in rat brain striatum. However, it does indicate that a higher affinity of CARI 

towards D3 than D2 receptors does not affect its efficacy at striatal presynaptic D2R. 
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Fig. 4-25. (a) Schematic illustration of the lack of effect by a D3 antagonist (SB 277011-A) at presynaptic D2R, 

which did not affect CARI efficacy to decrease DA accumulation, as shown by the combination of (100nM SB 

277011-A) with CARI (100nM) on endogenous (b) DA accumulation, (c) DOPAC levels, and (d) the DOPAC/ DA 

concentration ratio. The basal levels in non-incubated samples are shown by the dotted line. The data are expressed 

as mean ± SEM (n=6 incubations per data point) from one brain. *p<0.05 or **p<0.01 vs control, one-way ANOVA 

followed with Dunnett’s post-hoc test; and #p<0.05 or ##p<0.01, one-way ANOVA followed with Bonferroni’s post-

hoc test for comparison between “SB 277011-A” and “SB 277011-A+CARI” effects. 

 

a) b) 

c) d) 
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3.2 Spontaneous increase of endogenous 5-HT accumulation over incubation time 

 

In order to assess whether the spontaneous accumulation of DA in our ex-vivo studies (first 

documented by González-Sepúlveda et al.) was unique to this neurotransmitter or a trait of other 

neurotransmitters, I studied 5-HT levels over different incubation times. Similar to the incubation-

time-dependent effects on DA accumulation, as shown in fig. 4-1, a spontaneous increase of 

endogenous 5-HT in the striatum was also observed in our ex-vivo study. I found a significant 

increase of 5-HT concentration from non-incubated samples which corresponds to 0-min sample 

incubations, p<0.01 (fig. 4-26b). In line with the increase of 5-HT accumulation, an increase of 5-

HIAA levels was also observed, p<0.01(fig. 4-26c). The levels of 5-HIAA were tremendously 

increased after 120-min incubations, indicating that the ability of 5-HT to be stored inside the 

synaptic vesicles may reach the maximum capacity leading to higher cytosolic 5-HT levels. 

Overall, an increase of the 5-HIAA/ 5-HT concentration ratio was observed, p<0.01 (fig. 4-26d) 

over incubation’s time, due to the limitation of 5-HT capacity to be stored inside synaptic vesicles 

together with the continuity of 5-HT to be actively synthesized at the same time under non-

depolarized conditions, which prevent 5-HT release. Such results can also be observed on 5-HT 

accumulation, p<0.01 (fig. 4-26e), 5-HIAA levels, p<0.01 (fig. 4-26f), and the 5-HIAA/ 5-HT 

concentration ratio, p<0.01 (fig. 4-26g) using rat brain hippocampus incubated ex-vivo. 
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Fig. 4-26. (a) Schematic illustration of a similar phenomenon as was observed on DA accumulation on an increase 

of 5-HT synthesis, accumulation and metabolism during tissue samples incubation. This increase was translated in 

view of the effect of different tissue samples’ incubation time on endogenous (b and e) 5-HT accumulation, (c and f) 

5-HIAA levels, and (d and g) the 5-HIAA/ 5-HT concentration ratio at 2mM K+ over 240-min incubation’s time in 

the striatum and hippocampus incubated ex-vivo. (b and e) Endogenous 5-HT was increased spontaneously during 

the first 120-min under 2mM K+ tending to saturation, which indicates that it cannot be fully stored. (c and f) A 

significant amount of 5-HIAA was found in incubated samples, which showed the existence of cytosolic 5-HT. The 

levels of 5-HIAA were tremendously increased after 120-min incubations, indicating higher cytosolic 5-HT levels 

being metabolized, which leads to an overall increase in the 5-HIAA/ 5-HT concentration ratio (d and g) over 

incubation times. The data are expressed as mean ± SEM (n=6 incubations per data point for the striatum from one 

brain) and (n=12 incubations per data point for the hippocampus from two brains). *p<0.05 and **p<0.01 vs level of 

5-HT, 5-HIAA and the 5-HIAA/ 5-HT concentration ratio in non-incubated samples corresponding to the 0-min 

value, one-way ANOVA followed with Dunnett’s post-hoc test. The data were adjusted into the following analysis 

parameters: panel (b) one-phase exponential association; panel (c) exponential growth; panel (d) exponential 

growth; panel (e) one-phase exponential association; panel (f) exponential growth; and panel (g) exponential growth.  

b) c) d) 

e) f) g) 

a) 
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3.3 Similar effects of D2R partial agonist antipsychotics on 5-HT and DA accumulations 

 

Higher 5-HT receptors’ selectivity is one of the properties of D2R partial agonist antipsychotics. 

All D2R partial agonist antipsychotics are partial agonists at 5-HT1A and antagonists for both 5-

HT2A and 5-HT7 receptor subtypes, with BREX having the highest affinity compared with ARI 

and CARI. To see if these characteristics may also affect the level of 5-HT, the effect of D2R 

partial agonist antipsychotics on 5-HT and 5-HIAA levels was observed in comparison with the 

concentrations of DA and DOPAC in rat brain striatum. Antipsychotic concentrations that trigger 

D2R-independent activation mechanisms were chosen for this study. I found a similar effect of 

partial agonist antipsychotics on 5-HT accumulation, but to a lesser extent on DA (fig. 4-27). All 

D2R partial agonist antipsychotics showed the same trend to decrease endogenous 5-HT 

accumulation, but only BREX displayed a statistically significant effect, p<0.01. However, the 

decrease of 5-HT concentration did not run parallel to that of its metabolite, 5-HIAA levels. An 

increase of 5-HIAA concentration was observed with BREX, which displayed a statistically 

significant effect, p<0.01. Such elevation on 5-HIAA as compared with 5-HT concentration leads 

to an increase in the 5-HIAA/ 5-HT concentration ratio, with both CARI and BREX showing a 

statistically significant effect, p<0.005 (CARI) and p<0.001 (BREX). This suggests that the D2R-

independent activation mechanisms by partial agonist antipsychotics shared a similar mechanism 

to interfere with 5-HT storage and increased 5-HT release or metabolism, but to a lower degree 

than the action on DA in the striatum. This was indicated with similar effects observed for both 5-

HT and DA accumulation (fig. 4-27c and 4-27f), 5-HIAA and DOPAC levels (fig. 4-27d and 4-

27g), and between the 5-HIAA/ 5-HT and the DOPAC/ DA concentration ratio (fig. 4-27e and 4-

27h). 
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Fig. 4-27. Schematic illustration of similar effects mediated by D2R-independent activation mechanisms of partial 

agonist antipsychotics on (a) 5-HT and (b) DA dynamics, but affecting 5-HT to a lesser extent than DA 

accumulation. This is revealed by the comparison of the effects of D2R partial agonist antipsychotics between (c) 5-

HT and (f) DA accumulation, (d) 5-HIAA and (g) DOPAC levels, and the (e) 5-HIAA/ 5-HT and (h) DOPAC/ DA 

concentration ratio from the same brain at 2mM K+. The data are expressed as mean ± SEM (n=5 incubations per 

data point) from one brain. **p<0.01 vs control, one-way ANOVA followed with Dunnett’s post-hoc test. 

c) d) e) 

f) g) h) 

a) b) 
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3.4 Lack of indirect regulation by the 5-HT2A receptor on the inhibition of DA 

accumulation 

 

I have shown that the D2R-independent activation mechanisms by partial agonist antipsychotics 

induce 5-HT release and/or metabolism as shown by an increase in the 5-HIAA/ 5-HT 

concentration ratio (fig. 4-27). Thus, I hypothesized that incorporating higher affinity towards 

certain 5-HT receptors in their properties might indirectly regulate the inhibition of DA synthesis, 

by affecting 5-HT release. This is supported by the literature, which shows that 5-HT can potentiate 

the effect of D2 agonist on the inhibition mediated by DA (Brodie & Bunney, 1996).  

5-HT2A receptor subtype plays an important role in antipsychotics action. It has been 

suggested that a potent blockade of 5-HT2A receptor subtype may contribute to its antipsychotic 

properties, since it was found in clozapine and has become the basis of pharmacological profile to 

the development of atypical antipsychotics (Rasmussen & Aghajanian, 1988). Antipsychotics such 

as risperidone, which also acts as an antagonist at 5-HT2A receptor subtype other than D2, have 

been shown to increase extracellular 5-HT levels (Hertel et al., 1997). D2R partial agonist 

antipsychotics also have a similar property on the 5-HT2A receptor subtype. To study the effect of 

5-HT2A receptor subtype antagonism on endogenous DA accumulation, MDL 100907, a ligand 

with selective antagonism of 5-HT2A receptor subtype was used. Several studies have shown that 

blockade of 5-HT2A receptor subtype appears to increase DA release in the prefrontal cortex 

(Schmidt & Fadayel, 1995) and potentiate haloperidol-induce DA release (Bonaccorso et al., 

2002). However, in my ex-vivo study using rat brain striatum, MDL 100907 did not have any effect 

on endogenous DA accumulation, DOPAC concentration, and the DOPAC/ DA concentration 

ratio (fig. 4-28) under 2mM K+. These results suggested that higher selectivity and affinity of D2R 
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partial agonist antipsychotics on 5-HT2A receptor subtype did not contribute to its D2R-

independent effects previously described. Thus, I excluded the possibility of an indirect regulation 

by 5-HT2A which leads to a decrease in DA synthesis. In addition, since there was no effect of the 

blockade of 5-HT2A on DA accumulation, the effect on 5-HT levels was not quantified for 

comparison. 
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Fig. 4-28. (a) Schematic illustrating the lack of effects of the 5-HT2A antagonism on the D2 receptor, as shown by the 

concentration-response curves of MDL 100907 on endogenous (b) DA accumulation, (c) DOPAC concentration, 

and (d) the DOPAC/ DA concentration ratio under 2mM K+. The data are expressed as mean ± SEM (n=6 

incubations per data point) from one brain. Basal levels in non-incubated samples are shown by ▲. The data were 

adjusted into the sigmoidal dose-response curve for DA accumulation, DOPAC levels, and the DOPAC/ DA 

concentration ratio.  

a) 
b) 

c) d) 
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3.5 Lack of indirect regulation by the 5-HT1A receptor on the inhibition of DA 

accumulation 

 

As discussed in the introduction, 5-HT1A receptor can be located at both pre- and post- synaptical 

terminals. Similar to the D2R, this receptor may regulate 5-HT inhibition. However, the 5-HT1A 

presynaptic autoreceptor is located on the cell bodies; thus, it could be doubted whether it would 

affect DA accumulation determination at nerve endings. Given that D2R partial agonist 

antipsychotics acted as partial agonists at the 5-HT1A receptor subtype, 8-OH DPAT, a ligand with 

an agonist property on 5-HT1A receptor subtype, was examined on endogenous DA accumulation. 

8-OH DPAT did not only activate the 5-HT1A but also the 5-HT7 receptors (Hedlund et al., 2004). 

I found that under 2mM K+, 8-OH DPAT did not have any effect on endogenous DA 

accumulation, DOPAC concentration, and the DOPAC/ DA concentration ratio (fig. 4-29). These 

results indicate that higher selectivity and affinity of D2R partial agonist antipsychotics on the 5-

HT1A receptor subtype do not contribute to its D2R-independent effects on DA accumulation. Thus, 

I excluded the possibility that an indirect regulation by the activation of both 5-HT1A and 5-HT7 

leads to a decrease in DA synthesis. Similar to the previous experiment, since there were no effects 

of the activation of both 5-HT1A and 5-HT7 receptors on DA accumulation, which is my interest, 

the effect on 5-HT levels was not quantified for comparison. 

 



149 
 

       

-8 -7 -6
0

100

200

300

400

500

600

700

800

Basal

8-OH DPAT

log (8-OH DPAT), [M]

D
A

 c
o

n
c
e
n

tr
a
ti

o
n

(p
m

o
l/

 m
g

 p
ro

te
in

)

Control

-8 -7 -6
0

100

200

300

400

500

600

700

800

Basal

8-OH DPAT

log (8-OH DPAT), [M]

D
O

P
A

C
 c

o
n

c
e
n

tr
a
ti

o
n

(p
m

o
l/

 m
g

 p
ro

te
in

)

Control -8 -7 -6

0.5

1.0

1.5

2.0

Basal

8-OH DPAT

log (8-OH DPAT), [M]

D
O

P
A

C
/ 
D

A
 r

a
ti

o

Control

0

 

Fig. 4-29. (a) Schematic diagram illustrating the lack of effects of the 5-HT1A and 5-HT7 agonism on the D2 

receptor, as shown by the concentration-response curves of 8-OH DPAT on endogenous (b) DA accumulation, (c) 

DOPAC concentration, and (d) the DOPAC/ DA concentration ratio under 2mM K+. The data are expressed as mean 

± SEM (n=6 incubations per data point) from one brain. Basal levels in non-incubated samples are shown by ▲. The 

data were adjusted into the sigmoidal dose-response curve for DA accumulation, DOPAC levels and the DOPAC/ 

DA concentration ratio. 

 

  

a) b) 

c) d) 
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3.6 Lack of indirect regulation by the 5-HT7 receptor on the inhibition of DA accumulation 

 

Pharmacological blockade of the 5-HT7 receptor subtype has been implied to have therapeutic 

applications in schizophrenia. Several animal studies have shown antipsychotics-like benefits by 

blockade of 5-HT7 receptor subtype with a decrease in AMPH-induced prepulse inhibition (Galici 

et al., 2008) and attenuated PCP-induced deficits in reversal learning (McLean et al., 2009). Given 

that D2R partial agonist antipsychotics also act as antagonists at 5-HT7 receptor subtype, I also 

hypothesized that this property may indirectly affect endogenous DA accumulation. Therefore, SB 

258719, a ligand with an antagonism property on selective 5-HT7 receptor subtype was used in 

this study. In my ex-vivo study using rat brain striatum, SB 258719 did not have any effect on 

endogenous DA accumulation, DOPAC concentration, and the DOPAC/ DA concentration ratio 

(fig. 4-30) under 2mM K+. These results also suggest that higher selectivity and affinity of D2R 

partial agonist antipsychotics on the 5-HT7 receptor subtype did not contribute to its D2R-

independent activation mechanisms. Thus, I excluded the possibility that indirect regulation by the 

activation (as showed with 8-OH-DPAT in fig 4-29) or blockade of the 5-HT7 receptor subtype 

leads to a decrease in DA synthesis. With no effects of 5-HT7 receptor on DA accumulation, which 

is my interest, the effect on 5-HT levels was not quantified for comparison. 
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Fig. 4-30. (a) Schematic illustration of the lack of effects of 5-HT7 antagonism on D2 receptor, as shown by the 

concentration-response curves of SB 258719 on endogenous (b) DA accumulation, (c) DOPAC concentration, and 

(d) the DOPAC/ DA concentration ratio under 2mM K+. Data are expressed as mean ± SEM (n=6 incubations per 

data point) from one brain. Basal levels in non-incubated samples are shown by ▲. Data was adjusted into the 

sigmoidal dose-response curve for DA accumulation, DOPAC levels and the DOPAC/ DA concentration ratio. 

 

  

a) b) 

c) d) 
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Discussions 

 

1. First objective: Increase our understanding of the overall homeostatic mechanisms 

toward regulation of DA accumulation at presynaptic neurons in the striatum. 

 

This thesis is focused on how drug treatments regulate DA synthesis, storage and metabolism. 

Towards this aim, I have used a similar methodology to González-Sepúlveda et al., with a clear 

focus on DA accumulation ex-vivo, a previously unreported phenomenon. The strength of this 

method is its simplicity and utility to describe various local synaptic mechanisms such as negative-

feedback inhibition on TH that will affect DA synthesis and storage dynamics during tissue 

samples incubation; its limitation, the use of fresh brain partly altered by slicing long-range 

circuitry and some artificial neurotransmitter release. Dopaminergic neurotransmission at 

presynaptic neurons consists of synthesis, vesicular uptake and storage, release, reuptake from 

extracellular milieu, metabolism and feedback regulations. Presynaptic D2R regulate homeostasis 

through the activation of signal transduction that inhibits phosphorylation changes needed to 

activate TH activity (Ford, 2014). My results show that both D2 agonist, QUIN and partial agonist, 

ARI decrease DA accumulation (fig. 4-2). QUIN and ARI both stabilize the active conformational 

states of the receptor. Such action inhibits the formation of the second messenger cAMP, leading 

to the lack of activation of DA synthesis via regulating TH phosphorylation activity. The partial 

agonists, on the other hand, have less efficacy to stabilize the active conformational state of the 

receptor as compared with a full agonist. The intrinsic activity of partial agonists depends on the 

receptor reserve in tissue samples (Meller et al., 1987). Consequently, partial agonists such as ARI 

may need to occupy more receptors to reach a similar efficacy to QUIN. Therefore, even though 
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ARI has a higher affinity for the D2 receptor than QUIN (0.34nM vs 4.8nM), it does not reflect its 

efficacy on DA, as we demonstrated that ARI has less efficacy than QUIN on DA accumulation 

(Emax 43% (ARI) vs 63% (QUIN) in table 2). The efficacy of D2 agonists such as QUIN on DA 

accumulation can be increased in the presence of positive allosteric modulators (fig. 4-6b).  

In contrast, binding of D2R with a D2 antagonist, SUL, does not change the conformational 

state, which could be mostly inactive in experiments performed in 2mM K+ (1-2% signal ratio of 

phosphorylated/unphosphorylated Ser40 on TH, as reported by González-Sepúlveda et al.), but it 

will block other agonists from binding to the receptor. The effect of DA, however, differs from D2 

agonist in that it does not only modulate DA feedback-inhibition through D2R, but it can also 

directly inhibit TH activity by competing with BH4 for binding of the ferric iron at TH catalytic 

site (Dunkley et al., 2004). Provided that DA can regulate a negative-feedback inhibition on TH 

via various mechanisms, the effect of DA in regulating DA synthesis was not blocked in the 

presence of SUL, as is the case with QUIN (fig. 4-3). The overall effect of agonists’ and 

antagonists’ effects on DA accumulation is illustrated in fig 5-1. Understanding the effect of an 

agonist, partial agonist and antagonist on the receptor is important, because various pharmaceutical 

drugs have been based on these sometimes subtle differences. 
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Fig. 5-1. . Illustration of the effects of DA accumulation by QUIN, ARI and SUL. The images represent that: (a) 

QUIN and ARI decrease DA accumulation, (b) SUL alone did not have any effect on DA accumulation, and (c) the 

presence of SUL blocks QUIN’s and ARI’s effect of decreasing DA accumulation. 

 

I have discussed the effect of DA, which can directly inhibit TH activity. As found and discussed 

in detail by González-Sepúlveda et al., submitted, I have also shown that direct DA inhibition of 

TH decreases the capacity of DA storage at presynaptic neurons. Increases in cytosolic DA 

availability can negatively feedback on TH, showing an incubation-time-dependent effect (fig. 4-

1 and González-Sepúlveda et al., submitted). The continuation of DA being synthesized during 

samples’ incubation and transport by VMAT-2 inside synaptic vesicles leads to an increase of DA 

accumulation. VMAT-2 inhibition by TBZ significantly blocks its activity to transport monoamine 

neurotransmitters including DA into synaptic vesicles, thus decreasing DA accumulation (fig. 4-

7). I have reported a significant depletion of DA levels with the Emax 87.0%. My result is 

compatible with another finding, which also found that TBZ depletes striatal DA content by 

approx. 90% (Reches et al., 1983). My finding is almost the same as that reported by González-

Sepúlveda et al. on [3H]-DA synthesis (EC50 of 61.0nM), suggesting that the effect of TBZ on DA 

accumulation is dependent on the amount of DA being synthesized, both being regulated by 

cytosolic DA on TH.  

a) 

 

 

b) 

 

 

c) 
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In addition to exerting a negative-feedback inhibition on TH, higher cytosolic DA will also 

lead to its metabolism with increased DOPAC levels. Similar to the increase of DOPAC 

concentration reported by Reches et al., 1983, I have also found that TBZ significantly increases 

DOPAC levels. This effect was observed at much higher concentrations (EC50 of 106.0nM) with 

almost 2-fold increase, reaching 10-fold if we consider the DOPAC/ DA concentration ratio. This 

result indicates the prominent action of cytosolic DA in modulating a negative-feedback inhibition 

on TH at lower cytosolic DA levels than needed to being metabolized, thus indirectly indicating 

higher DA affinity towards TH than MAO. This is supported by another experiment where I found 

that TBZ significantly inhibited VMAT-2 action, causing a decrease in endogenous DA 

accumulation in as short as a 10-min drug incubation time, while a significantly higher DOPAC 

concentration was observed at 30-min drug incubation time (fig. 4-8). These results were also 

consistent with the data used by a mathematical model where the reaction velocity of cytosolic DA 

on TH was higher than its metabolism by MAO (Best et al., 2009). Although the basal cytosolic 

DA levels have been reported to be normally quite low (Best et al., 2009), I demonstrated a 

prominent effect, that is, it can produce a significant inhibition of DA synthesis/accumulation. 

Interestingly, this powerful modulation by cytosolic DA on TH overcomes the addition of D2R 

activation effects mediated by ARI (fig. 4-9). 
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Fig. 5-2. Different experimental manipulations to demonstrate various homeostatic regulations at 

presynaptic terminals in modulating negative-feedback inhibition on TH by DA. a) Due to the limitation of DA 

storage capacity, excess of cytosolic DA can modulate a negative-feedback inhibition on TH under time-incubation 

effect; b) Presence of TBZ block the uptake of DA into synaptic vesicles, increasing cytosolic DA, which can 

regulate a negative-feedback inhibition on TH; c) A prominent effect of cytosolic DA on a negative-feedback 

inhibition on TH overcomes the effect of D2R activation mediated by ARI; d) A high dopaminergic tone induced by 

high K+ concentrations increases extracellular DA, which can exert a negative-feedback inhibition on TH both via 

D2R and DA reuptake by DAT, contributing to the increase in cytosolic DA; e) Dual regulations of AMPH to induce 

DA release and block the reuptake of DA by DAT, thus increasing extracellular DA, which can modulate a 

negative-feedback inhibition on TH via D2R; f) Presence of MPH presumably reduces cytosolic DA levels at high 

g) 

 

 

d) 

 

 

f) 

 

 

a) 

 

 

b) 

 

 

c) 

 

 

e) 
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dopaminergic tone, induced by higher K+ concentrations, thus increasing extracellular DA. which can modulate a 

negative-feedback inhibition on TH via D2R; and (g) Contrarily, excess of cytosolic DA by TH phosphorylation 

with OKA tends to increase its metabolism and difficulties to exert a negative-feedback inhibition on TH by both 

D2R and direct DA inhibition of TH. 

 

An increase of DA accumulation was observed with the effects on TH phosphorylation by the 

phosphatase inhibitor OKA (fig. 4-4). However, the presence of OKA at the same time increased 

DOPAC levels at a much higher magnitude, thus indicating an excess of cytosolic DA that 

overcomes its capacity to be stored. Differently from the effects of TBZ, where cytosolic DA can 

exert direct negative-feedback inhibition on TH to decrease DA accumulation, excess of cytosolic 

DA by OKA difficulted the feedback mechanisms. González-Sepúlveda et al. have reported that 

DA can directly inhibit TH irrespective of its phosphorylation status, thus indirectly suggesting 

that OKA may favor DA metabolism by MAO more than the phosphorylation relief of DA binding 

to the cofactor site, leading to inhibition on TH. Therefore, if two sites (low- or high- 

affinity)/conformation for DA inhibition of TH exist (as reported by González-Sepúlveda et al.), 

then we could assume that only one site depends on TH phosphorylation, increased by OKA which 

is the high-affinity site. In addition, OKA favors a phosphorylated state of TH, while D2R 

activation favors a dephosphorylated state. Thus, in the presence of OKA, the ability to decrease 

DA synthesis by phosphorylation is compromised. 

Higher dopaminergic tone was mimicked in our ex-vivo studies with different K+ 

concentrations (Nayadoleni N.R, Master thesis 2019). As the extracellular K+ concentrations 

increase, the chemical gradient between the intra and extra cellular become less steep, leading the 

voltage of the membrane to depolarize and to release DA. Such high levels of DA extracellular 

tone elicited by a K+-induced depolarization exert a negative-feedback inhibition on TH. Since the 

sensitivity of this technique could not quantitatively measure the amount of DA being released, I 
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cannot know whether high K+ concentration will produce extracellular DA levels approaching 

those of either tonic or phasic transmission (nM vs uM DA concentrations (Krenz et al., 2013)), 

or either low- or high- affinity state of the D2R. However, these data indicate that: (1) the beneficial 

effect of D2 agonist and partial agonist in modulating presynaptic D2R could be clearly assessed 

at the low dopaminergic tone, and (2) the effect of changes in K+ concentrations to 15mM will 

mimic a high dopaminergic tone, as mentioned by Ma et al., 2015, which may change the negative-

feedback inhibition of TH. This is supported by another experiment, in which I found that AMPH 

significantly decreased DA accumulation, likely through D2R stimulation by released DA (fig. 4-

10). However, AMPH increased DA release and blocked the reuptake activity, both through DAT. 

This treatment must have decreased cytosolic DA levels as compared with TBZ, as shown by the 

lower DOPAC levels elicited by AMPH vs TBZ. A proof of the important regulation of DAT to 

increase the negative-feedback inhibition of TH by cytosolic DA under high dopaminergic tone is 

that the presence of MPH significantly reduced the effect of the DA tone (fig. 4-12). Such an effect 

indicates a less prominent regulation by D2R than by cytosolic DA after reuptake via DAT in 

modulating a negative-feedback inhibition on TH at presynaptic terminals.  
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Discussions 

 

2. Second objective: Examine and compare the mechanism of actions of D2-like partial 

agonist antipsychotics at presynaptic D2R. 

 

In this study, ex-vivo experiments were done with rat brain striatum to account for changes in 

presynaptic dopaminergic neurotransmission to antipsychotics drugs. I used two different methods 

to determine the amount of [3H]-DA being synthesized by using [3H]-Tyr as a precursor and 

quantifying endogenous DA or DOPAC levels. Most experiments were performed under non-

depolarizing conditions that maintain D2R free from released DA. Under these conditions, 

presynaptic D2 receptor stimulation with D2R partial agonist antipsychotics decreased DA 

synthesis efficiently, allowed less endogenous DA being stored and, in some cases, it also reduced 

the amount of DOPAC formed – with similar efficacy as the full D2 agonist, QUIN –. Since the 

etiopathology that contributes to the development of schizophrenia symptoms appears to increase 

the DA synthesis capacity, its availability and release from presynaptic terminals in the striatum 

(Howes et al., 2012), it is tempting to speculate that the DA synthesis and storage in 

schizophrenics’ brains could also be regulated similarly by treatment with D2R partial agonist 

antipsychotics, thus contributing to their mechanisms of action during psychosis.  

In these ex-vivo studies, I demonstrate the ability of D2R partial agonist antipsychotics to 

inhibit [3H]-DA synthesis and to decrease endogenous DA accumulation, while SUL did not 

produce any significant changes at presynaptic dopaminergic terminals under non-depolarizing 

conditions (fig. 4-21). This is consistent with the properties of SUL, which acted as a D2 antagonist 

and was aimed to block D2 receptors, the classic mechanisms of action of all typical and atypical 
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antipsychotics. It may be interesting to compare my results with the effect of antipsychotics on 

DA synthesis capacity in clinical studies. Several studies on the effect of antipsychotics on DA 

synthesis capacity were reviewed. However, there are contradictory results, where one study 

showed a significant decrease of DA synthesis capacity in schizophrenics with chronic 

administration of haloperidol (Gründer et al., 2003), while others did not find any significant 

changes in DA synthesis capacity with ARI (Ito et al., 2012), risperidone (Ito et al., 2009), or 

between different antipsychotics treatments (Jauhar et al., 2019). Other studies have also found 

that there is a negative correlation between acute and chronic administrations of haloperidol on 

DA synthesis capacity: chronic treatment decreases DA synthesis capacity (Gründer et al., 2003), 

but acute administration of haloperidol increases it (Der-Ghazarian et al., 2010). An increase of 

DA synthesis capacity with acute treatment was not only seen with haloperidol but also with ARI 

(Gründer et al., 2003). The inconsistency in the changes of DA synthesis capacity reported between 

different studies cannot be fully understood, as it might be due to (1) variances in administration 

dosage, or (2) holistic neural network regulations in addition to its pharmacological action on the 

D2 receptor, or (3) receptor desensitization that may differentiate between acute and chronic 

effects. It is also worth mentioning that in the DA synthesis capacity techniques, DA formation 

was measured from radiolabeled L-DOPA as the precursor, thus missing the action of TH, the rate-

limiting step in DA synthesis. 

The similarities and differences in the functional properties and efficacies of D2-like partial 

agonist antipsychotics were compared at presynaptic D2R. Based on the concentration-response 

curves in fig. 4-14 and fig. 4-18, pharmacological parameters of D2R partial agonist antipsychotics 

on [3H]-DA synthesis and on endogenous DA accumulation were analyzed for all the 

concentrations as well as for those shown to be D2R-dependent (table 1 and table 2). Referring to 
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the EC50 value, ligand efficacies on D2R-dependent inhibition of [3H]-DA synthesis and 

endogenous DA accumulation were compared, with the rank order being ARI > CARI > BREX. 

In the introduction, I make a comparison of the affinity between partial agonist antipsychotics at 

D2R. BREX has the highest affinity for the receptor, followed by ARI and CARI at much less 

affinity (Kiss et al., 2010; K. Maeda et al., 2014; Shapiro et al., 2003). However, in this study, the 

efficacy of D2R partial agonist antipsychotics to inhibit [3H]-DA synthesis and to decrease 

endogenous DA accumulation is not correlated with their affinity towards the D2 receptor. 

Referring to the Emax value, as partial agonism, D2R partial agonist antipsychotics show an 

intermediate efficacy to inhibit [3H]-DA synthesis and to decrease endogenous DA accumulation. 

Although this calculation is dependent on the maximal concentrations used in this study, such an 

intermediate effect would allow fewer DA levels to remain beneath the threshold for the 

development of positive symptoms induced by excessive DA concentrations (as discussed in the 

etiology of schizophrenia), but at the same time not to exceed the minimum DA levels, to avoid 

causing an adverse neurological effect. With the efficacy of partial agonists shown to be 

intermediate, thus, the important question could arise on the optimal agonist efficacy needed for 

its therapeutic efficacy. Comparing the efficacy of my results with other studies, my results 

validate the hypothesis proposed that BREX had lower efficacy at D2R than ARI, biasing it towards 

antagonists’ effects (Stahl, 2016). In addition, other studies have also found that BREX has less 

intrinsic activity than ARI at D2 receptor (K. Maeda et al., 2014; Oosterhof et al., 2014), which is 

in agreement with my results that BREX does not only have less efficacy but also less potency 

than CARI and ARI at D2R in regulating presynaptic D2R on the inhibition of [3H]-DA synthesis 

and decreasing spontaneous endogenous DA accumulation (D2R-dependent).  
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 QUIN ARI CARI BREX 

Emax, % 

(total effect) 

51 51 52 75 

Emax, % 

(D2R-dependent) 

44 42 47 15 

EC50, nM 

(total effect) 

4.5 4.8 8.7 

51.2 (1st) /  

964.8 (2nd) 

EC50, nM 

(D2R-dependent) 

4.2 3.5 7.1 57.5 

Table 1 indicates the pharmacology parameters for each concentration-response curve of D2R agonist and partial 

agonist antipsychotics on [3H]-DA synthesis at the concentrations mediated by D2R activation or their total effect 

which is partly D2R-independent. 
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 QUIN ARI CARI BREX 

Emax, % 

(total effect) 

63 43 44 85 

Emax, % 

(D2R-dependent) 

63 43 44 41 

EC50, nM 

(total effect) 

76.0 7.6 1.2 

1.8 (1st) / 

1272.4 (2nd) 

EC50, nM 

(D2R-dependent) 

1.2 0.1 1.3 1.9 

Table 2 indicates the pharmacology parameters for each concentration-response curve of D2R agonist and partial 

agonist antipsychotics on endogenous DA accumulation at the concentrations mediated by D2R activation or their 

total effect which is partly D2R-independent. 

 

In modulating presynaptic D2R, I demonstrate that CARI – similarly to ARI – exhibits both agonist 

and antagonist properties depending on whether the experimental conditions mimic low and high 

dopaminergic tone (fig. 4-19). These results are consistent with the lower intrinsic activity of D2R 

partial agonists as compared to DA and underline the key role of their unique “DA stabilizer” 

property on dopaminergic neurotransmission. Low dopaminergic tone under our conditions 

implies that 6.6 ± 1.7% of newly synthesized [3H]-DA was released to the medium. Increasing K+ 

concentrations to 15mM will mimic a high dopaminergic tone (Ma et al., 2015), which prevents 

both ARI and CARI (fig. 4-19) from inhibiting [3H]-DA synthesis. Therefore, it can be postulated 

that both ARI and CARI have the same functional profiles and the capacity to stabilize DA 

synthesis and endogenous DA levels at low dopaminergic tone while blocking DA actions at high 

dopaminergic tones. Whether “DA stabilization” properties could be demonstrated by both ARI 
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and CARI during psychosis remains speculative, although such mechanisms were proven in our 

ex-vivo studies under non-depolarized and K+-induced depolarized conditions.  

The discrepancies between D2R partial agonist antipsychotics in regulating [3H]-DA 

synthesis and accumulation are dose-dependent. The effect of D2R partial agonist antipsychotics 

at high concentrations was not restricted to D2R activation (D2R-independent mechanisms). This 

effect can be seen clearly with the concentration-response curve of BREX. BREX, which had low 

intrinsic activity at the concentrations related to D2R activation, appeared to have higher apparent 

efficacy at high concentrations (D2R-independent) even in the presence of a D2R antagonist. This 

sort of mechanism was shown to disrupt vesicular storage, thus increasing cytosolic DA and 

facilitating DA efflux from dopaminergic terminals, leading to an increase of both DOPAC and 

the DOPAC/ DA concentration ratio under non-depolarized conditions. Although the decrement 

in [3H]-DA synthesis (Emax of 75%) and endogenous DA accumulation (Emax of 85%) of BREX is 

far higher than it counts for [3H]-DA concentration quantified in the media (24% of [3H]-DA 

concentrations) (fig. 4-23), I assumed this was due to the metabolism causing increased oxidation 

of DA by MAO, as shown by inflation in the DOPAC/ DA concentration ratio. Higher DOPAC 

and homovanillic acid concentrations were also observed in the in-vivo microdialysis study of 

BREX at high concentrations in the prefrontal cortex and nucleus accumbens (Maeda et al., 2014). 

This finding is comparable with some of the typical antipsychotics such as haloperidol and 

chlorpromazine, which have been shown to relatively impair some of the monoamine transport 

systems at high concentrations (Pletscher, 1977). Haloperidol has also been shown to induce basal 

DA release, leading to an increased formation of DOPAC and subsequently inhibiting DA 

synthesis at the concentrations known to be at D2R-independent (Delanoy & Dunn, 1982). Such 

mechanisms have also been demonstrated in chronic treatment, which leads to a decrease in DA 
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synthesis capacity, as shown with schizophrenics who received chronic treatments with 

haloperidol (Yokoi et al., 2002). It was assumed that the action of these antipsychotics was through 

an unspecific mechanism that indirectly impairs DA storage inside the synaptic vesicles, unlike 

TBZ, whose mechanism of action specifically blocks the VMAT-2 activity or AMPH to induce 

DA release. As interruption of DA storage leads to an increase of cytosolic DA, which can exert a 

negative-feedback inhibition on TH (as was previously discussed), this mechanism may affect the 

efficacy and properties of D2R partial agonist antipsychotics. This can be seen on the BREX effect 

under K+-induced depolarized conditions which continuously decreased [3H]-DA synthesis 

independently of K+ concentrations (fig. 4-19), thus differentiating the pharmacological properties 

of BREX from other D2R partial agonist antipsychotics. Taking into account my results, I propose 

that the mechanisms of action of ARI and CARI at presynaptic terminals were mostly due to the 

activation of D2R (D2R-dependent), while BREX’s were mostly via D2R-independent 

mechanisms, leading to the inhibition of DA synthesis/accumulation anyway.  

Overall, the significance of my ex-vivo results can be evaluated by comparing them with 

plasma concentration from schizophrenics treated with the same drugs. I found that the plasma 

concentration was comparable with my data that give the maximal effects on the inhibition of [3H]-

DA synthesis and decrease endogenous spontaneous DA accumulation (table 3). In my 

experiments, the efficacy of ARI and CARI was almost the same on the inhibition of [3H]-DA 

synthesis and DA accumulation (table 1 and table 2). However, I noted higher plasma 

concentration for ARI as a result of greater prescription dose in patients due to its pharmacokinetic 

properties in humans. 
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 ARI CARI BREX 

Prescription dose  

(mg/ day) 

10 - 30 1.5 - 6 1- 4 

Plasma concentration 

(µmol/ L) 

334 - 468 6 - 14 21 - 124 

Table 3 describes the clinical prescription dose and the plasma concentrations from the clinical studies with 

ARI, CARI and BREX treatments (Ishigooka et al., 2018; Nakamura et al., 2016; Sparshatt et al., 2010). 

 

In the introduction, I have shown different chemical structures between all D2R partial agonist 

antipsychotics. It is reported in the literature that the intrinsic efficacy of ARI most likely arises 

from the extended structures comprising 1,2,3,4-tetrahydroquinoline to bind with the secondary 

binding pocket at D2R (Klein Herenbrink et al., 2019). Similarly, and like DA, tetrahydroquinoline 

showed the ability to inhibit TH by competing with the BH4 for access to active sites (Scholz et 

al., 2008). This compound can also be observed in the striatum and substantia nigra from patients 

with Parkinson’s disease. The chemical structures of 1,2,3,4-tetrahydroquinoline are described in 

fig. 5-3. However, this substituent can only be found with ARI and BREX – but not in CARI or 

LUMA – as shown in fig. 5-4, and may thus indicate a similar structure-activity relationship 

between ARI and BREX. In my ex-vivo studies, however, ARI’s and BREX’s similar characteristic 

of possessing a tetrahydroquinoline substituent in their chemical structures did not show any 

significant differences that may distinguish them from CARI in regulating presynaptic [3H]-DA 

synthesis and accumulation. Thus, a direct binding of these antipsychotics to TH seems unlikely 

as the explanation of my results. 
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Fig. 5-3. Chemical structure of 1,2,3,4-tetrahydroquinoline. 

 

 

 

Fig 5-4. Extending structure comprising 1,2,3,4-tetrahydroquinoline substituent (shown with a red box) is in part of 

the chemical structures in ARI and BREX, but it does not exist in CARI or LUMA.  

lumateperone 
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Discussions 

 

3. Third objective: Explore the implication of non-D2 receptor components in the 

properties of D2-like partial agonist antipsychotics on DA dynamics. 

 

The antipsychotics-mediated decreases of DA accumulation in my ex-vivo experiments reflect 

primarily on the inhibition of DA synthesis by the stimulation of D2R under non-depolarized 

conditions. Other than that, an AMPH-like interference in vesicular DA storage leading to the 

inhibition of DA synthesis was reported in fig. 4-23. Nevertheless, there are other types of 

neuromodulators that may indirectly affect DA levels in the brain. In this study, I explore the 

possibility that some of the properties of D2R partial agonist antipsychotics (e.g. affinity for 5-HT 

receptors), may indirectly regulate DA synthesis and accumulation. Even though the limitations of 

these ex-vivo experiments do not demonstrate the full mechanism of the interactions, any effect 

that we might observe on DA accumulation could be an indicator suggestive of cross-talk between 

DA and other receptors or neuromodulators.   

In the introduction (section 13.4), I have mentioned the differences between all three D2R 

partial agonist antipsychotics with regard to their binding affinity between DA D2 and DA D3 on 

DA receptors. CARI has been shown to have higher affinities (Kiss et al., 2010), and rapid binding 

kinetics (A. Frank et al., 2018) towards the D3 receptor than ARI and BREX. At low 

concentrations, CARI likely binds to the D3 receptor (Girgis et al., 2016). However, there are no 

clear results for the role of the D3 receptor on the autoregulation of DA terminals, as only a few 

studies have reported D3 regulation of extracellular DA levels (Koeltzow et al., 1998), but not DA 

synthesis (Joseph et al., 2002). Since DA itself has a higher affinity towards the D3 than the D2 
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receptor (Sokoloff et al., 1990), it can be hypothesized that the D3 receptor may play an important 

role in regulating DA feedback inhibition at presynaptic terminals. In this ex-vivo assessment (fig. 

4-25), I have showed a higher affinity of CARI towards the D3 receptor was not involved in its 

regulation on DA synthesis. My result was also in agreement with another ex-vivo study showing 

that the effect of CARI on dopaminergic firing was not affected by D3 blockade (Delcourte et al., 

2018).  

It is noteworthy that 5-HT accumulates spontaneously ex-vivo, like DA (fig. 4-26). To my 

knowledge, this Ph.D. thesis is the first description of such spontaneous 5-HT accumulation, now 

reported by us in González-Sepúlveda et al., submitted. Other than the differences between 

receptor subtypes within the D2-like family, D2R partial agonist antipsychotics also showed a high 

affinity for 5-HT receptors. Therefore, in this study, I have compared the effect of D2R partial 

agonist antipsychotics on 5-HT with DA concentrations in rat brain striatum incubated ex-vivo. I 

have demonstrated (fig. 4-27) that D2R-independent mechanisms of D2R partial agonist 

antipsychotics decrease 5-HT accumulation with different efficacies. Interestingly, the differences 

between antipsychotics were consistent with their affinity towards 5-HT receptors: BREX has a 

higher affinity towards all 5-HT receptor subtypes compared with ARI and CARI, and shows the 

best statistically significant inhibition on 5-HT concentration and higher 5-HIAA/ 5-HT 

concentration ratio. The increase of the 5-HIAA/ 5-HT ratio is interpreted by me as showing that 

partial agonist antipsychotics may have similar effects to disrupt DA and 5-HT storage and to 

induce basal 5-HT release. This mechanism increases cytosolic 5-HT, leading to an increased 

formation of 5-HIAA and to an increase of the 5-HIAA/ 5-HT ratio. By comparing the effect of 

D2R partial agonist antipsychotics on 5-HT with DA concentration, 5-HIAA with DOPAC levels 

and 5-HIAA/ 5-HT with DOPAC/ DA concentration ratio (fig. 4-27), it can be concluded that 
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similar effects of D2R-independent mechanisms by D2R partial agonist antipsychotics on 5-HT, 

but to a lesser extent on DA, were observed. 

Some neurotransmitters have been known to indirectly modulate dopaminergic 

neurotransmission. Among them are glutamate (Kulagina et al., 2001), GABA (Pitman et al., 

2014), acetylcholine (Shin et al., 2017), endocannabinoids (Covey et al., 2017), opioids (Schlösser 

et al., 1995), adrenergic (O’Neill et al., 2007), histamine (Aquino-Miranda et al., 2016), and 5-HT 

(Olijslagers et al., 2006). In fact, ARI has been shown to regulate most of these neurotransmitters 

levels, including 5-HT (Choi et al., 2017), adrenergic (Threlfell et al., 2012), GABA (Pan et al., 

2016), endocannabinoids (Cheng et al., 2008), opioids (Ferreira et al., 2017), and glutamate (Choi 

et al., 2017) other than DA. CARI also showed the same with glutamate (Choi et al., 2017; J. Kehr 

et al., 2018), noradrenaline (J. Kehr et al., 2018) and 5-HT (Choi et al., 2017; J. Kehr et al., 2018), 

while BREX has been reported to regulate glutamate (Björkholm et al., 2017), 5-HT (Oosterhof et 

al., 2014, 2016), noradrenaline (Oosterhof et al., 2014), and adrenergic (Munkhof et al., 2017; 

Oosterhof et al., 2014), other than DA levels. Even though for this ex-vivo experimental protocol 

I had minced the rat brain striatum interrupting neuronal firing, receptors located on the same 

dopaminergic terminals or neighboring cells allow the possibility of being blocked and releasing 

modulators different from DA, which could trigger actions on DA terminals. For example, 5-HT 

receptors were expressed on dopaminergic neurons (Olijslagers et al., 2006). Together with the 

effect of D2R partial agonist antipsychotics on 5-HT levels as discussed above, I hypothesized that 

5-HT probably acts as a neuromodulator and indirectly modulates dopaminergic dynamics. This 

is supported by several studies on the possibility of cross-talk between 5-HT and DA, as I discussed 

in the introduction. Such mechanisms may enhance the efficacy of partial agonist antipsychotics 

on its inhibition of DA synthesis in my ex-vivo assessments. However, my experiment with 
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selective ligands, which showed similar properties with D2R partial agonist antipsychotics 

including 8-OH-DPAT (5-HT1A and 5-HT7 receptors agonist), MDL 100907 (5-HT2A receptor 

antagonist) and SB 258719 (5-HT7 receptor antagonist), showed a lack of interaction between 

these 5-HT receptor subtypes and DA accumulation. Two possibilities may explain these results: 

(1) there is no cross-talk between those 5-HT receptor subtypes and the D2 receptor, and a higher 

affinity of D2R partial agonist antipsychotics on these selected 5-HT receptor subtypes did not 

have any effects that may alter their efficacy to decrease DA accumulation in rat brain striatum 

incubated ex-vivo; (2) the 5-HT receptor density in the brain striatum is much lower than the D2 

receptor, so any regulation leading to slight changes would be difficult to quantify or to give a 

significant decrease on DA accumulation in our assessment system. This opens the possibility of 

involvement from other neurotransmitters or neuromodulators, e.g. glutamate receptor, which is 

also expressed on dopaminergic neurons (Engblom et al., 2008), together with the existence of 

metabotropic DA with glutamate receptors (Hu et al., 1999).  
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Limitations 

 

Some limitations of my ex-vivo experiments have been observed, as follows:  

➢ In terms of the methodology, I have found the limitation of the total number of sample 

incubations for each experiment. This was due to the maximum sample tubes that can be placed in 

the incubator during incubations. This limitation increased the variability of the number of 

replicates for each drug concentration used, which was accumulated from more than one brain 

incubation.  

➢ For the determination of endogenous DA and DOPAC concentrations, I also found there 

is variability on the baseline between different rats used. Such variations affect the average values 

when pooling the data from more than one brain incubation. Recent results from our group show 

that not only do both DA and DOPAC concentrations vary between animals, but brain slicing also 

increases DOPAC levels while reducing DA concentrations (Anna Galán, unpublished, 2020). 

Thus, the DA accumulation reflects a DA replenishment of functional dopaminergic nerve 

endings, reaching higher levels than previously to slicing, and representing maximal storage 

capacity.  

➢ Since the study aimed to measure the changes in presynaptic regulation on DA 

synthesis/accumulation, the effects of the activation of D2L receptor at postsynaptic dopaminergic 

terminals that may retrogradely be affecting presynaptic DA synthesis were not studied by our 

experimental set-up, and they may likely contribute to their clinical profile. This may be important 

since QUIN (Lindgren et al., 2003), ARI (Kikuchi et al., 1995), and CARI (Kiss et al., 2010) have 

been shown to activate D2L receptor at the same time. Also, a Master’s work performed in our 
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group with my co-supervision (Nayadoleni Nieves Rivera, 2019) has shown that under 

depolarizing conditions, the release of postsynaptic messengers may alter D2R responses.  

➢ The effect of DA levels in ex-vivo studies does not represent the pharmacological effect of 

the activation of the D2 receptor alone, while several regulations might be involved that may 

indirectly modulate DA levels. However, the challenging complexity of rat striatal tissue may offer 

an attractive model of study of drug action on brain synapses, with future applications to live 

animal models and human studies.   
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Future studies 

 

 

Several experiments were planned and proposed during this study. However, with the time-limit 

of the thesis together with the unexpected pandemic of Covid-19 that brought about a new 

regulation for mobility to the University, these experiments were delayed, and can be followed up 

in the future. These include: 

➢ LUMA. 

As mentioned in the introduction, LUMA was recently approved by the U.S. F.D.A. in December 

2019 as an antipsychotic. The unique description of LUMA as compared to other partial agonist 

antipsychotics is its ability to act differently on different D2 receptors (partial agonist at D2S and 

an antagonist at D2L); whether such characteristics mark a real difference with ARI, CARI and 

BREX should be studied. As the second objective of this thesis is to compare and examine the 

efficacy and properties of partial agonist antipsychotics in modulating presynaptic D2R, inclusive 

data from LUMA would be useful for comparison. The short time span after the U.S. F.D.A.’s 

approval of LUMA made it impossible to include it in the present work. 

➢ Combination of PAOPA with partial agonist antipsychotics. 

I have shown that PAOPA significantly enhances the QUIN effect to decrease DA accumulation. 

PAOPA has also been shown to prevent deficits in social interaction induced by NMDA receptor 

antagonists (Dyck et al., 2011); thus the combination of PAOPA with partial agonist antipsychotics 

may have beneficial implications on their efficacy for the treatments of both positive and negative 

symptoms in schizophrenia. 
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➢ Do D2R independent mechanisms of partial agonist antipsychotics that mediate DA 

release can be observed with other antipsychotics? 

I have demonstrated that at high concentrations, D2R partial agonist antipsychotics interfere with 

DA storage and induce DA release from synaptic vesicles. These mechanisms increase cytosolic 

DA, which tends to modulate a negative-feedback inhibition on TH. Although it has been shown 

that haloperidol may have a similar mechanism at high concentrations (Delanoy & Dunn, 1982), 

it will be interesting if these experiments are extended to other typical or atypical antipsychotics, 

if they exhibit similar mechanisms that may affect their properties.  

➢ D2 receptor occupancy. 

I have shown the differences in the efficacy of partial agonist antipsychotics at presynaptic D2R. 

The efficacy of these ligands is also highly associated with their ability to bind at the receptor. 

Therefore, a comparison between receptor occupancy and the ligands’ effect may be beneficial to 

compare my ex-vivo data with others from in-vivo or clinical studies. Since partial agonist 

antipsychotics may bind to both D2S and D2L receptors and unless we can carefully isolate between 

these two membranes, it will be difficult to correlate between the total and selected receptor 

occupancy at D2R. 

➢ Postsynaptic “retrograde” messenger regulation of DA accumulation. 

In addition to D2R, there are other neurotransmitter receptors on DA cell bodies that may regulate 

DA synthesis at presynaptic terminals. These include GABAB, opioid, muscarinic acetylcholine 

and ionotropic metabotropic glutamate receptors, which have been shown to inhibit DA release 

(Dewey et al., 1993; Schlösser et al., 1995; Schmitz et al., 2002; Zhang & Sulzer, 2003). Such 

interactions may affect the efficacy and property of D2R partial agonist antipsychotics in regulating 

DA synthesis at presynaptic terminals. 
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Conclusions 

 

1. First objective: Increase our understanding of the overall homeostatic mechanisms 

toward regulation of DA accumulation at presynaptic neurons in the striatum. 

 

➢ D2R exerts a negative-feedback inhibition on TH. The effect was observed with a D2-like 

agonist, QUIN, and a partial agonist antipsychotic, ARI. Both compounds decreased DA 

accumulation and DOPAC concentration ex-vivo but with different efficacy corresponding 

to their full agonist and partial agonist characteristics. While QUIN decreased the DOPAC/ 

DA concentration ratio, ARI did not significantly change it.  

➢ Blockade of D2R by D2 antagonist, SUL, prevented the effects of QUIN but not those of 

DA application to the incubation, suggesting additional effects of DA to modulate a 

negative-feedback inhibition on TH other than stimulating D2R, probably exerting direct 

TH blockade by reuptaken cytosolic DA.  

➢ The phosphatase inhibitor OKA does not only increase DA accumulation but 

simultaneously appears to increase its metabolite levels more than DA accumulated. 

➢ The efficacy of QUIN to decrease DA accumulation increased in the presence of the D2 

positive allosteric modulator PAOPA.  

➢ Higher cytosolic DA due to interruption of DA storage via inhibition of VMAT-2 activity 

by TBZ exerts a negative-feedback inhibition on TH. This effect decreased DA 

accumulation but increased DOPAC levels, consistently with the higher metabolization of 

cytosolic DA.   
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➢ Simultaneous incubation with TBZ and ARI did not show synergistic effects on DA 

accumulation. This suggests that the prominent regulation by cytosolic DA on TH 

overcomes D2R activation effects mediated by ARI.  

➢ Depolarization induced by increasing K+ concentrations decreases DA accumulation, 

consistently with DA inhibition of its own synthesis and potentiation of metabolism after 

being released.  

➢ AMPH has similar effects as those produced by higher dopaminergic tone induced by 

higher K+ concentrations. This effect decreased DA accumulation, probably through D2R 

stimulation by released DA, but it did not increase DOPAC levels as the effect with TBZ, 

suggesting less cytosolic DA was available to be metabolized due to D2R activation.   

➢ The effect of MPH is dependent on membrane potential-induced DA release by 15mM K+. 

Under this condition, MPH attenuates effects induced by 15mM K+ on DA accumulation, 

DOPAC levels and the DOPAC/ DA concentration ratio. 
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2. Second objective: Examine and compare the mechanism of actions of D2-like partial 

agonist antipsychotics at presynaptic D2R. 

 

The properties of QUIN and ARI previously documented at presynaptic D2R were used as 

references in this study (Ma et al., 2015). Thus, the same [3H]-DA synthesis method and 

endogenous DA accumulation (González-Sepúlveda et al., submitted) were used in rat striatal 

brain samples incubated ex-vivo. I found that:  

➢ All D2-like partial agonist antipsychotics activated D2R to inhibit presynaptic [3H]-DA 

synthesis and decreased the spontaneous endogenous DA accumulation – similarly to 

QUIN –. Ligands’ efficacies on D2-dependent (blocked by SUL) inhibition of [3H]-DA 

synthesis and endogenous DA accumulation were compared, with the rank order being ARI 

> CARI > BREX. 

➢ Both CARI and ARI showed similar agonist properties at D2 receptor under non-

depolarized conditions, but lost this property to become antagonists under K+-stimulated 

conditions, differently to BREX that maintained D2R-independent inhibition of [3H]-DA 

synthesis under both conditions.  

➢ The effect of D2-like partial agonist antipsychotics at high concentrations was not restricted 

to D2R activation (D2-independent mechanisms). This mechanism increased cytosolic DA, 

as shown by the increase both in DOPAC levels and in the DOPAC/ DA concentration 

ratio. This enhanced their efficacy to inhibit [3H]-DA synthesis and decreased endogenous 

DA accumulation through disrupted DA storage. They likely induced DA release from 

dopaminergic terminals (partially similar to AMPH) as they increased DA metabolism. 
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3. Third objective: Explore the implication of non-D2 receptor components in the 

properties of D2-like partial agonist antipsychotics on DA dynamics. 

 

The non-D2 receptor components of D2-like partial agonist antipsychotics were studied to 

investigate whether they contribute to the D2-independent mechanisms described above. Under the 

same experimental conditions, I observed that: 

➢ The higher affinity of CARI towards the D3 receptor than ARI and BREX is not involved 

in CARI effects on DA accumulation.  

➢ A spontaneous increase in the 5-HT accumulation during tissue samples incubation was 

also observed, a similar phenomenon as occurred on DA. 

➢ D2R-independent activation mechanisms of partial agonist antipsychotics influence both 

5-HT and DA dynamics but affect 5-HT to a lesser extent than DA accumulation.   

➢ The high affinity of ARI, CARI and BREX towards certain 5-HT1A, 5-HT2A and 5-HT7 

receptor subtypes does not affect either the decrease of DA accumulation.  

 

 

  



184 
 

(Blank) 

 

 

 

  



185 
 

 

 

 

 

 

 



186 
 

References 

 

Allen, R. M., & Young, S. J. (1978). Phencyclidine-induced psychosis. American Journal of 

Psychiatry, 135(9), 1081–1084. https://doi.org/10.1176/ajp.135.9.1081 

Anatomical structures of basal ganglia. Available from: 

http://www.learnneurosurgery.com/basal-ganglia.html 

Aquino-Miranda, G., Escamilla-Sánchez, J., González-Pantoja, R., Bueno-Nava, A., & Arias-

Montaño, J. A. (2016). Histamine H3 receptor activation inhibits dopamine synthesis but 

not release or uptake in rat nucleus accumbens. Neuropharmacology, 106, 91–101. 

https://doi.org/10.1016/j.neuropharm.2015.07.006 

Ban, T. A. (2007). Fifty years chlorpromazine: a historical perspective. Neuropsychiatric 

Disease and Treatment, 3(4), 495–500. 

Basu, D., Tian, Y., Bhandari, J., Jiang, J. R., Hui, P., Johnson, R. L., & Mishra, R. K. (2013). 

Effects of the dopamine D2 allosteric modulator, PAOPA, on the expression of GRK2, 

Arrestin-3, ERK1/2, and on receptor internalization. PLoS ONE. 

https://doi.org/10.1371/journal.pone.0070736 

Bello, E. P., Mateo, Y., Gelman, D. M., Noaín, D., Shin, J. H., Low, M. J., Alvarez, V. A., 

Lovinger, D. M., & Rubinstein, M. (2011). Cocaine supersensitivity and enhanced 

motivation for reward in mice lacking dopamine D2 autoreceptors. Nature Neuroscience, 

14(8), 1033–1038. https://doi.org/10.1038/nn.2862 

Benoit-Marand, M., Borrelli, E., & Gonon, F. (2001). Inhibition of dopamine release via 

presynaptic D2 receptors: time course and functional characteristics in vivo. The Journal of 

Neuroscience : The Official Journal of the Society for Neuroscience, 21(23), 9134–9141. 

https://doi.org/10.1523/JNEUROSCI.21-23-09134.2001 

Berridge, K. C. (2007). The debate over dopamine’s role in reward: the case for incentive 

salience. Psychopharmacology, 191(3), 391–431. https://doi.org/10.1007/s00213-006-0578-

x 

Best, J. A., Nijhout, H. F., & Reed, M. C. (2009). Homeostatic mechanisms in dopamine 

synthesis and release: a mathematical model. Theoretical Biology & Medical Modelling, 6, 

21. https://doi.org/10.1186/1742-4682-6-21 

http://www.learnneurosurgery.com/basal-ganglia.html


187 
 

Björkholm, C., Marcus, M. M., Konradsson-Geuken, Å., Jardemark, K., & Svensson, T. H. 

(2017). The novel antipsychotic drug brexpiprazole, alone and in combination with 

escitalopram, facilitates prefrontal glutamatergic transmission via a dopamine D1 receptor-

dependent mechanism. European Neuropsychopharmacology, 27(4), 411–417. 

https://doi.org/10.1016/j.euroneuro.2017.01.014 

Bolam, J. P., Hanley, J. J., Booth, P. A., & Bevan, M. D. (2000). Synaptic organisation of the 

basal ganglia. Journal of Anatomy, 196 ( Pt 4(Pt 4), 527–542. 

https://doi.org/10.1046/j.1469-7580.2000.19640527.x 

Bonaccorso, S., Meltzer, H. Y., Li, Z., Dai, J., Alboszta, A. R., & Ichikawa, J. (2002). SR46349-

B, a 5-HT2A/2C Receptor Antagonist, Potentiates Haloperidol-induced Dopamine Release 

in Rat Medial Prefrontal Cortex and Nucleus Accumbens. Neuropsychopharmacology, 

27(3), 430–441. https://doi.org/10.1016/S0893-133X(02)00311-1 

Bonhomme, N., De Deurwaèrdere, P., Le Moal, M., & Spampinato, U. (1995). Evidence for 5-

HT4 receptor subtype involvement in the enhancement of striatal dopamine release induced 

by serotonin: a microdialysis study in the halothane-anesthetized rat. Neuropharmacology, 

34(3), 269–279. https://doi.org/https://doi.org/10.1016/0028-3908(94)00145-I 

Boundy, V. A., Pacheco, M. A., Guan, W., & Molinoff, P. B. (1995). Agonists and antagonists 

differentially regulate the high affinity state of the D2L receptor in human embryonic 

kidney 293 cells. Molecular Pharmacology, 48(5), 956 LP – 964. 

Braak, H., Rüb, U., & Del Tredici, K. (2006). Cognitive decline correlates with 

neuropathological stage in Parkinson’s disease. Journal of the Neurological Sciences, 

248(1), 255–258. https://doi.org/10.1016/j.jns.2006.05.011 

Brichta, L., Greengard, P., & Flajolet, M. (2013). Advances in the pharmacological treatment of 

Parkinson’s disease: targeting neurotransmitter systems. Trends in Neurosciences, 36(9), 

543–554. https://doi.org/https://doi.org/10.1016/j.tins.2013.06.003 

Brodie, M. S., & Bunney, E. B. (1996). Serotonin potentiates dopamine inhibition of ventral 

tegmental area neurons in vitro. Journal of Neurophysiology, 76(3), 2077–2082. 

https://doi.org/10.1152/jn.1996.76.3.2077 

Brown, T. E. (2008). ADD/ADHD and impaired executive function in clinical practice. Current 

Psychiatry Reports, 10(5), 407–411. https://doi.org/10.1007/s11920-008-0065-7 

Bymaster, F. P., Calligaro, D. O., Falcone, J. F., Marsh, R. D., Moore, N. A., Tye, N. C., 



188 
 

Seeman, P., & Wong, D. T. (1996). Radioreceptor Binding Profile of the Atypical 

Antipsychotic Olanzapine. Neuropsychopharmacology, 14(2), 87–96. 

https://doi.org/10.1016/0893-133X(94)00129-N 

Carboni, E., Imperato, A., Perezzani, L., & Di Chiara, G. (1989). Amphetamine, cocaine, 

phencyclidine and nomifensine increase extracellular dopamine concentrations 

preferentially in the nucleus accumbens of freely moving rats. Neuroscience, 28(3), 653–

661. https://doi.org/https://doi.org/10.1016/0306-4522(89)90012-2 

Carlsson, A, Hansson, L. O., Waters, N., & Carlsson, M. L. (1999). A glutamatergic deficiency 

model of schizophrenia. British Journal of Psychiatry, 174(S37), 2–6. https://doi.org/DOI: 

10.1192/S0007125000293574 

Carlsson, A, Persson, T., Roos, B.-E., & Wålinder, J. (1972). Potentiation of phenothiazines by 

α-methyltyrosine in treatment of chronic schizophrenia. Journal of Neural Transmission, 

33(2), 83–90. https://doi.org/10.1007/BF01260898 

Carlsson, A, Roos, B.-E., Wålinder, J., & Skott, A. (1973). Further studies on the mechanism of 

antipsychotic action: Potentiation by α-methyltyrosine of thioridazine effects in chronic 

schizophrenics. Journal of Neural Transmission, 34(2), 125–132. 

https://doi.org/10.1007/BF01244665 

Carlsson, Arvid. (2001). NOBEL LECTURE: A Half-Century of Neurotransmitter Research: 

Impact on Neurology and Psychiatry. Bioscience Reports, 21(6), 691–710. 

https://doi.org/10.1023/A:1015556204669 

Cass, W. A., & Gerhardt, G. A. (1994). Direct in vivo evidence that D2 dopamine receptors can 

modulate dopamine uptake. Neuroscience Letters, 176(2), 259–263. 

https://doi.org/https://doi.org/10.1016/0304-3940(94)90096-5 

Cheng, M.-C., Liao, D.-L., Hsiung, C. A., Chen, C.-Y., Liao, Y.-C., & Chen, C.-H. (2008). 

Chronic treatment with aripiprazole induces differential gene expression in the rat frontal 

cortex. International Journal of Neuropsychopharmacology, 11(2), 207–216. 

Choi, Y. K., Adham, N., Kiss, B., Gyertyán, I., & Tarazi, F. I. (2017). Long-term effects of 

aripiprazole exposure on monoaminergic and glutamatergic receptor subtypes: Comparison 

with cariprazine. CNS Spectrums, 22(6), 484–494. https://doi.org/DOI: 

10.1017/S1092852916000894 

Ciammola, A., Sassone, J., Colciago, C., Mencacci, N. E., Poletti, B., Ciarmiello, A., Squitieri, 



189 
 

F., & Silani, V. (2009). Aripiprazole in the treatment of Huntington’s disease: a case series. 

Neuropsychiatric Disease and Treatment, 5, 1–4. 

Citrome, L., Ota, A., Nagamizu, K., Perry, P., Weiller, E., & Baker, R. A. (2016). The effect of 

brexpiprazole (OPC-34712) and aripiprazole in adult patients with acute schizophrenia: 

Results from a randomized, exploratory study. International Clinical Psychopharmacology, 

31(4), 192–201. 

Coppen, E. M., & Roos, R. A. C. (2017). Current Pharmacological Approaches to Reduce 

Chorea in Huntington’s Disease. Drugs, 77(1), 29–46. https://doi.org/10.1007/s40265-016-

0670-4 

Covey, D. P., Mateo, Y., Sulzer, D., Cheer, J. F., & Lovinger, D. M. (2017). Endocannabinoid 

modulation of dopamine neurotransmission. Neuropharmacology, 124, 52–61. 

https://doi.org/10.1016/j.neuropharm.2017.04.033 

Coyle, J. T., Basu, A., Benneyworth, M., Balu, D., & Konopaske, G. (2012). Glutamatergic 

synaptic dysregulation in schizophrenia: therapeutic implications. Handbook of 

Experimental Pharmacology, 213, 267–295. https://doi.org/10.1007/978-3-642-25758-2_10 

Creese, I., Burt, D. R., & Snyder, S. H. (1976). Dopamine receptor binding predicts clinical and 

pharmacological potencies of antischizophrenic drugs. Science, 192(4238), 481 LP – 483. 

https://doi.org/10.1126/science.3854 

Dahlström, A., & Fuxe, K. (1964). Localization of monoamines in the lower brain stem. 

Experientia, 20(7), 398–399. https://doi.org/10.1007/BF02147990 

Darchen, F., Scherman, D., Desnos, C., & Henry, J.-P. (1988). Characteristics of the transport of 

the quaternary ammonium 1-methyl-4-phenylpyridinium by chromaffin granules. 

Biochemical Pharmacology, 37(22), 4381–4387. 

https://doi.org/https://doi.org/10.1016/0006-2952(88)90621-1 

Davie, C. A. (2008). A review of Parkinson’s disease. British Medical Bulletin, 86(1), 109–127. 

https://doi.org/10.1093/bmb/ldn013 

Delanoy, R. L., & Dunn, A. J. (1982). Effects of haloperidol and apomorphine on catecholamine 

metabolism in brain slices: Reserpine-like effects of haloperidol. Biochemical 

Pharmacology, 31(20), 3297–3305. https://doi.org/https://doi.org/10.1016/0006-

2952(82)90564-0 

Delcambre, S., Nonnenmacher, Y., & Hiller, K. (2016). Dopamine Metabolism and Reactive 



190 
 

Oxygen Species Production BT  - Mitochondrial Mechanisms of Degeneration and Repair 

in Parkinson’s Disease (L. M. Buhlman (ed.); pp. 25–47). Springer International 

Publishing. https://doi.org/10.1007/978-3-319-42139-1_2 

Delcourte, S., Ashby  Jr, C. R., Rovera, R., Kiss, B., Adham, N., Farkas, B., & Haddjeri, N. 

(2018). The novel atypical antipsychotic cariprazine demonstrates dopamine D(2) receptor-

dependent partial agonist actions on rat mesencephalic dopamine neuronal activity. CNS 

Neuroscience & Therapeutics, 24(12), 1129–1139. https://doi.org/10.1111/cns.12867 

Der-Ghazarian, T., Charntikov, S., Varela, F. A., Crawford, C. A., & McDougall, S. A. (2010). 

Effects of Repeated and Acute Aripiprazole or Haloperidol Treatment on Dopamine 

Synthesis in the Dorsal Striatum of Young Rats: Comparison to Adult Rats. Journal of 

Neural Transmission, 117(5), 573–583. https://doi.org/10.1007/s00702-010-0396-5 

Dewey, S. L., Smith, G. S., Logan, J., Brodie, J. D., Simkowitz, P., MacGregor, R. R., Fowler, J. 

S., Volkow, N. D., & Wolf, A. P. (1993). Effects of central cholinergic blockade on striatal 

dopamine release measured with positron emission tomography in normal human subjects. 

Proceedings of the National Academy of Sciences of the United States of America, 90(24), 

11816–11820. 

Differences between affinity, efficacy and potency. Available from: 

http://tmedweb.tulane.edu/pharmwiki/doku.php/basic_principles_of_pharm 

Di Chiara, G., & Imperato, A. (1988). Drugs abused by humans preferentially increase synaptic 

dopamine concentrations in the mesolimbic system of freely moving rats. Proceedings of 

the National Academy of Sciences of the United States of America, 85(14), 5274–5278. 

https://doi.org/10.1073/pnas.85.14.5274 

Dunkley, P. R., Bobrovskaya, L., Graham, M. E., Von Nagy-Felsobuki, E. I., & Dickson, P. W. 

(2004). Tyrosine hydroxylase phosphorylation: regulation and consequences. Journal of 

Neurochemistry, 91(5), 1025–1043. https://doi.org/10.1111/j.1471-4159.2004.02797.x 

Dyck, B., Guest, K., Sookram, C., Basu, D., Johnson, R., & Mishra, R. K. (2011). PAOPA, a 

potent analogue of Pro-Leu-glycinamide and allosteric modulator of the dopamine D2 

receptor, prevents NMDA receptor antagonist (MK-801)-induced deficits in social 

interaction in the rat: Implications for the treatment of negative symptoms in schi. 

Schizophrenia Research, 125(1), 88–92. 

https://doi.org/https://doi.org/10.1016/j.schres.2010.09.025 

http://tmedweb.tulane.edu/pharmwiki/doku.php/basic_principles_of_pharm


191 
 

Earley, W., Guo, H., Daniel, D., Nasrallah, H., Durgam, S., Zhong, Y., Patel, M., Barabássy, Á., 

Szatmári, B., & Németh, G. (2019). Efficacy of cariprazine on negative symptoms in 

patients with acute schizophrenia: A post hoc analysis of pooled data. Schizophrenia 

Research, 204, 282–288. https://doi.org/https://doi.org/10.1016/j.schres.2018.08.020 

Engblom, D., Bilbao, A., Sanchis-Segura, C., Dahan, L., Perreau-Lenz, S., Balland, B., Parkitna, 

J. R., Luján, R., Halbout, B., Mameli, M., Parlato, R., Sprengel, R., Lüscher, C., Schütz, G., 

& Spanagel, R. (2008). Glutamate receptors on dopamine neurons control the persistence of 

cocaine seeking. Neuron, 59(3), 497–508. 

https://doi.org/https://doi.org/10.1016/j.neuron.2008.07.010 

Erickson, J. D., Schafer, M. K., Bonner, T. I., Eiden, L. E., & Weihe, E. (1996). Distinct 

pharmacological properties and distribution in neurons and endocrine cells of two isoforms 

of the human vesicular monoamine transporter. Proceedings of the National Academy of 

Sciences, 93(10), 5166 LP – 5171. https://doi.org/10.1073/pnas.93.10.5166 

Erspamer, V., & Asero, B. (1952). Identification of Enteramine, the Specific Hormone of the 

Enterochromaffin Cell System, as 5-Hydroxytryptamine. Nature, 169(4306), 800–801. 

https://doi.org/10.1038/169800b0 

Faraone, S. V, Doyle, A. E., Mick, E., & Biederman, J. (2001). Meta-Analysis of the Association 

Between the 7-Repeat Allele of the Dopamine D4 Receptor Gene and Attention Deficit 

Hyperactivity Disorder. American Journal of Psychiatry, 158(7), 1052–1057. 

https://doi.org/10.1176/appi.ajp.158.7.1052 

Ferreira, R. C. M., Almeida-Santos, A. F., Duarte, I. D. G., Aguiar, D. C., Moreira, F. A., & 

Romero, T. R. L. (2017). Peripheral antinociception induced by aripiprazole is mediated by 

the opioid system. BioMed Research International, 2017, 8109205. 

https://doi.org/10.1155/2017/8109205 

Floor, E., & Meng, L. (1996). Amphetamine releases dopamine from synaptic vesicles by dual 

mechanisms. Neuroscience Letters, 215(1), 53–56. 

https://doi.org/https://doi.org/10.1016/S0304-3940(96)12963-3 

Ford, C. P. (2014). The role of D2-autoreceptors in regulating dopamine neuron activity and 

transmission. Neuroscience, 282, 13–22. https://doi.org/10.1016/j.neuroscience.2014.01.025 

Frank, A., Kiss, D. J., Keserű, G. M., & Stark, H. (2018). Binding kinetics of cariprazine and 

aripiprazole at the dopamine D3 receptor. Scientific Reports, 8(12509). 



192 
 

https://doi.org/10.1038/s41598-018-30794-y 

Frank, S. (2009). Tetrabenazine as anti-chorea therapy in Huntington disease: an open-label 

continuation study. Huntington Study Group/TETRA-HD Investigators. BMC Neurology, 9, 

62. https://doi.org/10.1186/1471-2377-9-62 

Fusar-Poli, P., & Meyer-Lindenberg, A. (2013). Striatal presynaptic dopamine in schizophrenia, 

part II: meta-analysis of [(18)F/(11)C]-DOPA PET studies. Schizophrenia Bulletin, 39(1), 

33–42. https://doi.org/10.1093/schbul/sbr180 

Gainetdinov, R. R. (2008). Dopamine transporter mutant mice in experimental 

neuropharmacology. Naunyn-Schmiedeberg’s Archives of Pharmacology, 377(4–6), 301–

313. https://doi.org/10.1007/s00210-007-0216-0 

Galici, R., Boggs, J. D., Miller, K. L., Bonaventure, P., & Atack, J. R. (2008). Effects of SB-

269970, a 5-HT7 receptor antagonist, in mouse models predictive of antipsychotic-like 

activity. Behavioural Pharmacology, 19(2). 

Gerfen C. R. (2004). Basal ganglia, in the rat nervous system (Paxinos G, ed.), pp. 445-508. 

Academic Press, Amsterdam  

German, C. L., Baladi, M. G., McFadden, L. M., Hanson, G. R., & Fleckenstein, A. E. (2015). 

Regulation of the Dopamine and Vesicular Monoamine Transporters: Pharmacological 

Targets and Implications for Disease. Pharmacological Reviews, 67(4), 1005 LP – 1024. 

https://doi.org/10.1124/pr.114.010397 

Girgis, R. R., Slifstein, M., D’Souza, D., Lee, Y., Periclou, A., Ghahramani, P., Laszlovszky, I., 

Durgam, S., Adham, N., Nabulsi, N., Huang, Y., Carson, R. E., Kiss, B., Kapás, M., Abi-

Dargham, A., & Rakhit, A. (2016). Preferential binding to dopamine D(3) over D(2) 

receptors by cariprazine in patients with schizophrenia using PET with the D(3)/D(2) 

receptor ligand [(11)C]-(+)-PHNO. Psychopharmacology, 233(19), 3503–3512. 

https://doi.org/10.1007/s00213-016-4382-y 

Gizer, I. R., Ficks, C., & Waldman, I. D. (2009). Candidate gene studies of ADHD: a meta-

analytic review. Human Genetics, 126(1), 51–90. https://doi.org/10.1007/s00439-009-0694-

x 

Gobert, A., & Millan, M. J. (1999). Serotonin (5-HT)2A receptor activation enhances dialysate 

levels of dopamine and noradrenaline, but not 5-HT, in the frontal cortex of freely-moving 

rats. Neuropharmacology, 38(2), 315–317. https://doi.org/https://doi.org/10.1016/S0028-



193 
 

3908(98)00188-9 

González-Sepúlveda, M., Rosell, S., Hoffmann, H. M., Castillo-Ruiz, M. del M., Mignon, V., 

Moreno-Delgado, D., Vignes, M., Díaz, J., Sabriá, J., & Ortiz, J. (2013). Cellular 

distribution of the histamine H3 receptor in the basal ganglia: Functional modulation of 

dopamine and glutamate neurotransmission. Basal Ganglia, 3(2), 109–121. 

https://doi.org/https://doi.org/10.1016/j.baga.2012.12.001 

Gray, J., & Roth, B. (2007). Serotonin Systems. https://doi.org/10.1002/9780470101001.hcn008 

Gründer, G., Vernaleken, I., Müller, M. J., Davids, E., Heydari, N., Buchholz, H.-G., 

Bartenstein, P., Munk, O. L., Stoeter, P., Wong, D. F., Gjedde, A., & Cumming, P. (2003). 

Subchronic Haloperidol Downregulates Dopamine Synthesis Capacity in the Brain of 

Schizophrenic Patients In Vivo. Neuropsychopharmacology, 28(4), 787–794. 

https://doi.org/10.1038/sj.npp.1300103 

Gyertyán, I., Kiss, B., Sághy, K., Laszy, J., Szabó, G., Szabados, T., Gémesi, L. I., Pásztor, G., 

Zájer-Balázs, M., Kapás, M., Csongor, É. Á., Domány, G., Tihanyi, K., & Szombathelyi, Z. 

(2011). Cariprazine (RGH-188), a potent D3/D2 dopamine receptor partial agonist, binds to 

dopamine D3 receptors in vivo and shows antipsychotic-like and procognitive effects in 

rodents. Neurochemistry International, 59(6), 925–935. 

https://doi.org/https://doi.org/10.1016/j.neuint.2011.07.002 

Hall, H., Farde, L., Halldin, C., Lundkvist, C., & Sedvall, G. (2000). Autoradiographic 

localization of 5-HT2A receptors in the human brain using [3H]M100907 and 

[11C]M100907. Synapse, 38(4), 421–431. https://doi.org/10.1002/1098-

2396(20001215)38:4<421::AID-SYN7>3.0.CO;2-X 

Hart, H., Radua, J., Nakao, T., Mataix-Cols, D., & Rubia, K. (2013). Meta-analysis of Functional 

Magnetic Resonance Imaging Studies of Inhibition and Attention in Attention-

deficit/Hyperactivity Disorder: Exploring Task-Specific, Stimulant Medication, and Age 

Effects. JAMA Psychiatry, 70(2), 185–198. 

https://doi.org/10.1001/jamapsychiatry.2013.277 

Hauser, A. S., Attwood, M. M., Rask-Andersen, M., Schiöth, H. B., & Gloriam, D. E. (2017). 

Trends in GPCR drug discovery: new agents, targets and indications. Nature Reviews. Drug 

Discovery, 16(12), 829–842. https://doi.org/10.1038/nrd.2017.178 

Haycock, J. W. (1990). Phosphorylation of tyrosine hydroxylase in situ at serine 8, 19, 31, and 



194 
 

40. Journal of Biological Chemistry , 265(20), 11682–11691. 

Hedlund, P. B., Kelly, L., Mazur, C., Lovenberg, T., Sutcliffe, J. G., & Bonaventure, P. (2004). 

8-OH-DPAT acts on both 5-HT1A and 5-HT7 receptors to induce hypothermia in rodents. 

European Journal of Pharmacology, 487(1), 125–132. 

https://doi.org/https://doi.org/10.1016/j.ejphar.2004.01.031 

Herlitze, S., Garcia, D. E., Mackie, K., Hille, B., Scheuer, T., & Catterall, W. A. (1996). 

Modulation of Ca2+ channels βγ G-protein py subunits. Nature, 380(6571), 258–262. 

https://doi.org/10.1038/380258a0 

Hertel, P., Nomikos, G. G., Schilström, B., Arborelius, L., & Svensson, T. H. (1997). 

Risperidone Dose-Dependently Increases Extracellular Concentrations of Serotonin in the 

Rat Frontal Cortex: Role of α2 –Adrenoceptor Antagonism. Neuropsychopharmacology, 

17(1), 44–55. https://doi.org/10.1016/S0893-133X(97)00002-X 

Homayoun H. & Moghaddam B. (2007). NMDA receptor hypofunction produces opposite 

effects on prefrontal cortex interneurons and pyramidal neurons. J Neurosci, 27: 11496–

11500. https://doi.org/10.1523/JNEUROSCI.2213-07.2007 

Howes, O. D., Kambeitz, J., Kim, E., Stahl, D., Slifstein, M., Abi-Dargham, A., & Kapur, S. 

(2012). The nature of dopamine dysfunction in schizophrenia and what this means for 

treatment: Meta-analysis of imaging studies. Archives of General Psychiatry, 69(8), 776–

786. https://doi.org/10.1001/archgenpsychiatry.2012.169 

Hoyer, D., Hannon, J. P., & Martin, G. R. (2002). Molecular, pharmacological and functional 

diversity of 5-HT receptors. Pharmacology Biochemistry and Behavior, 71(4), 533–554. 

https://doi.org/https://doi.org/10.1016/S0091-3057(01)00746-8 

Hu, G., Duffy, P., Swanson, C., Ghasemzadeh, M. B., & Kalivas, P. W. (1999). The regulation 

of dopamine transmission by metabotropic glutamate receptors. Journal of Pharmacology 

and Experimental Therapeutics, 289(1), 412–416. 

Huntington Study Group. (2006). Tetrabenazine as antichorea therapy in Huntington disease. 

Neurology, 66(3), 366 LP – 372. https://doi.org/10.1212/01.wnl.0000198586.85250.13 

Ichikawa, J., Ishii, H., Bonaccorso, S., Fowler, W. L., O’Laughlin, I. A., & Meltzer, H. Y. 

(2001). 5-HT2A and D2 receptor blockade increases cortical DA release via 5-HT1A 

receptor activation: a possible mechanism of atypical antipsychotic-induced cortical 

dopamine release. Journal of Neurochemistry, 76(5), 1521–1531. 

https://dx.doi.org/10.1523%2FJNEUROSCI.2213-07.2007


195 
 

https://doi.org/10.1046/j.1471-4159.2001.00154.x 

Ingelsson, M. (2016). Alpha-Synuclein Oligomers-Neurotoxic Molecules in Parkinson’s Disease 

and Other Lewy Body Disorders. Frontiers in Neuroscience, 10, 408. 

https://doi.org/10.3389/fnins.2016.00408 

Ishigooka, J., Iwashita, S., Higashi, K., Liew, E. L., & Tadori, Y. (2018). Pharmacokinetics and 

safety of brexpiprazole following multiple-dose administration to japanese patients with 

schizophrenia. Journal of Clinical Pharmacology, 58(1), 74–80. 

https://doi.org/https://dx.doi.org/10.1002/jcph.979 

Ito, H., Takano, H., Arakawa, R., Takahashi, H., Kodaka, F., Takahata, K., Nogami, T., Suzuki, 

M., & Suhara, T. (2012). Effects of dopamine D2 receptor partial agonist antipsychotic 

aripiprazole on dopamine synthesis in human brain measured by PET with L-[β-

11C]DOPA. PLoS ONE, 7(9). https://doi.org/10.1371/journal.pone.0046488 

Ito, H., Takano, H., Takahashi, H., Arakawa, R., Miyoshi, M., Kodaka, F., Okumura, M., 

Otsuka, T., & Suhara, T. (2009). Effects of the antipsychotic risperidone on dopamine 

synthesis in human brain measured by positron emission tomography with L-[beta-

11C]DOPA: a stabilizing effect for dopaminergic neurotransmission? The Journal of 

Neuroscience : The Official Journal of the Society for Neuroscience, 29(43), 13730–13734. 

https://doi.org/10.1523/JNEUROSCI.4172-09.2009 

Jackson, M. E., Frost, A. S., & Moghaddam, B. (2001). Stimulation of prefrontal cortex at 

physiologically relevant frequencies inhibits dopamine release in the nucleus accumbens. 

Journal of Neurochemistry, 78(4), 920–923. https://doi.org/10.1046/j.1471-

4159.2001.00499.x 

Jauhar, S., Veronese, M., Nour, M. M., Rogdaki, M., Hathway, P., Natesan, S., Turkheimer, F., 

Stone, J., Egerton, A., McGuire, P., Kapur, S., & Howes, O. D. (2019). The Effects of 

Antipsychotic Treatment on Presynaptic Dopamine Synthesis Capacity in First-Episode 

Psychosis: A Positron Emission Tomography Study. Biological Psychiatry, 85(1), 79–87. 

https://doi.org/https://doi.org/10.1016/j.biopsych.2018.07.003 

Jeffrey Conn, P., Christopoulos, A., & Lindsley, C. W. (2009). Allosteric modulators of GPCRs: 

a novel approach for the treatment of CNS disorders. Nature Reviews Drug Discovery, 8(1), 

41–54. https://doi.org/10.1038/nrd2760 

Joseph, J. D., Wang, Y.-M., Miles, P. R., Budygin, E. A., Picetti, R., Gainetdinov, R. R., Caron, 



196 
 

M. G., & Wightman, R. M. (2002). Dopamine autoreceptor regulation of release and uptake 

in mouse brain slices in the absence of D3 receptors. Neuroscience, 112(1), 39–49. 

https://doi.org/https://doi.org/10.1016/S0306-4522(02)00067-2 

Kebabian, J. W., & Calne, D. B. (1979). Multiple receptors for dopamine. Nature, 277(5692), 

93–96. https://doi.org/10.1038/277093a0 

Kehr, J., Yoshitake, T., Ichinose, F., Yoshitake, S., Kiss, B., Gyertyán, I., & Adham, N. (2018). 

Effects of cariprazine on extracellular levels of glutamate, GABA, dopamine, noradrenaline 

and serotonin in the medial prefrontal cortex in the rat phencyclidine model of 

schizophrenia studied by microdialysis and simultaneous recordings of locomotor acti. 

Psychopharmacology, 235(5), 1593–1607. https://doi.org/10.1007/s00213-018-4874-z 

Kehr, W., Carlsson, A., Lindqvist, M., Magnusson, T., & Atack, C. (1972). Evidence for a 

receptor-mediated feedback control of striatal tyrosine hydroxylase activity. Journal of 

Pharmacy and Pharmacology, 24(9), 744–747. https://doi.org/10.1111/j.2042-

7158.1972.tb09104.x 

Kikuchi, T., Tottori, K., Uwahodo, Y., Hirose, T., Miwa, T., Oshiro, Y., & Morita, S. (1995). 7-

(4-[4-(2,3-Dichlorophenyl)-1-piperazinyl]butyloxy)-3,4-dihydro-2(1H)-quinolinone (OPC-

14597), a new putative antipsychotic drug with both presynaptic dopamine autoreceptor 

agonistic activity and postsynaptic D2 receptor antagonistic activity. Journal of 

Pharmacology and Experimental Therapeutics, 274(1), 329–336. 

Kiss, B., Horváth, A., Némethy, Z., Schmidt, É., Laszlovszky, I., Bugovics, G., Fazekas, K., 

Hornok, K., Orosz, S., Gyertyán, I., Ágai-Csongor, É., Domány, G., Tihanyi, K., Adham, 

N., & Szombathelyi, Z. (2010). Cariprazine (RGH-188), a dopamine D3 receptor-

preferring, D3/D2 dopamine receptor antagonist–partial agonist antipsychotic candidate: In 

vitro and neurochemical profile. Journal of Pharmacology and Experimental Therapeutics, 

333(1), 328–340. 

Klein Herenbrink, C., Verma, R., Lim, H. D., Kopinathan, A., Keen, A., Shonberg, J., Draper-

Joyce, C. J., Scammells, P. J., Christopoulos, A., Javitch, J. A., Capuano, B., Shi, L., & 

Lane, J. R. (2019). Molecular Determinants of the Intrinsic Efficacy of the Antipsychotic 

Aripiprazole. ACS Chemical Biology, 14(8), 1780–1792. 

https://doi.org/10.1021/acschembio.9b00342 

Koeltzow, T. E., Xu, M., Cooper, D. C., Hu, X.-T., Tonegawa, S., Wolf, M. E., & White, F. J. 



197 
 

(1998). Alterations in dopamine release but not dopamine autoreceptor function in 

dopamine D3 receptor mutant mice. The Journal of Neuroscience, 18(6), 2231–2238. 

Krenz, W.-D., Hooper, R., Parker, A., Prinz, A., & Baro, D. (2013). Activation of high and low 

affinity dopamine receptors generates a closed loop that maintains a conductance ratio and 

its activity correlate   . In Frontiers in Neural Circuits   (Vol. 7, p. 169). 

Kulagina, N. V, Zigmond, M. J., & Michael, A. C. (2001). Glutamate regulates the spontaneous 

and evoked release of dopamine in the rat striatum. Neuroscience, 102(1), 121–128. 

https://doi.org/https://doi.org/10.1016/S0306-4522(00)00480-2 

Kumar, B., & Kuhad, A. (2018). Lumateperone: a new treatment approach for neuropsychiatric 

disorders. Drugs of Today, 54, 713. https://doi.org/10.1358/dot.2018.54.12.2899443 

Laruelle, M., Abi-Dargham, A., Gil, R., Kegeles, L., & Innis, R. (1999). Increased dopamine 

transmission in schizophrenia: relationship to illness phases. Biological Psychiatry, 46(1), 

56–72. https://doi.org/10.1016/S0006-3223(99)00067-0 

Lieberman, J. A., Kane, J. M., & Alvir, J. (1987). Provocative tests with psychostimulant drugs 

in schizophrenia. Psychopharmacology, 91(4), 415–433. 

https://doi.org/10.1007/BF00216006 

Lieberman, J., Johns, C., Cooper, T., Pollack, S., & Kane, J. (1989). Clozapine pharmacology 

and tardive dyskinesia. Psychopharmacology, 99(1), S54–S59. 

https://doi.org/10.1007/BF00442560 

Lindgren, N., Usiello, A., Goiny, M., Haycock, J., Erbs, E., Greengard, P., Hokfelt, T., Borrelli, 

E., & Fisone, G. (2003). Distinct roles of dopamine D2L and D2S receptor isoforms in the 

regulation of protein phosphorylation at presynaptic and postsynaptic sites. Proceedings of 

the National Academy of Sciences of the United States of America, 100(7), 4305–4309. 

https://doi.org/10.1073/pnas.0730708100 

London, & Fountas, Zafeirios. (2020). Imperial College Spiking Neural Networks for Human-

like Avatar Control in a Simulated Environment. 

López-Rodríguez, M. L., Benhamú, B., & Vázquez-Villa, H. (2020). Chapter 11 - Allosteric 

modulators targeting GPCRs (B. Jastrzebska & P. S.-H. B. T.-Gpcr. Park (eds.); pp. 195–

241). Academic Press. https://doi.org/https://doi.org/10.1016/B978-0-12-816228-6.00011-8 

Ma, G. F., Raivio, N., Sabrià, J., & Ortiz, J. (2015). Agonist and antagonist effects of 

aripiprazole on D₂-like receptors controlling rat brain dopamine synthesis depend on the 



198 
 

dopaminergic tone. The International Journal of Neuropsychopharmacology / Official 

Scientific Journal of the Collegium Internationale Neuropsychopharmacologicum (CINP), 

18(4), 1–9. https://doi.org/10.1093/ijnp/pyu046 

Maeda, K., Sugino, H., Akazawa, H., Amada, N., Shimada, J., Futamura, T., Yamashita, H., Ito, 

N., McQuade, R. D., Mork, A., Pehrson, A. L., Hentzer, M., Nielsen, V., Bundgaard, C., 

Arnt, J., Stensbol, T. B., & Kikuchi, T. (2014). Brexpiprazole I: In vitro and in vivo 

characterization of a novel serotonin-dopamine activity modulator. Journal of 

Pharmacology and Experimental Therapeutics, 350(3), 589–604. 

https://doi.org/10.1124/jpet.114.213793 

Maeda, Kenji, Lerdrup, L., Sugino, H., Akazawa, H., Amada, N., McQuade, R. D., Stensbøl, T. 

B., Bundgaard, C., Arnt, J., & Kikuchi, T. (2014). Brexpiprazole II: Antipsychotic-Like and 

Procognitive Effects of a Novel Serotonin-Dopamine Activity Modulator. Journal of 

Pharmacology and Experimental Therapeutics, 350(3), 605–614. 

Mailman, R. B., & Murthy, V. (2010). Third generation antipsychotic drugs: Partial agonism or 

receptor functional selectivity? Curr Pharm Des, 16(5), 488–501. 

https://doi.org/10.1016/j.neuron.2009.10.017.A 

Maldonado, R., Saiardi, A., Valverde, O., Samad, T. A., Roques, B. P., & Borrelli, E. (1997). 

Absence of opiate rewarding effects in mice lacking dopamine D2 receptors. Nature, 

388(6642), 586–589. https://doi.org/10.1038/41567 

Martel, P., Leo, D., Fulton, S., Bérard, M., & Trudeau, L.-E. (2011). Role of Kv1 potassium 

channels in regulating dopamine release and presynaptic D2 receptor function. PloS One, 

6(5), e20402–e20402. https://doi.org/10.1371/journal.pone.0020402 

Martin, P., Carlsson, M. L., & Hjorth, S. (1998). Systemic PCP treatment elevates brain 

extracellular 5-HT: a microdialysis study in awake rats. NeuroReport, 9(13). 

Mateo, Y., Budygin, E. A., John, C. E., & Jones, S. R. (2004). Role of serotonin in cocaine 

effects in mice with reduced dopamine transporter function. Proceedings of the National 

Academy of Sciences of the United States of America, 101(1), 372–377. 

https://doi.org/10.1073/pnas.0207805101 

McColgan, P., & Tabrizi, S. J. (2018). Huntington’s disease: a clinical review. European Journal 

of Neurology, 25(1), 24–34. https://doi.org/10.1111/ene.13413 

McEntee, W. J., & Crook, T. H. (1993). Glutamate: its role in learning, memory, and the aging 



199 
 

brain. Psychopharmacology, 111(4), 391–401. https://doi.org/10.1007/BF02253527 

McLean, S. L., Woolley, M. L., Thomas, D., & Neill, J. C. (2009). Role of 5-HT receptor 

mechanisms in sub-chronic PCP-induced reversal learning deficits in the rat. 

Psychopharmacology, 206(3), 403–414. https://doi.org/10.1007/s00213-009-1618-0 

Meller, E., Bohmaker, K., Namba, Y., Friedhoff, A. J., & Goldstein, M. (1987). Relationship 

between receptor occupancy and response at striatal dopamine autoreceptors. Molecular 

Pharmacology, 31(6), 592–598. 

Meltzer, H., & Mcgurk, S. (1999). The Effects of Clozapine, Risperidone, and Olanzapine on 

Cognitive Function in Schizophrenia. Schizophrenia Bulletin, 25, 233–255. 

https://doi.org/10.1093/oxfordjournals.schbul.a033376 

Mishra, R. K., Makman, M. H., Costain, W. J., Nair, V. D., & Johnson, R. L. (1999). Modulation 

of agonist stimulated adenylyl cyclase and GTPase activity by l-pro-l-leu-glycinamide and 

its peptidomimetic analogue in rat striatal membranes. Neuroscience Letters, 269(1), 21–24. 

https://doi.org/https://doi.org/10.1016/S0304-3940(99)00413-9 

Monaghan, D. T., & Cotman, C. W. (1985). Distribution of N-methyl-D-aspartate-sensitive L-

[3H]glutamate-binding sites in rat brain. The Journal of Neuroscience : The Official Journal 

of the Society for Neuroscience, 5(11), 2909–2919. 

https://doi.org/10.1523/JNEUROSCI.05-11-02909.1985 

Munkhof, H. E. Van Den, Arnt, J., Celada, P., & Artigas, F. (2017). The antipsychotic drug 

brexpiprazole reverses phencyclidine-induced disruptions of thalamocortical networks. 

European Neuropsychopharmacology, 27, 1248–1257. 

Murray, A. M., Ryoo, H. L., Gurevich, E., & Joyce, J. N. (1994). Localization of dopamine D3 

receptors to mesolimbic and D2 receptors to mesostriatal regions of human forebrain. 

Proceedings of the National Academy of Sciences of the United States of America, 91(23), 

11271–11275. https://doi.org/10.1073/pnas.91.23.11271 

Nakamura, T., Kubota, T., Iwakaji, A., Imada, M., Kapás, M., & Morio, Y. (2016). Clinical 

pharmacology study of cariprazine (MP-214) in patients with schizophrenia (12-week 

treatment). Drug Design, Development and Therapy, 10, 327–338. 

https://doi.org/10.2147/DDDT.S95100 

Namkung, Y., Dipace, C., Javitch, J. A., & Sibley, D. R. (2009). G protein-coupled receptor 

kinase-mediated phosphorylation regulates post-endocytic trafficking of the D2 dopamine 



200 
 

receptor. The Journal of Biological Chemistry, 284(22), 15038–15051. 

https://doi.org/10.1074/jbc.M900388200 

Németh, B., Molnár, A., Akehurst, R., Horváth, M., Kóczián, K., Németh, G., Götze, Á., & 

Vokó, Z. (2017). Quality-adjusted life year difference in patients with predominant negative 

symptoms of schizophrenia treated with cariprazine and risperidone. Journal of 

Comparative Effectiveness Research, 6(8), 639–648. https://doi.org/10.2217/cer-2017-0024 

Nestler, E. J. (2013). Cellular basis of memory for addiction. Dialogues in Clinical 

Neuroscience, 15(4), 431–443. 

Nummenmaa, L., Seppälä, K., & Vesa, P. (2020). Molecular imaging of the human emotion 

circuit. https://doi.org/10.31234/osf.io/5w63q 

O’Neill, C., Nolan, B. J., Macari, A., O’Boyle, K. M., & O’Connor, J. J. (2007). Adenosine A1 

receptor-mediated inhibition of dopamine release from rat striatal slices is modulated by D1 

dopamine receptors. European Journal of Neuroscience, 26(12), 3421–3428. 

https://doi.org/10.1111/j.1460-9568.2007.05953.x 

Olijslagers, J. E., Werkman, T. R., McCreary, A. C., Kruse, C. G., & Wadman, W. J. (2006). 

Modulation of midbrain dopamine neurotransmission by serotonin, a versatile interaction 

between neurotransmitters and significance for antipsychotic drug action. Current 

Neuropharmacology, 4(1), 59–68. 

Olson, M. (2002). Pharmaceutical Policy Change and the Safety of New Drugs. The Journal of 

Law & Economics, 45(S2), 615–642. https://doi.org/10.1086/368006 

Oosterhof, C. A., El Mansari, M., & Blier, P. (2014). Acute effects of brexpiprazole on 

serotonin, dopamine, and norepinephrine systems: An in vivo electrophysiologic 

characterization. Journal of Pharmacology and Experimental Therapeutics, 351(3), 585–

595. https://doi.org/10.1124/jpet.114.218578 

Oosterhof, C. A., Mansari, M. El, Bundgaard, C., & Blier, P. (2016). Brexpiprazole alters 

monoaminergic systems following repeated administration: An in vivo electrophysiological 

study. International Journal of Neuropsychopharmacology, 19(3), pyv111. 

https://doi.org/10.1093/ijnp/pyv111 

Osinga, T. E., Links, T. P., Dullaart, R. P. F., Pacak, K., van der Horst-Schrivers, A. N. A., 

Kerstens, M. N., & Kema, I. P. (2017). Emerging role of dopamine in neovascularization of 

pheochromocytoma and paraganglioma. FASEB Journal : Official Publication of the 



201 
 

Federation of American Societies for Experimental Biology, 31(6), 2226–2240. 

https://doi.org/10.1096/fj.201601131R 

Pampaloni, F., & Masotti, E. H. K. S. and A. (2009). Three-Dimensional Tissue Models for Drug 

Discovery and Toxicology. In Recent Patents on Biotechnology (Vol. 3, Issue 2, pp. 103–

117). https://doi.org/http://dx.doi.org/10.2174/187220809788700201 

Pan, B., Huang, X.-F., & Deng, C. (2016). Chronic administration of aripiprazole activates 

GSK3β-dependent signalling pathways, and up-regulates GABAA receptor expression and 

CREB1 activity in rats. Scientific Reports, 6(30040). 

Pehek, E. A., McFarlane, H. G., Maguschak, K., Price, B., & Pluto, C. P. (2001). M100,907, a 

selective 5-HT2A antagonist, attenuates dopamine release in the rat medial prefrontal 

cortex. Brain Research, 888(1), 51–59. https://doi.org/https://doi.org/10.1016/S0006-

8993(00)03004-3 

Penmatsa, A., Wang, K. H., & Gouaux, E. (2013). X-ray structure of dopamine transporter 

elucidates antidepressant mechanism. Nature, 503(7474), 85–90. 

https://doi.org/10.1038/nature12533 

Phillips, T. J., Brown, K. J., Burkhart-Kasch, S., Wenger, C. D., Kelly, M. A., Rubinstein, M., 

Grandy, D. K., & Low, M. J. (1998). Alcohol preference and sensitivity are markedly 

reduced in mice lacking dopamine D2 receptors. Nature Neuroscience, 1(7), 610–615. 

https://doi.org/10.1038/2843 

Pitman, K. A., Puil, E., & Borgland, S. L. (2014). GABAB modulation of dopamine release in 

the nucleus accumbens core. European Journal of Neuroscience, 40(10), 3472–3480. 

https://doi.org/10.1111/ejn.12733 

Pletscher, A. (1977). Effect of neuroleptics and other drugs on monoamine uptake by membranes 

of adrenal chromaffin granules. British Journal of Pharmacology, 59(3), 419–424. 

https://doi.org/10.1111/j.1476-5381.1977.tb08395.x 

Porras, G., Di Matteo, V., Fracasso, C., Lucas, G., De Deurwaerdère, P., Caccia, S., Esposito, E., 

& Spampinato, U. (2002). 5-HT2A and 5-HT2C/2B Receptor Subtypes Modulate 

Dopamine Release Induced in Vivo by Amphetamine and Morphine in Both the Rat 

Nucleus Accumbens and Striatum. Neuropsychopharmacology, 26(3), 311–324. 

https://doi.org/10.1016/S0893-133X(01)00333-5 

Pycock, C. J., Kerwin, R. W., & Carter, C. J. (1980). Effect of lesion of cortical dopamine 



202 
 

terminals on subcortical dopamine receptors in rats. Nature, 286(5768), 74–77. 

https://doi.org/10.1038/286074a0 

Rapport, M. M., Green, A. A., & Page, I. H. (1948). Serum vasoconstrictor (serotonin): IV. 

Isolation and characterization. Journal of Biological Chemistry, 176(3), 1243–1251. 

Rasmussen, K., & Aghajanian, G. K. (1988). Potency of antipsychotics in reversing the effects of 

a hallucinogenic drug on locus coeruleus neurons correlates with 5-HT₂ binding affinity. In 

Neuropsychopharmacology (Vol. 1, Issue 2, pp. 101–107). Nature Publishing Group. 

https://doi.org/10.1016/0893-133X(88)90001-2 

Reavill, C., Taylor, S. G., Wood, M. D., Ashmeade, T., Austin, N. E., Avenell, K. Y., Boyfield, 

I., Branch, C. L., Cilia, J., Coldwell, M. C., Hadley, M. S., Hunter, A. J., Jeffrey, P., Jewitt, 

F., Johnson, C. N., Jones, D. N., Medhurst, A. D., Middlemiss, D. N., Nash, D. J., … 

Hagan, J. J. (2000). Pharmacological actions of a novel, high-affinity, and selective human 

dopamine D(3) receptor antagonist, SB-277011-A. The Journal of Pharmacology and 

Experimental Therapeutics, 294(3), 1154–1165. 

Reches, A., Burke, R. E., Kuhn, C. M., Hassan, M. N., Jackson, V. R., & Fahn, S. (1983). 

Tetrabenazine, an amine-depleting drug, also blocks dopamine receptors in rat brain. 

Journal of Pharmacology and Experimental Therapeutics, 225(3), 515 LP – 521. 

Richtand, N. M., Welge, J. A., Logue, A. D., Keck, P. E., Strakowski, S. M., & McNamara, R. 

K. (2007). Dopamine and Serotonin Receptor Binding and Antipsychotic Efficacy. 

Neuropsychopharmacology, 32(8), 1715–1726. https://doi.org/10.1038/sj.npp.1301305 

Rios, M., Habecker, B., Sasaoka, T., Eisenhofer, G., Tian, H., Landis, S., Chikaraishi, D., & 

Roffler-Tarlov, S. (1999). Catecholamine Synthesis is Mediated by Tyrosinase in the 

Absence of Tyrosine Hydroxylase. The Journal of Neuroscience, 19(9), 3519 LP – 3526. 

https://doi.org/10.1523/JNEUROSCI.19-09-03519.1999 

Rondou, P., Haegeman, G., & Van Craenenbroeck, K. (2010). The dopamine D4 receptor: 

biochemical and signalling properties. Cellular and Molecular Life Sciences, 67(12), 1971–

1986. https://doi.org/10.1007/s00018-010-0293-y 

Rouge-Pont, F., Usiello, A., Benoit-Marand, M., Gonon, F., Piazza, P. V., & Borrelli, E. (2002). 

Changes in extracellular dopamine induced by morphine and cocaine: crucial control by D2 

receptors. The Journal of Neuroscience : The Official Journal of the Society for 

Neuroscience, 22(8), 3293–3301. https://doi.org/10.1523/JNEUROSCI.22-08-03293.2002 



203 
 

Schlösser, B., Kudernatsch, M. B., Sutor, B., & Bruggencate, G. ten. (1995). δ, μ, and κ opioid 

receptor agonists inhibit dopamine overflow in rat neostriatal slices. Neuroscience Letters, 

191(1), 126–130. https://doi.org/https://doi.org/10.1016/0304-3940(94)11552-3 

Schmidt, C. J., & Fadayel, G. M. (1995). The selective 5-HT2A receptor antagonist, MDL 

100,907, increases dopamine efflux in the prefrontal cortex of the rat. European Journal of 

Pharmacology, 273(3), 273–279. https://doi.org/https://doi.org/10.1016/0014-

2999(94)00698-7 

Schmitz, Y., Schmauss, C., & Sulzer, D. (2002). Altered dopamine release and uptake kinetics in 

mice lacking D2 receptors. The Journal of Neuroscience : The Official Journal of the 

Society for Neuroscience, 22(18), 8002–8009. https://doi.org/10.1523/JNEUROSCI.22-18-

08002.2002 

Scholz, J., Toska, K., Luborzewski, A., Maass, A., Schünemann, V., Haavik, J., & Moser, A. 

(2008). Endogenous tetrahydroisoquinolines associated with Parkinson’s disease mimic the 

feedback inhibition of tyrosine hydroxylase by catecholamines. The FEBS Journal, 275, 

2109–2121. https://doi.org/10.1111/j.1742-4658.2008.06365.x 

Schotte, A., Janssen, P. F. M., Gommeren, W., Luyten, W. H. M. L., Van Gompel, P., Lesage, A. 

S., De Loore, K., & Leysen, J. E. (1996). Risperidone compared with new and reference 

antipsychotic drugs: in vitro and in vivo receptor binding. Psychopharmacology, 124(1), 

57–73. https://doi.org/10.1007/BF02245606 

Seeman, P. (2013). Schizophrenia and dopamine receptors. In European 

Neuropsychopharmacology. https://doi.org/10.1016/j.euroneuro.2013.06.005 

Seifert, R., Wenzel-Seifert, K., Bürckstümmer, T., Pertz, H. H., Schunack, W., Dove, S., 

Buschauer, A., & Elz, S. (2003). Multiple Differences in Agonist and Antagonist 

Pharmacology between Human and Guinea Pig Histamine H1-Receptor. Journal of 

Pharmacology and Experimental Therapeutics, 305(3), 1104 LP – 1115. 

https://doi.org/10.1124/jpet.103.049619 

Shapiro, D. A., Renock, S., Arrington, E., Chiodo, L. A., Liu, L.-X., Sibley, D. R., Roth, B. L., & 

Mailman, R. (2003). Aripiprazole, a novel atypical antipsychotic drug with a unique and 

robust pharmacology. Neuropsychopharmacology, 28(8), 1400–1411. 

Shin, J. H., Adrover, M. F., & Alvarez, V. A. (2017). Distinctive modulation of dopamine 

release in the nucleus accumbens shell mediated by dopamine and acetylcholine receptors. 



204 
 

The Journal of Neuroscience : The Official Journal of the Society for Neuroscience, 37(46), 

11166–11180. https://doi.org/10.1523/JNEUROSCI.0596-17.2017 

Slifstein, M., van de Giessen, E., Van Snellenberg, J., Thompson, J. L., Narendran, R., Gil, R., 

Hackett, E., Girgis, R., Ojeil, N., Moore, H., D’Souza, D., Malison, R. T., Huang, Y., Lim, 

K., Nabulsi, N., Carson, R. E., Lieberman, J. A., & Abi-Dargham, A. (2015). Deficits in 

prefrontal cortical and extrastriatal dopamine release in schizophrenia: a positron emission 

tomographic functional magnetic resonance imaging study. JAMA Psychiatry, 72(4), 316–

324. https://doi.org/10.1001/jamapsychiatry.2014.2414 

Sokoloff, P., Giros, B., Martres, M.-P., Bouthenet, M.-L., & Schwartz, J.-C. (1990). Molecular 

cloning and characterization of a novel dopamine receptor (D3) as a target for neuroleptics. 

Nature, 347, 146–151. 

Sparshatt, A., Taylor, D., Patel, M., & Kapur, S. (2010). A systematic review of aripiprazole-

Dose, plasma concentration, receptor occupancy, and response. The Journal of Clinical 

Psychiatry, 71(11), 1447–1456. https://doi.org/10.4088/JCP.09r05060gre 

Stahl, S. M. (2016). Mechanism of action of brexpiprazole: Comparison with aripiprazole. CNS 

Spectrums, 21(01), 1–6. https://doi.org/10.1017/S1092852915000954 

Substance Abuse and Mental Health Services Administration. Impact of the DSM-IV to DSM-5 

Changes on the National Survey on Drug Use and Health [Internet]. Rockville (MD): 

Substance Abuse and Mental Health Services Administration (US); 2016 Jun. Table 3.22, 

DSM-IV to DSM-5 Schizophrenia Comparison. Available from: 

https://www.ncbi.nlm.nih.gov/books/NBK519704/table/ch3.t22/ 

Sulzer, D., Sonders, M. S., Poulsen, N. W., & Galli, A. (2005). Mechanisms of neurotransmitter 

release by amphetamines: A review. Progress in Neurobiology, 75(6), 406–433. 

https://doi.org/https://doi.org/10.1016/j.pneurobio.2005.04.003 

Takahata, R., & Moghaddam, B. (2000). Target-Specific Glutamatergic Regulation of Dopamine 

Neurons in the Ventral Tegmental Area. Journal of Neurochemistry, 75(4), 1775–1778. 

https://doi.org/10.1046/j.1471-4159.2000.0751775.x 

Tarlacı, S. (2011). Wanted! Creative Quantum Physicists Around the Age of Thirty. 

NeuroQuantology, 9. https://doi.org/10.14704/nq.2011.9.3.439 

Taylor, D. M., Barnes, T. R. E., & Young, A. H. (2018). The maudsley prescribing guidelines in 

psychiatry (13th ed.). Wiley/Blackwell (10.1111). 



205 
 

Thapar, A., Cooper, M., Jefferies, R., & Stergiakouli, E. (2012). What causes attention deficit 

hyperactivity disorder? Archives of Disease in Childhood, 97(3), 260–265. 

https://doi.org/10.1136/archdischild-2011-300482 

Threlfell, S., Lalic, T., Platt, N. J., Jennings, K. A., Deisseroth, K., & Cragg, S. J. (2012). Striatal 

Dopamine Release Is Triggered by Synchronized Activity in Cholinergic Interneurons. 

Neuron, 75(1), 58–64. https://doi.org/https://doi.org/10.1016/j.neuron.2012.04.038 

Truong, J. G., Newman, A. H., Hanson, G. R., & Fleckenstein, A. E. (2004). Dopamine D2 

receptor activation increases vesicular dopamine uptake and redistributes vesicular 

monoamine transporter-2 protein. European Journal of Pharmacology, 504(1), 27–32. 

https://doi.org/https://doi.org/10.1016/j.ejphar.2004.09.049 

Tsai, R. N. and C.-J. (2012). The Different Ways through Which Specificity Works in 

Orthosteric and Allosteric Drugs. In Current Pharmaceutical Design (Vol. 18, Issue 9, pp. 

1311–1316). https://doi.org/http://dx.doi.org/10.2174/138161212799436377 

Tuplin, E. W., & Holahan, M. R. (2017). Aripiprazole, A Drug that Displays Partial Agonism 

and Functional Selectivity. Current Neuropharmacology, 15(8), 1192–1207. 

https://doi.org/10.2174/1570159X15666170413115754 

Tuteja, N. (2009). Signaling through G protein coupled receptors. Plant Signaling & Behavior, 

4(10), 942–947. https://doi.org/10.4161/psb.4.10.9530 

Usiello, A., Baik, J.-H., Rougé-Pont, F., Picetti, R., Dierich, A., LeMeur, M., Piazza, P. V., & 

Borrelli, E. (2000). Distinct functions of the two isoforms of dopamine D2 receptors. 

Nature, 408(6809), 199–203. https://doi.org/10.1038/35041572 

Varnäs, K., Halldin, C., & Hall, H. (2004). Autoradiographic distribution of serotonin 

transporters and receptor subtypes in human brain. Human Brain Mapping, 22(3), 246–260. 

https://doi.org/10.1002/hbm.20035 

Verma, V., Mann, A., Costain, W., Pontoriero, G., Castellano, J. M., Skoblenick, K., Gupta, S. 

K., Pristupa, Z., Niznik, H. B., Johnson, R. L., Nair, V. D., & Mishra, R. K. (2005). 

Modulation of Agonist Binding to Human Dopamine Receptor Subtypes by l-Prolyl-l-

leucyl-glycinamide and a Peptidomimetic Analog. Journal of Pharmacology and 

Experimental Therapeutics, 315(3), 1228 LP – 1236. 

https://doi.org/10.1124/jpet.105.091256 

Wang, S., Che, T., Levit, A., Shoichet, B. K., Wacker, D., & Roth, B. L. (2018). Structure of the 



206 
 

D2 dopamine receptor bound to the atypical antipsychotic drug risperidone. Nature, 

555(7695), 269–273. https://doi.org/10.1038/nature25758 

Watson, D. J. G., Loiseau, F., Ingallinesi, M., Millan, M. J., Marsden, C. A., & Fone, K. C. F. 

(2012). Selective blockade of dopamine D3 receptors enhances while D2 receptor 

antagonism impairs social novelty discrimination and novel object recognition in rats: A 

key role for the prefrontal cortex. Neuropsychopharmacology : Official Publication of the 

American College of Neuropsychopharmacology, 37(3), 770–786. 

https://doi.org/10.1038/npp.2011.254 

Wu, Q., Reith, M. E. A., Walker, Q. D., Kuhn, C. M., Carroll, F. I., & Garris, P. A. (2002). 

Concurrent autoreceptor-mediated control of dopamine release and uptake during 

neurotransmission: an in vivo voltammetric study. The Journal of Neuroscience : The 

Official Journal of the Society for Neuroscience, 22(14), 6272–6281. 

https://doi.org/10.1523/JNEUROSCI.22-14-06272.2002 

Yokoi, F., Gründer, G., Biziere, K., Stephane, M., Dogan, A. S., Dannals, R. F., Ravert, H., Suri, 

A., Bramer, S., & Wong, D. F. (2002). Dopamine D2 and D3 receptor occupancy in normal 

humans Treated with the antipsychotic drug aripiprazole (OPC 14597): A study using 

positron emission tomography and [11C]Raclopride. Neuropsychopharmacology, 27(2), 

248–259. 

Zahniser, N. R., & Sorkin, A. (2004). Rapid regulation of the dopamine transporter: role in 

stimulant addiction? Neuropharmacology, 47, 80–91. 

https://doi.org/https://doi.org/10.1016/j.neuropharm.2004.07.010 

Zhang, H., & Sulzer, D. (2003). Glutamate Spillover in the Striatum Depresses Dopaminergic 

Transmission by Activating Group I Metabotropic Glutamate Receptors. The Journal of 

Neuroscience, 23(33), 10585–10592. 

  

 

 

 

 

 

  



207 
 

(Blank) 

 

 

 

  



208 
 

 

 

 

 

 

 


	Títol de la tesi: Modulation of Presynaptic Dopamine Synthesis and Storage Dynamics by D2-Like Receptor Partial Agonist Antipsychotics in Rat Brain Striatum
	Nom autor/a: Muhammad Yusof Omar


