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PREFACE 
 
 
Biogenic amines are naturally occurring amines that are derived by enzymic 

decarboxylation of the natural amino acids. They belong to a class of neurotransmitters 
including catecholamines (dopamine, norepinephrine, and epinephrine), indolamine 
(serotonin), and imidazoleamine (histamine). In both vertebrates and invertebrates, major 
biogenic amines consist of five members except that in invertebrates norepinephrine and 
epinephrine are functionally substituted by tyramine and octopamine.  

Biogenic amines have great pharmacological and physiological importance. They are 
synthesized in neurons, packed into vesicles, and released from vesicles at synaptic terminals 
into the synaptic cleft by the fusion of synaptic vesicles with the plasma membrane. Biogenic 
amines bind with metabotropic G protein-coupled receptors (GPCRs), leading to slower 
cellular responses. They are cleared from the synaptic cleft into the cytoplasm through the 
reuptake transporter located at the presynaptic terminal or by degrading enzymes. Biogenic 
amines are important neuroactive molecules in the central nervous system (CNS) of both 
vertebrates and invertebrates. Physiologically, biogenic amines play role as neurotransmitters, 
neuromodulators, or neurohormones. They are associated with functioning of the neuronal 
circuitry throughout the brain. Biogenic amines regulate plasticity of synaptic transmission 
by modulating changes in synaptic morphology, number of synapses, and receptor 
expression, affecting various behavioral modifications including locomotion, endocrine 
secretion, emotional states, cognition, motivation, reward, and learning and memory. In 
humans, the process of aging and the pathogenesis of various neurological disorders, such as 
Parkinson disease, Alzheimer disease, Huntington disease, and schizophrenia, have been 
linked to impaired biogenic amine signaling.  

The main objective of this book is to present readers with comprehensive information on 
pharmacology, neurochemistry and molecular neurobiology of biogenic amine in the CNS of 
vertebrate and invertebrates in a single volume text. The book has been organized into 
chapters and sections to provide a better flow of information. This unique volume provides its 
readers with cutting edge information on biogenic amines. It can be used by graduate 
students, postdoctoral fellows, researchers, and scientists who work at the pharmaceutical 
industry as a handbook, which describes all aspects of biogenic amine metabolism. 

In this book chapters are organized into two sections: (1) biogenic amines in vertebrate 
system, and (2) biogenic amines in invertebrate system. In section I, chapters 1 and 2 deal 
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with the historical aspects of biogenic amines and life‘s requirements for catecholamines. 
Chapters 3 and 4 provide a perspective on a regulatory enzyme, aromatic L-amino acid 
decarboxylase, and dopamine storage and its utilization. Chapter 5 focuses on the importance 
of monoamine transporters in psychopharmacology. Chapter 6 discusses amine false 
transmitters, co-transmitters and volume transmission. Chapter 7 describes the 
pharmacological tools to evaluate drug-receptor interactions.  Chapters 8 and 9 cover cutting-
edge information on 6-hydroxydopamine animal model system and genetic basis of Parkinson 
disease. Chapters 10-13 are devoted to biogenic amine receptor-mediated signaling. In 
section II, Chapters 14-16 deal with octopamine quantification, octopamine and tyramine 
receptor pharmacology, and octopaminergic neurons molecular biology in invertebrate 
system.  Finally, Chapter 17 provides readers and researchers with perspective that will be 
important for future research work on biogenic amines.  

The publication of the current volume is made possible by the enthusiasm and personal 
input of all the contributors. It is a result of collaborative participation from international 
scientific community working on biogenic amines. The editors strongly believe that everyone 
who is either working or going to start their scientific career in the fascinating area of 
‗Biogenic Amines‘ would find this book as a helpful source. Editors hope that you would 
enjoy reading this book as much as all contributors have used their patience and efforts in 
carrying out their responsibilities by putting the selected and valuable information in these 
chapters.   

 
Tahira Farooqui 

Akhlaq A. Farooqui 
 
 



 

 
 
 
 
 
 
 
 
 

FOREWORD 
 
 
This book is comprised of chapters prepared by former students, postdoctoral fellows, 

and research colleagues of the late Dr. Norman J. Uretsky.  It is a heartfelt tribute to an 
outstanding individual who was a wonderful teacher, superb mentor, brilliant scholar, and 
extraordinary colleague and friend to so many.   

Norman Uretsky was born in New York City on April 29, 1941. He earned a Bachelor of 
Science in Pharmacy degree from Columbia University in 1962 and a Doctor of Philosophy 
degree in Pharmacology from the University of Chicago in 1968.  Dr. Uretsky was a USPHS 
Postdoctoral Fellow in pharmacology at the University of Cambridge, UK, from 1968 to 
1970.  He was an assistant professor in pharmacology and neuropathology at Harvard 
Medical School, Boston, from 1971 to 1977.  Professor Uretsky joined the College of 
Pharmacy at The Ohio State University in 1977 as associate professor of pharmacology.  He 
taught pharmacology courses to pharmacy students and graduate students, and Professor 
Uretsky received numerous teaching awards during his career.  He was the recipient of the 
annual Miriam R. Balshone Teaching Award from the College of Pharmacy in 1983, 1986, 
1992, 1995, 1999, 2002, and 2003. Professor Uretsky also received the 1997 Alumni Award 
for Distinguished Teaching from The Ohio State University.  He is remembered by his 
students and colleagues for his outstanding teaching skills and his devotion to pharmacology 
and pharmacy education. 

Professor Uretsky‘s research and scholarship focused on neuropharmacology, 
dopaminergic neurotransmitters, and studies on the pharmacological actions of drugs of 
abuse. He published over 85 peer reviewed research publications, served as major advisor to 
fourteen Ph.D. students, and trained five postdoctoral fellows.  His research activities were 
continuously supported by funds from the National Institutes of Health from 1971 through 
2001.  From 1978 to 1997, he served on the editorial advisory board for the Journal of 
Pharmacology and Experimental Therapeutics. 

Professor Uretsky was an active member of the University community and served on 
numerous college and university committees. He served as chair of the Division of 
Pharmacology in the College of Pharmacy from 1995 to 2002. Dr. Uretsky retired in 
February 2004 as Professor Emeritus, Division of Pharmacology, College of Pharmacy. He 
continued to be involved in teaching pharmacology to pharmacy students on a part-time basis 
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from 2004 through 2006. Norm Uretsky lost his courageous battle with cancer on September 
20, 2008.  

Dr. Uretsky was valued for his collegiality, his positive attitude, his commitment to his 
students, his concern for others, and his effective quiet leadership.  Our lives have certainly 
been enriched in numerous ways through our interactions with Norm, for he was a wonderful 
colleague and friend. 

 
Robert W. Brueggemeier, Ph.D. 

Dean, College of Pharmacy 
Professor, Medicinal Chemistry 

The Ohio State University 
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Chapter I 
 
 

BIOGENIC AMINES:  

A HISTORICAL PERSPECTIVE 
 
 

Michael C. Gerald
,& 

University of Connecticut, Connecticut 06268, USA 
 
 

ABSTRACT 
 

The biogenic amines include the three catecholamines, dopamine, norepinephrine, 
and epinephrine, and the tyrosine metabolites octopamine and tyramine. Serotonin 
(indoleamine) and histamine (imidazoleamine) are also biogenic amines that play a role 
in brain function. Pathways for the synthesis and metabolism of catecholamine are 
summarized. This chapter focuses on norepinephrine and dopamine, catecholamines 
which have neurotransmitter functions in the mammalian central nervous system. 
Significant events in the development of our understanding of catecholamines and a 
timeline are presented. Central norepinephrine is thought to play a role in the regulation 
of learning and memory, reinforcement, mood, arousal and sleep. Drugs used for the 
treatment of neuropsychiatric illnesses, such as depression and aggressive or disruptive 
behavior, act by interacting with adrenergic receptors in the specific region of the brain. 
Two types of adrenoreceptors (α-adrenoceptors and β-adrenoceptors) with numerous 
subtypes have been found in brain. A deficiency in norepinephrine or reduction in its 
receptor functional activity may be associated with depression. There are three 

                                                        
  Correspondence concerning this article should be addressed to: Michael C. Gerald, Ph.D., Department of 

Pharmacy Practice, School of Pharmacy, University of Connecticut, 69 North Eagleville Road, Storrs, CT 
06269-3092, Tel 860-486-5416, E-mail Michael.gerald@uconn.edu. 

&  Throughout his distinguished career, our colleague and very dear friend Norman Uretsky studied the 
neuropharmacology of catecholamines as well as the inter-relationships of the dopaminergic and glutaminergic 
systems in the brain. Working with faculty and student collaborators, he studied the effects of 6-
hydroxydopamine-induced chemical sympathectomy on the spontaneous motor activity of rats, the influence of 
dopaminergic and glutaminergic agonist and antagonists on animal behavior, 3-nitro- tyrosine-induced 
neurodegeneration of the striatum, and mechanisms underlying the abuse potential of amphetamine and cocaine. 
Working with Norm on instructional activities, committee assignments, and research projects were always both a 
personal delight and an enriching educational experience and ones that I will miss. 
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dopaminergic pathways and two families of dopamine receptors (D1-like and D2-like) in 
the brain that influence motor function, behavior, reward and drug dependence, attention-
deficit-hyperactivity disorder, and prolactin release. A depletion of dopamine exists in 
the substantia nigra and striatum in Parkinson disease. One leading model of 
schizophrenia suggests that schizophrenia is associated with an increase in the functional 
activity of dopamine in the limbic system. ―Typical‖ antipsychotic agents are potent D2-
antagonists, while ―atypical‖ antipsychotics have dopamine and serotonin receptor 
blocking actions. 
 
 

1. INTRODUCTION 
 
Biogenic amines, a class of neurotransmitters, include catecholamines, indolamine, and 

imadazoleamine.  It is an important class of neuroactive substances that are released by action 
potentials, long distance signaling, from neurons. After their release, these molecules bind to 
specific receptors that are located on the target cell membrane. Activation of biogenic amine 
receptors results in changes in the intracellular concentration of second messengers that are 
responsible for slow but long-lasting cellular responses. Pharmacological, physiological, and 
molecular approaches have helped in elucidating that biogenic amines regulate a multitude of 
cellular responses in both vertebrates and invertebrates.  
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Figure. 1. Chemical structures of five classical biogenic amines. 

In vertebrates, dopamine, norepinephrine, epinephrine, serotonin, and histamine have 
been considered to be classical biogenic amines (Figure 1). Serotonin and histamine are also 
present in invertebrates. Norepinephrine and epinephrine are functionally substituted by two 
structurally-related phenylamines, tyramine and octopamine, and both mediate diverse 
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physiological functions in invertebrates. These amines are present at very low concentration 
in the mammalian brain, except in certain human disorders, suggesting that they may have 
some physiological significance in vertebrates.  

Catecholamines include a group of important neurotransmitters that share a common ring 
structure, catechol (C6H4(OH)2). Catecholamines resemble one another chemically: (1) by 
having an aromatic portion (catechol), and (2) a side chain, an amine or nitrogen-containing 
group, attached to the catechol ring. The most important catecholamines in vertebrates are 
dopamine, norepinephrine and epinephrine, which play key roles in neurotransmission and 
other signaling functions. The deficiency or excess of these amines in human brain is 
responsible for the symptoms of neurodegenerative, neuropsychiatric and neurological 
disorders (such as Parkinson‘s disease, Alzheimer‘s disease and schizophrenia). Let us next 
look briefly at the metabolism of catecholamines.  

 
 
2. CATECHOLAMINE BIOSYNTHESIS AND INACTIVATION 
 
Catecholamines are biosynthesized from the common precursor tyrosine, a nonessential 

amino acid. Tyrosine is synthesized from the essential amino acid phenylalanine but the 
body‘s needs are more than adequately supplied by such dietary sources of tyrosine as soy 
products, chicken, turkey, fish, casein products, and lima beans. Tyrosine is hydroxylated by 
tyrosine hydroxylase to dopa (dihydroxyphenylalanine) which is decarboxylated to dopamine 
by aromatic L-amino acid decarboxylase (dopa decarboxylase) (Figure 2). These reactions 
take place in catecholamine-secreting neurons or cells of the adrenal medulla. After its 
movement into granular vesicles, dopamine is converted to norepinephrine, a reaction 
catalyzed by dopamine β-hydroxylase (DβH). Norepinephrine is N-methylated to epinephrine 
by phenylethanolamine-N-methyltransferase, a reaction that primarily occurs in adrenal 
medullary cells. 

After release from their respective neurons and binding to postsynaptic and presynaptic 
receptors, norepinephrine and dopamine are primarily removed from these loci and from 
synapses into their presynaptic neurons by a reuptake process involving transporter proteins. 
Both catecholamines are also converted to biologically-inactive metabolites by oxidation and 
methylation reactions catalyzed by monoamine oxidase (MAO) and catechol-O-
methyltransferase (COMT), respectively (Figure 2) [1-2]. 

In vertebrates, tyramine and octopamine are normally minor metabolites present in 
catecholamine-synthesizing tissues [3]. These ―trace amines‖ constitute <1% of all biogenic 
amines in mammals. Tyrosine is converted to tyramine, a reaction catalyzed by aromatic L-
amino acid decarboxylase and then to octopamine by DβH (Figure 2). The levels of these 
catecholamines and their biological significance are increased considerably after an MAO 
inhibitor (such as the antidepressant phenelzine) is taken and then ingesting a tyramine-rich 
diet (e.g., red wine, aged cheese, pickled herring). Tyramine builds up stimulating the 
massive release of norepinephrine from nerve endings resulting in a potentially fatal 
hypertensive crisis [2]. (For decades, pharmacology instructors have used this as a classic 
example of a drug-food interaction). Octopamine has been shown to play an important role as 
a neurotransmitter in invertebrates. 
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Figure. 2. Metabolic pathways of catecholamines. Enzymes involved: TH, Tyrosine hydroxylase; DDC, 
Dopa decarboxylase; DβH, dopamine-β-hydroxylase; PNMT, Phenylethanolamine N-methyl 
transferase; AADC, L-amino acid decarboxylase; MAO, Monoamine oxidase; COMT, Catechol-O-
methyl transferase. L-DOPA, 3,4-dihydroxy-L-phenylalanine; DOPAC, Dihydroxyphenylacetic acid; 3-
MT, 3-Methoxytyramine. 

 
3. EPINEPHRINE AND NOREPINEPHRINE 

 
Biological interest in catecholamines, in particular epinephrine, dates back to the final 

years of the nineteenth-century. Within one decade after Oliver and Schaefer in 1895 showed 
that an extract of the adrenal medulla produced a marked increase in blood pressure, its active 
constituent epinephrine (adrenaline) was isolated, purified, and synthesized. Epinephrine was 
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the first hormone isolated in crystalline form. Elliott‘s studies in 1905 with epinephrine are of 
greater importance from our perspective. His results provided an important clue in the 
development of the nascent concept that chemicals rather than electrogenic forces were 
responsible for carrying messages from nerve endings to effector tissues. Direct proof of 
chemically-mediated neurotransmission came in 1921 with Loewi‘s brilliant, but simple, 
experiments demonstrating the release of Vagustuff (later shown to be acetylcholine) from the 
electrically-stimulated vagus nerve of a frog‘s heart [4].  

During the 1920s and 30s, Cannon observed that the changes in blood pressure and heart 
rate produced by a chemical released after stimulation of sympathetic nerves, which he called 
―sympathin,‖ were similar but differed somewhat from those changes produced by an 
injection of epinephrine. This discrepancy was clarified by von Euler in the 1946 when he 
discovered that norepinephrine, a biological precursor of epinephrine, was the 
neurotransmitter released from these nerve endings. Early research interest in norepinephrine 
(noradrenaline) focused upon its effects on peripheral tissues, with emphasis on the 
cardiovascular system, and its role as the primary sympathetic postganglionic 
neurotransmitter.  

In the 1950s, the interest shifted to the central nervous system. Marthe Vogt found that 
norepinephrine was differentially distributed in different regions of the brain leading her 
suggestion that it might act as a central neurotransmitter. Using fluorescent techniques, Falck 
and Hillarp visualized noradrenergic pathways and identified the location of their cell bodies 
in the pons (locus ceruleus) and medulla, with their nerve terminals in the cerebral cortex, 
limbic system, and hypothalamus. In addition, ascending and descending noradrenergic fibers 
were found to pass through the medial forebrain bundle with their nerve fibers traveling to 
the cerebral cortex, hippocampus and cerebellum [2]. Brodie and Shore postulated that 
norepinephrine was the primary neurotransmitter of sympathetic centers in the brain, and that 
the effects of a number of psychoactive drugs, including amphetamine, ephedrine, and 
mescaline, might result from their interaction with norepinephrine.  

If biogenic amines were associated with normal brain function, might changes in their 
functional activity play a role in mental disease or other disfunctions of the central nervous 
system? The results of neuropharmacological studies in animals supported clinical 
observations that drug-induced depletion of brain norepinephrine with reserpine caused 
depression, while elevation of its levels at sympathetic synapses alleviated clinical depression 
or even elevated the mood. In his 1965 ―catecholamine hypothesis of affective disorders,‖ 
Schildkraut proposed that depression is associated with a decrease and mania an excess in the 
functional activity of norepinephrine at these synapses. This model provided a unified 
framework to explain the mechanisms of action of antidepressant and antimanic drugs. While 
elements of this hypothesis remain appealing four decades later, and norepinephrine is still 
thought to play a role in some depressive illnesses, significant inconsistencies and new 
research findings now place greater emphasis on serotoninergic involvement in depression 
and the use of selective serotonin reuptake inhibitors for its treatment [5]. 

In addition to mood disorders, norepinephrine has been implicated in mechanisms 
involved with arousal and sleep [6]. Electrodes implanted in the locus ceruleus in animals 
show increased activity during periods of arousal, while the electrical activity in this area is 
absent during sleep. Sleep is not a uniform state but rather cycles at 90-minute intervals 
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between periods of rapid-eye movements (REM), which is associated with dreaming, and 
non-REM sleep. Changes in the release of norepinephrine, serotonin, and acetylcholine are 
observed during and between these sleep phases. During deep sleep, norepinephrine levels 
decline and serotonin levels rise, while REM sleep is thought to be induced by the release of 
norepinephrine and acetylcholine [7]. 

 
 

4. DOPAMINE 
 
Dopamine, once an inconspicuous intermediate in the biosynthesis of norepinephrine, is 

now the most widely researched catecholamine. During the late 1950s, Carlsson utilized a 
variety of experimental approaches that demonstrated the presence of dopamine in the brain 
and its function as a neurotransmitter.  

Three dopaminergic pathways are present in the brain: The nigrostriatal pathway 
contains three-quarters of brain dopamine, has cell bodies originating in the substantia nigra 
and terminating in the corpus striatum, and is associated with motor control. The mesolimbic-

mesocortical pathway, with cell bodies in the ventral tegmental area and projections to the 
limbic system, is involved with behavior, more specifically, reward and addiction; defects in 
this system may account for some of the symptoms of schizophrenia. The cell bodies of the 
tuberoinfundibular pathway originate in the ventral hypothalamus and terminate in the 
anterior pituitary gland, and its activation is responsible for inhibition of the release of 
prolactin from the anterior pituitary [1,2,8]. 

Based on their pharmacological and structural properties, five subtypes of dopamine 
receptors have been identified, and these have been grouped into two families: D1-like, 
which includes D1 and D5, and D2-like that consists of D2, D3, and D4 subtypes. The two 
families are present in common (striatal) and distinct regions of the brain. Each of these 
subtypes is a G-protein transmembrane receptor. Activation of D1 receptors stimulate 
adenylyl cyclase leading to the formation of cAMP by activating the stimulatory G protein 
Gs, while the D2 receptors inhibit adenylyl cyclase and cAMP levels by activating the 
inhibitory G protein Gi [1-2].  

Carlsson detected high levels of dopamine in the basal ganglia. Depletion of dopamine in 
the substantia nigra with reserpine caused Parkinsonian symptoms, which were alleviated by 
administration of the dopamine precursor levodopa. (This is a classic example of replacement 
therapy). Unlike dopamine, levodopa crosses the blood-brain barrier, making it useful for the 
treatment of this neurological disorder. Other drugs used for the treatment of Parkinson‘s 
disease include those that are dopamine agonists (bromocriptine, pergolide) and inhibitors of 
dopa decarboxylase (carbidopa), MAO-B (selegiline) or COMT (entacapone), enzymes that 
catalyze the inactivation of levodopa or dopamine [9-10]. 

The development of antiparkinson drugs was based on a rational approach, namely, 
determination of the neurochemical defect in the disorder followed by treatment with specific 
drugs that corrected the defect. By contrast, drugs possessing antipsychotic effects were first 
found to be clinically effective and, based on their effects, neurobiological theories were 
subsequently formulated that sought to explain the cause(s) of schizophrenia.  
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The first ―typical‖ antipsychotic drugs, chlorpromazine and haloperidol, appeared in 
clinics in the mid-1950s and 1960s. These prototypes were followed by some dozen drugs 
that were more similar than different in their wide spectrum of receptor interactions and 
adverse neurological effects [11]. In 1976 Seeman noted a striking correlation between the 
clinical potency of antipsychotic drugs (expressed as the average daily dose used to treat 
schizophrenia) and their activity in binding to and blocking the D2- receptor in the striatum in 

vitro [12]. These findings, linking an increased functional activity of dopamine and 
schizophrenia, were reinforced by the observations that the dopamine-releaser amphetamine 
elicits stereotyped behavior in animals analogous to that seen in some psychotic patients, and 
high doses of amphetamine can cause a psychotic-like state in humans. Moreover, the D2- 

receptor agonists apomorphine and bromocriptine have been shown to worsen the symptoms 
of schizophrenic patients. When coupled with other clinical findings, it appears that D2- 

receptor antagonist antipsychotics are more effective in treating the positive symptoms of 
schizophrenia than the negative or cognitive symptoms. 

Clozapine is an effective antipsychotic drug that has a different spectrum of 
pharmacological effects and is devoid of the extrapyramidal side effects that plague the 
chlorpromazine (phenothiazine) and haloperidol (butyrophenone)-like drugs. With the 
appearance of clozapine, the prototype of a series of ―atypical‖ antipsychotic drugs 
introduced in the United States in 1989, this weak D2- receptor blocker and potent serotonin 
5-HT2A antagonist, has undermined the earlier focus on dopamine as the exclusive cause of 
schizophrenia [11,13].  

One of our greatest societal challenges deals with a better understanding of the nature of 
drug dependence and more effective approaches to its treatment. Drugs capable of producing 
a dependent state and their compulsive use, such as opioids, cocaine, amphetamines, nicotine, 
and alcohol, produce different behavioral effects. However, they appear to share a common 
link, namely, all these drugs activate the mesolimbic dopaminergic pathway leading to a 
release of dopamine in the nucleus accumbens. Activation of this pathway is thought to be 
responsible for the rewarding or positive reinforcing effects of these drugs and their 
continued use. (Compulsive gambling and sexual behavior may be added to this list). 
Chemical or surgical interference with this dopamine pathway reduces the rewarding 
properties of such drugs [14]. As noted above for schizophrenia, serotonin may also play a 
role in mechanisms of reward. 

Attention-deficit-hyperactivity disorder (ADHD), makes its appearance in childhood, and 
is characterized by increased motor activity and impulsive behavior and difficulty in 
maintaining attention and focus. Recent evidence suggests that ADHD may result from 
reduced levels of dopamine in the hippocampus and amygdala. Amphetamines and 
methylphenidate increase the postsynaptic levels of dopamine and have long been used to 
effectively treat ADHD [15]. Dopamine inhibits prolactin release, and D2-antagonist 
antipsychotic drugs stimulate lactation, a side effect seen even in male patients. There are 
many physical and chemical causes of nausea and vomiting. Drugs that enhance 
dopaminergic activity, such as those used to treat Parkinson‘s disease, cause emetic effects, 
while dopamine antagonists, including some antipsychotics and metoclopramide, have 
antiemetic properties. 
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5. TIMELINE FOR SIGNIFICANT  

CATECHOLAMINE-RELATED EVENTS  
 

Year Scientist(s) Event 
1895 G. Oliver &  

E Schaefer 
Adrenal medullary extract increases blood pressure 

1897 JJ Abel &  
AC Crawford 

Isolated & purified adrenal medullary extract 
(―epinephrin‖), 1st hormone 

1905 TR Elliott Similarity in response between sympathetic nerve 
stimulation & epinephrine injection 

1905 J Langley Postulates ―receptive substance‖ in tissues 
1910 G Barger &  

J Hill 
Synthesis of dopamine 

1921 O Loewi Proof of neurochemical transmission with 
Vagusstuff (acetylcholine) 

1920s- 
1930s 

W Cannon Release of ―sympathin‖ after sympathetic nerve 
stimulation 

1932  Amphetamine marketed 
1939 H Blaschko Postulation of catecholamine biosynthetic pathway 
1946 U von Euler Sympathin E = norepinephrine, adrenergic 

neurotransmitter 
1948 R Ahlquist α & β- adrenergic receptors 
1948 V Erspamer Octopamine discovered in salivary gland of octopus 
1952 J Delay &  

P Deniker 
Clinical trials of chlorpromazine (―typical‖) 
antipsychotic; 1954: FDA approved 

1953  Reserpine FDA approved as antipsychotic; 1931: Sen & Bose 
demonstrate clinical effectiveness of rauwolfia in mania & hypertension 

1954 M Vogt Differential distribution of norepinephrine in brain; possible 
neurotransmitter 

1957 BB Brodie & 
P Shore 

Norepinephrine primary neurotransmitter in sympathetic nerves in brain; 
psychoactive drugs interact with norepinephrine 

1957-
1960 

A Carlsson & N-
A Hillarp 

Dopamine is neurotransmitter in brain; dopaminergic pathways in brain 
identified; reserpine depletion of brain catecholamines, with levodopa 
restoration of brain dopamine 

1959 P Janssen Clinical introduction of haloperidol as antipsychotic in Europe; 1967: 
FDA approval 

1960 O Hornykiewicz Low dopamine in substantia nigra & striatum in Parkinsonian patients 
1965 JJ Schildkraut Catecholamine hypothesis of affective disorders postulated 
1967 GC Cotzias Established effectiveness of levodopa for Parkinson‘s disease; 1961: 

clinical trials initiated 
1975  Clozapine used in Europe as ―atypical‖ antipsychotic; withdrawn after 

agranulocytosis; 1989: FDA approved 
1976 P Seeman Correlation between clinical potency of antipsychotic agents and 

blockade D2 receptors in striatum 
1979 JW Kebabian & 

DB Calne 
Classification of dopamine receptors into D1 & D2 
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6. CONCLUSION 
 
In the peripheral autonomic nervous system, neurochemical transmission is relatively 

simple. Acetylcholine is the preganglionic neurotransmitter, while acetylcholine and 
norepinephrine are the neurotransmitter substances released from postganglionic cholinergic 
and adrenergic nerves, respectively. The situation is far more complicated and fascinating in 
the central nervous system. While there is a clear association between norepinephrine and 
depression and sleep, and between dopamine and Parkinson disease, schizophrenia, and drug 
dependence, these associations are no longer believed to be exclusive ones. Mounting 
evidence suggests that there are multiple etiologies of these conditions that involve some of 
the 40-50 neurotransmitters/ neuromodulators/ neurotropic factors present in the brain. 
Biogenic amines regulate a plethora of biologic responses. Further research into the 

molecular events associated with the actions of the various biogenic amines on specific 
subtype of receptors may be beneficial for the development of specific agonists and 
antagonists to be used for the treatment of various brain disorders.  
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ABSTRACT 
 

Strategies developed to determine the biological functions of catecholamines have, 
to a great extent, depended on destroying them. This has been accomplished by surgical 
lesions and by chemical lesions as Norman Uretsky pioneered using 6 hydroxy-dopamine 
injected into the ventricular system of the brain of experimental animals. The results of 
these and later studies made it clear that catecholamines and especially dopamine and 
norepinephrine are involved in myriad tasks for the conduct of life. The creation of 
genetically engineered mice in which catecholamines are eliminated, even specific 
catecholamines, norepinephrine, epinephrine, and dopamine have widened the view to 
emphasize that catecholamines are not just involved, they are essential from nearly the 
beginning of life: between midgestion, as soon as the rate limiting enzyme tyrosine 
hydroxylase is expressed until the end. These mice have taught us that life‘s stages have 
special catecholamine requirements. 
 
 

INTRODUCTION 
 
It was sometime in 1968, daylight hours. We were postdoctoral fellows sitting, listening 

to a terrific presentation at a meeting of the British Pharmacologists in Cambridge. The 
Swedish speaker described the effects of administration of a compound known as 6-
hydroxydopamine on the sympathetic nervous system. I heard excited rustling and urgent 
whispering just behind me where Norman Uretsky and his mentor Leslie Iversen were sitting 
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together. I looked around and heard their words. I saw their big grins too. The following day, 
Norm and Les began studies that opened new views into brain function through the use of 
that Trojan horse-like poison, 6 hydroxy-dopamine, by destroying catecholamine containing 
neurons in the brains of experimental rats [1,2]. Thus, the use of stealthy poisons, e.g. 6 
hydroxydopamine and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), replaced 
surgical lesions to assess the effects of lack of catecholamines and thus to infer function and 
to develop models of neurodegenerative diseases. 

Much later, gene ―knockout‖ strategies joined the force for the study of catecholamine 
function. Through what is known as homologous recombination in embryonic stem cells, it is 
possible to replace a normal gene in an embryonic stem cell with a defective copy of the 
same gene. And then after the implantation of blastocysts that harbor these altered stem cells, 
chimeric mice are created from which are bred mice that lack the normal gene to be studied --
-- if luck prevails [3,4]. In this way, genes that code for the three enzymes that act in 
sequence and that are specific for catecholamine synthesis have been eliminated one by one: 
tyrosine hydroxylase [5-7], dopamine β-hydroxylase [8], and phenylethanolamine N-
methyltransferase [9]. Another very cleverly engineered mouse lacks dopamine but does 
synthesize norepinephrine [10]. The ―knockout‖ mice have added much new information, 

some of it surprising.  
 
 

GENETICALLY ENGINEERED MICE  

THAT LACK ALL CATECHOLAMINES  
 
Disruption of functional tyrosine hydroxylase (TH) causes loss of all the catecholamines 

as this enzyme is required as the first step for the neural synthesis of catecholamines. 
Tyrosine hydroxylase catalyzes the conversion of tyrosine to L-Dopa (3,4,dihydroxy 
phenylalanine) which is the substrate for the next downstream enzyme, aromatic amino 
dehydroxylase. Thus, elimination of TH activity would be expected to prevent synthesis of 
dopamine, norepinephrine, and epinephrine formed in neurons and in the adrenal medulla in 
addition to L-Dopa.  

All three genetically engineered mouse lines that lack TH, from three different 
laboratories, point to the absolute requirement for catecholamines before birth and before the 
development of the nervous systems [5-7]. The TH-null mutants in each of these lines die in 

utero though the time of death varies a bit between lines. Certainly genetic background is a 
factor. In the TH-null line that we made initially, fetuses without TH begin to die at 
embryonic day (E) 9.5, shortly after expression of TH occurs in normal mice. No mutant 
fetuses survived birth [5].These mice, on a C57Bl6 background, were crossed onto a CD-1 
background and produced TH-nulls that live longer in utero and 5 – 10% percent survive 
birth [5]. At birth, the TH-null pups are indistinguishable by eye from their heterozygous and 
wild-type littermates though TH-null mutants lack all three catecholamines: dopamine, 
norepinephrine, and epinephrine. 
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NOREPINEPHRINE IS REQUIRED FOR FETAL LIFE  
 
Of the three catecholamine transmitters, it is norepinephrine alone that is required during 

fetal life. Fetuses with TH but which lack dopamine  hydroxylase, the enzyme that catalyzes 
the conversion of dopamine to norepinephrine, also die midgestation [8]. This is their fate in 
spite of their accumulation of abnormally large quantities of dopamine. Elimination of 
epinephrine synthesis, on the other hand, has no effect on viability of mouse fetuses [9]. 
Mutants that lack dopamine but synthesize norepinephrine also survive fetal life [10].  

Consistent with the specificity of need for norepinephrine during fetal life is the fact that 
most TH-null fetuses can be rescued by replacement of some of the missing norepinephrine 
by administration of the catecholamine precursor L-Dopa to the pregnant heterozygote dams 
in their the drinking water [5,6,8]. The exogenous L-Dopa is converted first to dopamine and 
dopamine is subsequently converted to norepinephrine providing two catecholamines. 
Administration of L-threo-3,4 dihydroxyphenylserine (DOPS) is also effective in the rescue 
of the TH-null pups to birth without producing dopamine. DOPS is converted directly to 
norepinephrine by aromatic amino acid decarboxylase. An extremely effective rescue is 
provided by an even more specifically targeted drug. This is isoproterenol, the adrenergic 
drug that acts as an agonist at β receptors. Isoproterenol dissolved in the drinking water of the 
pregnant dams rescues nearly 100 per cent of expected TH-null mice in our experience 
[11,12]. 
An agonist that is specific for the ß1 subtype adrenergic receptor rescued effectively also: 
74% of expected nulls [11,12]. A key finding from the Chikaraishi laboratory is that β1 

receptors are present on the fetal mouse heart and exclusively on the heart at E12.5 [11]. 
Thus the action of norepinephrine at the β1 receptor on heart is the critical need for 

catecholamines before birth. 
The sympathetic system has not yet innervated the heart at the time the TH-null fetuses 

are vulnerable. What‘s more, the sympathetic innervation of the heart is not functional until 
postnatal stages. As the fetal heart is not controlled by sympathetic innervation, why does the 
fetal heart fail without a supply of norepinephrine? 

The results of histological examination of hearts of TH-null fetuses do point to heart 
failure as a probable cause of prenatal death. In the middle of gestation the TH-null fetus is 
typically found with blood congestion in the heart and major blood vessels [5,6,13-15]. Pools 
of blood are sometimes seen in liver and lungs. The mutants‘ hearts may have dilated atria, 
with thinning of the atrial wall, and reduced cell density in the ventricles [5,6,13-15]. That 
the normal fetal heart is responsive to norepinephrine has been known for a long time. This 
fact indicates that interaction of norepinephrine with the fetal heart normally precedes mature 
sympathetic function. The finding that the fetal heart has already made functional β1 

receptors explains its early responsiveness to norepinephrine [11].  
Without norepinephrine, the fetal TH-null resting heart rate is slow compared to wild-

type monitored in vivo [12] and ex vivo [6-8], but it has a steady rhythm which is sufficient to 
maintain sufficient oxygenation to keep the mutant alive unless stress that requires an 
increased heart rate occurs. Stress does occur. 

The results of studies conducted by Chikaraishi and her colleagues explain the need for 
norepinephrine and the heart failure that results from its absence in utero [11,12,14,15]. The 
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conclusion of these careful and imaginative studies is that a supply of norepinephrine is 
essential for fetal heart function during the periodic bouts of fetal hypoxia that occur during 
gestation [15]. Episodes of increased hypoxia are normal at this time. Fetuses live in a 
hypoxic environment (compared to postnatal animals) normally as many developmental 
events that take place in utero require low oxygen tension. The ―normal‖ hypoxic condition 

is exacerbated from time to time due to periodic spontaneous uterine contractions. Such 
contractions are also normal and they are quite frequent, reported to occur hourly on average 
and to reduce fetal vascular PO2 by 10 – 25%. This data was reported after studies of fetal 
sheep [16]. Normal fetuses though, avoid the hyper- hypoxia created periodically during 
gestation. This happens because hypoxia signals release of norepinephrine which counters the 
hypoxic condition by stimulating the heart rate [15]. Hypoxia in the normal mouse fetus is 
followed by a 13-fold increase in plasma norepinephrine [15]. The periodic extreme hypoxia 
induced by uterine contractions is fatal for the TH-nulls because they have no norepinephrine 
to maintain their heart rate and oxygenation during these episodes. Stimulation of adrenergic 
β receptors on the heart is essential during fetal life: thus the TH-null mutants are rescued by 
administration of NE precursors such as L-Dopa and DOPS or β adrenergic agonists to the 

pregnant mother.  
It follows that fetal hypoxia is the root cause of the heart failure and subsequent death of 

fetuses that lack norepinephrine and Chikaraishi and collaborators proved that. They showed 
that prevention of hypoxia in utero rescues the otherwise untreated TH-null fetuses [15]. For 
these experiments pregnant females were placed in an elevated oxygen environment (33% 
and 63% rather than the normal ambient 21%) from E11.5 to term. The increased oxygen 
eliminated bradycardia in TH-null fetuses and rescued them in spite of the absence 
norepinephrine and of stimulation of the heart‘s β1 receptors. The 63% oxygen condition 
rescued almost 80% of TH-null fetuses. These investigators concluded that adrenergic 
stimulation, specifically norepinephrine activation of β1 receptors on fetal heart, reverses 

hypoxia caused by periodic uterine contractions [15]. Norepinephrine is essential for this 
reason; without it the uterine contractions result in death of most of the fetuses because 
oxygen homeostasis cannot be maintained.  

After birth, pups are freed of the perils of uterine contractions. Are the TH-null mutants 
home free? 

 
 

THE CRISES OF THE NEWBORN:  

NOREPINEPHRINE IS STILL A NECESSITY 
 
Rescued TH-null mutants and the few that survive birth without supplementation are 

born with normal weight, length, appearance, and blood glucose levels. However they‘ve no 

sooner survived the hypoxic crises of their life in utero, but they encounter a new crisis: life 
ex utero. The untreated TH-null pups, at first indistinguishable from their littermates, live 
days to weeks but not beyond weaning unless they are specially treated.  

Life of the newborn is similar to that of the fetus in that norepinephrine is the single 
essential catecholamine for life between birth and weaning. Fetuses appear to have a single 
problem that norepinephrine conquers; that is avoiding hypoxia. Newborns, on the other 
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hand, are confronted with a multitude of problems if they are born without norepinephrine. 
Eating is not one of these. Newborns have no need for dopamine for motivation to eat. Like 
the fetuses, the heart rate of the neonatal pups is abnormally slow. They would not be able to 
mount a ―fight or flight‖ response but their laboratory-bound life style does not permit such 
emergencies.  

The TH-null mutants are so very hungry; they suck avidly and their mothers take good 
care of them. However, in spite of stomachs full of milk throughout their lives, the mutants 
fail to thrive. Mutant neonates do not gain weight after their second or third day; they weigh 
between 3 and 4 grams throughout their lives. The TH-nulls maintain the weight of a normal 
4 day-old pup which would be expected to weigh between 8 and 10 grams at two weeks of 
age. The mutants are deficient in length, crown to tail, as if they had been starved (Figure 1). 
But unlike unfed normal pups with equivalent weight and length, the TH-null mutants 
become severely hypoglycemic though they always have milk in their stomachs and their 
livers store glycogen. The TH-null mutants display normal insulin responses though they do 
not experience the normal rise in blood insulin levels that occur with age. After a glucose 
challenge, blood glucose levels rise to the levels that are produced in controls after the same 
challenge. After a glucose challenge, the controls return to the pre-challenge glucose levels 
and so do the mutants. The mutants return to the same low glucose values as before the 
challenge. These low values apparently are sensed by the TH-nulls as normal glucose levels. 
That the TH-null mutants respond to glucose normally shows that the pancreas has developed 
in that it secretes insulin in response to glucose. 

 

 

Figure 1. Black mice and white mice. TH-null mutants with wild-type littermates on postnatal day 18. 
The pair on the left are on a C57Bl6 background. The mutant makes small amount of catecholamines in 
spite of lack of tyrosine hydroxylase. The pair on the right lack pigment because they carry a mutation 
that disables the gene that codes for tyrosinase in the melanin pathway. The small white mouse lacks 
both tyrosine hydroxylase and tyrosinase. 

The failure-to-grow phenotype of mice that lack catecholamines is illustrated in Figure 1, 
which pictures two TH-null pups and two wild-type mice. One pair is black, on a C57 Bl /6J 
background and the other is albino. The albino mice were created after the pigmented 
heterozygous carriers were backcrossed onto albino CD1 mice. The albino pair are 
homozygous tyrosinase-deficient due to a naturally occurring mutation in the gene that codes 
for tyrosinase. In this way we created mice that lack activity of both TH and tyrosinase [5]. 
Each pair of pups pictured were 18 day-old littermates produced by heterozygote carriers of 
the TH-null mutation. At this age, the weight disparity between normal and mutant is very 
great: TH-null pups weigh only about one-third of their littermates. The mutant pups fail to 
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grow length as well. There are no such differences between the wild-type and the TH-null 
heterozygote which indicates that a single copy of TH produces sufficient catecholamine and 
in fact we‘ve noted that the heterozygotes production of catecholamine is equivalent to that 
of the wild-type.  

The TH-null pups are developmentally behind their normal littermates as well as being 
very small. For example, eye opening in normal mice occurs by postnatal day 14, the eyes of 
TH-null mutants remain closed at least a week longer than is normal.  

 
 

THE CONTRIBUTION OF TYROSINASE  

ACTIVITY TO STORES OF CATECHOLAMINES 
 
Tyrosine hydroxylase is not the only enzyme that converts tyrosine to L-dopa. 

Tyrosinase, the enzyme that is present in melanosomes does the same job for the synthesis of 
pigments (for discussion of this pathway see [17]. The first TH knockout made in our lab was 
on a black background, the C57Bl6. As expected, the TH-null fetuses produced no 
catecholamines [5]. The assays were both biochemical using HPLC separation followed by 
electrochemical detection, and histological by glyoxylic acid induced histofluorescence. The 
latter can pinpoint the locations of small quantities of catecholamines present in neuronal 
processes, for example.  

Initially, we were perplexed to find that a week after the pigmented TH-null pups were 
born, they did make catecholamines and quantities were not insignificant during the first 
weeks of life. Levels of norepinephrine were especially high in heart and skin where 
quantities found in two week-old TH-nulls averaged 17 percent of wild-type littermates in 
heart and 23 percent of wild-type in skin. In the adrenal gland norepinephrine and 
epinephrine levels of the pigmented nulls amounted to less than 5 percent of wild-type 
littermates but considering the great quantity of these substances in the postnatal adrenal --- 
that is a lot. And in the brain, there was measurable norepinephrine and dopamine in the 
pigmented TH-null, less than 10 percent of wild type values (5). These catecholamines were 
in normal locations; glyoxylic acid-induced histofluorescence showed catecholamines present 
in sympathetically innervated structures all over the body and even in the dopamine-
containing pathways of the brain.  

We discovered that the catecholamines found in the postnatal pigmented TH-null pups 
were due to the activity of tyrosinase, the pigment pathway enzyme which in skin becomes 
active postnatally. The tyrosinase-based origin of these catecholamines was proven after we 
crossed our pigmented line of heterozygous TH-null carriers onto a line of CD1 albino mice. 
Catecholamines were absent in two week-old albino mice that were also TH-null [5]. 

Does the small amount of norepinephrine and dopamine synthesized from L-Dopa 
generated in the melanin pathway help the TH-null pups? No and yes. It does not help in the 
most fundamental way: i.e. reversing their failure to gain weight and to thrive during neonatal 
life. The TH nulls that are pigmented i.e. have normal tyrosinase activity, do not live longer 
on average than do the albino TH nulls, nor do they gain weight more readily. The disparity 
in weight, growth, and gross development is the same whether the mouse is pigmented and 
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has some catecholamine neonatally or albino, without the contribution made by tyrosinase 
activity (Figure 1).  

And yes, the L-dopa from tyrosinase activity that is a substrate for dopamine and then 
norepinephrine formation is functional. We tested the function of tyrosinase-derived 
norepinephrine at the sympathetically-innervated sweat gland. The sympathetic innervation 
of the sweat glands is a well known anomaly; the transmitter at the sweat glands is 
acetylcholine, not norepinephrine. Stimulation of the innervation in the mature mouse 
releases acetylcholine rather than norepinephrine to produce sweating. However, early on as 
the sympathetic innervation of the sweat glands first contacts the glands, the neurons have an 
adrenergic phenotype. The initial transmitter produced by the neonate‘s sympathetic 

innervation is norepinephrine. The transmitter type changes to acetylcholine as postnatal 
development proceeds. Sweating occurs in response to cholinergic stimulation after the 
disappearance of adrenergic characteristics.  

Story Landis and her colleagues constructed an hypothesis to explain the transmitter 
switch based on a great deal of data some of it acquired in vivo and some in vitro [18]. By 
this hypothesis the early action of norepinephrine is essential for the transmitter switch to 
take place. Sweating would not occur if the nerve endings did not switch transmitter from 
norepinephrine to acetylcholine. The prediction then for a test of the TH-null mice, would be 
that sweating would not occur in the mice that lacked both TH and tyrosinase because their 
sympathetic innervation had never produced norepinephrine. And secondly the double 
mutants would not have ―switched‖ to the cholinergic transmitter, as they had not produced 
the original transmitter, norepinephrine. The result did follow part of the prediction: the 
double mutant did not produce sweat in response to the muscarinic agonist pilocarpine. The 
surprise result was that the double mutant did display the cholinergic phenotype in spite of 
not having produced norepinephrine earlier. Thus in spite of having developed the 
cholinergic phenotype, no sweating occurred. That was contrary to the prediction [19]. 

The pigmented TH-nulls showed another result. Unlike their albino counterparts, they 
did sweat and they did also acquire the cholinergic phenotype. Thus the fraction of the 
normal quantity of norepinephrine (that was about 20% of wild-type levels) made by the 
mutant‘s sympathetic innervation of the sweat gland functioned to permit sweating in the 
mouse in response to pilocarpine [19]. However, as the double mutant also developed the 
cholinergic phenotype, the norepinephrine is unnecessary to produce the switch. The early 
adrenergic phenotype is, however, essential for sweating to occur. Thus the sympathetic 
innervation to the sweat glands develops the cholinergic phenotype without a ―switch‖. That 

is not enough: ability to sweat needs a noradrenergic introduction [19]. 
After we found the functional importance of the norepinephrine that was produced 

through the activity of tyrosinase, we used the double mutant for study to avoid this 
complication. 

 
 

THE FAILURE TO THRIVE PHENOTYPE 
 
Another system that goes awry in both pigmented and albino TH-nulls is the gut. It 

seems likely that their failure to grow is connected with problems with gut function. An 
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abnormal phenotype is seen histologically in the gut, most prominent in the small intestine 
(Figure 2). All cell types have been generated for the gut and are in the appropriate positions 
in the mutants. 

More prominent in the TH-null pup than in wild-type are large vacuoles contained in 
cells in all of the villae of the mutant (examples shown with black arrows in B). These are 
rarely present in the wild-type. In the TH-null, most of the cells contain such vacuoles. The 
exceptions are the newly generated cells at the base of the villae. A yellow arrow in B points 
to a newly generated goblet cell without large vacuole at the base of a villus. The vacuolated 
cells have been found in all the TH-null pups examined; ages P 9.5 up to P 20.5. The 
condition does not worsen with postnatal age. The vacuoles are present in all regions of the 
mutant‘s small intestine. 

 
 

A B 

 

Figure 2. Photomicrographs of histological sections of ileum stained with hematoxylin and eosin. The 
tissue sections were taken from a P9.5 wild-type albino pup (A) and a TH-null albino pup (B). The pups 
were littermates. The yellow arrows in A and B point to goblet cells in the wild-type and in the TH-null 
tissue. Some of the cells are secreting muscin into the lumen of the intestine.  

We found pathology in most organs of the TH-null pups that were examined. Another 
example of damaged tissue, one that has been published, is the adrenal gland [20]. 
Chromaffin cell structure is altered in the TH-null as was seen at the ultrastructural level. 
Chromaffin cell vesicles are depleted and an increase in rough endoplasmic reticulum is 
present in the TH-nulls. The few remaining chromaffin vesicles in the mutant pup line up 
proximally to the cell membranes. The expression of mRNA for proenkephalin and 
neuropeptide were increased.  

Signs of reduced cortical function appear in the mutant‘s adrenal cortex. Cells contain 
increased numbers of liposomes. Tubular mitochondria have a reduced mass of internal 
membranes. Without catecholamines in the adrenal medulla, the adrenal cortex is malformed 
and corticosterone levels in blood are reduced to 20% of wild-type values. ACTH was not 
affected [20]. 
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The weight and glucose deficient phenotypes of the newborn TH-nulls are partially 
prevented by treatment with drugs that supply NE or  adrenergic stimulation.  

Both L-Dopa and DOPS fortify the TH-null pups, as does isoproterenol. As in the case of 
the fetuses, administration of L-Dopa, DOPS, and isoproterenol effectively help the TH-nulls 
to gain weight during the first weeks of postnatal life. Administration of these compounds 
also rescue the TH-null pups until about 20 days of age. Without treatment many of the TH-
nulls die before reaching this age. Regardless of the agent used for their rescue, the mutant 
pups do gain weight, unlike the untreated nulls. However, the weight gain of the rescued 
mutants is much less than that of their wild-type and heterozygous littermates.  

At the end of the third postnatal week, treated and untreated TH-null mutants fail to 
muster further gains though they do continue to nurse and the mothers permit that. After this 
event the treated mutant pups lose weight and die, unless they have been receiving L-Dopa. 
The other rescue strategies allow the mutant pups to live only until weaning. Then life drops 
its requirement for NE.  

 
 

ADOLESCENCE AND MATURITY: NOREPINEPHRINE IS 

DISPENSABLE. LIFE DEMANDS DOPAMINE 
 

After weaning, a switch takes place. Life moves beyond a requirement for 
norepinephrine to the need for dopamine. 

Sophia Savage working in my lab administered L-Dopa daily by intraperitoneal injection 
to both male and female TH-null mice from the time of weaning until the mice were nearly a 
year old. These mutants were small throughout their lives. Before their dose of L-Dopa each 
day they were inactive and looked forlorn. The administration of L-Dopa by intraperitoneal 
injection caused nearly instant activity and frantic eating on the part of the TH-null mice. The 
nulls, both male and female were able to breed. The females successfully carried their litters 
and birthed them. They took care of them as well. A mating between a male TH-null and a 
female TH-null produced an entire litter of TH-nulls. 

 
 

CONCLUSIONS 
 

Life without catecholamines is nasty, brutish, and short.& 
Life has evolved no substitute for norepinephrine during critical periods of demand for 

an enhanced supply of oxygen or for developmental needs. The mice without TH emphasize 
also, the critical importance of that amino acid L-Dopa and the synthetic pathway for 
pigment. It seems that the nervous system can borrow from the production of L-Dopa from 
the pigment pathway but the pigment pathway cannot benefit from L-Dopa generated in 
neurons. 

                                                        
&  after Thomas Hobbes. 
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ABSTRACT 
 

Aromatic L-amino acid decarboxylase (AAAD) is a required enzyme for the 
formation of catecholamines, indolamines and trace amines. AAAD gene and protein 
analyses have provided evidence for enzyme activity regulation at the transcriptional and 
post-translational levels. Extensive studies in neuronal tissues have demonstrated that 
AAAD activity is regulated by activation and induction, protein phosphorylation and 
gene transcription. A number of neurotransmitter receptors including dopamine (D1-4), 
glutamate (NMDA), serotonin (5-HT1A, 5-HT2A) and nicotinic acetylcholine receptors 
regulate AAAD activity in the rodent brain. Generally, receptor antagonists enhance 
AAAD activity; while, agonists have no effect or diminish it. Second messenger systems, 
particularly cAMP, participate in the short- and long-term enzyme regulation in the brain. 
Following a lesion of nigrostriatal dopaminergic neurons, AAAD in striatum responds 
more robustly to pharmacological manipulations indicating ability for compensatory 
responses. We provide a historical perspective of the current knowledge and review 
evidence supporting the notion that AAAD is a regulated enzyme. Because of the 
importance of AAAD for L-DOPA treatment in Parkinson disease, we propose that this 
knowledge can be exploited for the benefit of Parkinson patients.  
 

Keywords: Aromatic L-amino acid decarboxylase, regulation, neurotransmitter receptors,   
L-DOPA, Parkinson disease. 
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In 1969 a seminal paper by Uretsky and Iversen [1] showed that an 
intracerebroventricular (icv) injection of 6-hydroxydopamine reduced the norepinephrine 
content in rat brain. The authors then went on to provide evidence that 6-hydroxydopamine 
was a selective neurotoxin for the catecholaminergic neurons, and that the long-lasting 
cetecholamine depletion was most likely due to neuronal destruction [2]. Furthermore, they 
demonstrated that the catecholamine synthetic enzymes tyrosine hydroxylase and aromatic L-
amino acid decarboxylase (AAAD) were diminished by the neurotoxin. These initial reports 
were the basis for the thousands of studies that used selective neurotoxins to investigate the 
physiological function of norepinephrine and dopamine of brain. Over the years, the 
neurotoxins changed but the concept of revealing the role of brain neurotransmitters after 
administration of a selective neurotoxin has remained a mainstay of neuroscience research. 
Many of the studies on Parkinson disease (PD) have utilized the neurotoxins 6-
hydroxydopamine or MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) to destroy 
nigrostriatal dopaminergic neurons to mimic the neuropathology of PD. In tribute to Dr. 
Norman J. Uretsky, we review studies on the regulation of AAAD, much of which is based 
on the original concept of using selective neurotoxins to unmask the function of brain 
catecholamine systems.  

 
 

HISTORICAL PERSPECTIVE 
 
In 1938 Holtz et al. [3] were the first to report on the enzymatic activity of AAAD (EC 

4.1.1.28, aromatic L-amino acid decarboxylase [AAAD; AADC; DDC], also known as, 5-
hydroxytryptophan decarboxylase, DOPA decarboxylase, hydroxytryptophan decarboxylase, 
L-DOPA decarboxylase, tryptophan decarboxylase) in mammalian tissue. The enzyme is 
found in both neuronal (monoaminergic neurons in the CNS, sympathetic neurons, and 
adrenal medulla) and non-neuronal cells (liver, intestine, and kidney) and this distribution is 
ascribed to tissue-specific expression of the AAAD gene as a result of alternative promoter 
usage and differential splicing [4]. Originally it was thought that decarboxylation of 3,4-
dihydroxyphenylalanine (DOPA) to form dopamine and 5-hydroxytryptophan to form 
serotonin occurred by two separate enzymes [5], but now it is well established that the same 
enzyme is responsible for the decarboxylation of both substrates. There is evidence that m-
tyrosine, o-tyrosine and other amino acids are substrates as well, and hence the general term 
aromatic L-amino acid decarboxylase [6]. AAAD is recognized as the required enzyme for 
the synthesis of catecholamines, serotonin and trace amines [7]. The observation that AAAD 
is also found in non-monoaminergic neurons in brain (AAAD+) [8,9], peripheral tissues [10] 
as well as in glial cells [11] supports the idea of additional, yet to be determined, roles for the 
enzyme. Dopamine and serotonin are necessary for normal nervous system function, and 
changes in their levels contribute to various pathologies. AAAD deficiency is a very rare 
autosomal recessive genetic disorder characterized by developmental delay, intellectual 
disability, abnormal movements and autonomic dysfunction [12].  

In 1939 Blaschko postulated the sequence of biochemical events leading to the synthesis 
of catecholamines after finding that L-DOPA was decarboxylated by preparations from 
guinea pig kidney and liver to oxytyramine (dopamine) [13]. Brain AAAD gained a renewed 
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interest in 1951 when Raab and Gigee showed that administered DOPA enhanced a 
catecholamine like substance in rat brain [14], and subsequent studies revealed higher 
concentrations of dopamine in the brain than in other tissues [15]. At the same time, Carlsson 
et al. [16] demonstrated that DOPA, but not 5-hydroxytryphan, administration restored 
reserpine-induced motor deficits in experimental animals, and reported that dopamine was the 
major catecholamine in brain highly concentrated in the caudate nucleus [17]. Based on these 
observations, Carlsson postulated that parkinsonism was associated with loss of brain 
dopamine [17]. 

Perhaps the study that generated the most interest in brain dopamine was the observation 
by Ehringer and Hornykiewicz [18] that there was a severe dopamine loss in the caudate and 
putamen of PD patients. This was followed in the 1960s by reports from several research 
groups [19-21] that administered L- DOPA, the endogenous substrate for AAAD, alleviated 
the clinical symptoms of PD by replacing lost dopamine from nigrostriatal neurons. Strong 
support for replenishing dopamine in the nigrostriatal neurons of PD patients was provided 
by Lloyd et al. [22] when they demonstrated that L-DOPA administration to PD patients 
resulted in as much as a fifteen-fold higher level of dopamine in the striatum compared with 
non-treated patients. Indeed, administration of L-DOPA is now the standard treatment for PD 
[23]. Protracted therapy with L-DOPA, unfortunately, is associated with diminishing 
effectiveness and motor complications. Although many theories have been put forward to 
explain the loss of effectiveness with time, the notion that loss of AAAD activity as 
dopaminergic nigrostriatal neurons degenerate [24], might be partly responsible for the 
diminished effectiveness of L-DOPA therapy has not been seriously addressed. 
Decarboxylation of L-DOPA by AAAD is the controlling step for the formation of dopamine 
in PD patients, and diminished enzyme activity could contribute to the decreasing therapeutic 
response of L-DOPA [25].  

Despite its clinical importance for L-DOPA treatment, AAAD is a relatively ignored 
enzyme. Perhaps, this is because to many investigators AAAD is an uninteresting enzyme; it 
is relatively nonspecific, it is rather widely distributed, and it is normally not rate-limiting for 
dopamine synthesis [26]. Unfortunately, this dogmatic and erroneous viewpoint still persists 
despite the newer developments in AAAD neurochemistry. There is now substantial evidence 
that the activity of AAAD is regulated. Since decarboxylation of L-DOPA by AAAD is the 
controlling step for the formation of dopamine in PD, altered enzyme activity and regulation 
might be critical for the therapeutic response of L-DOPA. This Chapter is a comprehensive 
review of the current knowledge about the molecular biology, chemistry and pharmacology 
of brain AAAD, which supports the concept that AAAD is a potential target for 
pharmacological intervention in PD. 

 
 

MOLECULAR STRUCTURE OF AAAD 
 
AAAD cDNA has been cloned from rat [27], human [28], and bovine [29] tissues, and 

the mouse brain (Neff et al.; Genebank accession number AF 071068). The neuronal and 
non-neuronal forms of AAAD are coded by a single gene [29], and originate from the 
alternative use of two distinct promoters followed by alternative splicing [30-33]. 
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Transcription from the downstream neuronal promoter gives rise to the expression of an 
AAAD mRNA with a specific 5' untranslated region located primarily in neuroectodermal 
tissue. Transcription from the upstream non-neuronal promoter gives rise to the expression of 
an AAAD mRNA with a different 5' untranslated region located primarily in kidney and 
liver. Rat, human and mouse genes are highly homologous, with more than 80 kb, containing 
16 exons with the first and second exons encoding the non-neuronal and neuronal specific 5' 
untranslated regions, respectively. The mouse gene has been mapped to chromosome 11A 
[34], while the human gene has been mapped to chromosome 7p11 [35,36]. 

Analysis of the neuronal promoter of the human, rat and mouse AAAD gene identified 
several potential positive and negative cis-acting elements [37] within the first 2.4 kb, which 
are highly conserved. The binding sites for transcription factors include, AP2, octamer-
binding factor, Oct-1, N-Oct-3, SP1, NFY, GATA-1, HNF-1, HNF-3, CRE-BP, CP-1, Ptx3, 
NF-kB, SRF, EGR1, and Pet-1. Cooperation between some of these transcription factors has 
been found necessary for activation of the human AAAD neuronal promoter, which requires 
interaction between the NFY factor and the cell specific N-Oct-3 POU domain protein [38]. 
Several transcription factor binding sites detected in the AAAD promoter are also present in 
the tyrosine hydroxylase promoter, such as CRE-BP1, SP1, AP1, Ptx3, NF-kB, SRF, EGR1 
and several POU/octamers [39], suggesting that the regulation of the transcription of the two 
enzymes can be coordinated. Of interest is the transcription factor Ptx3, which is restricted to 
the dopaminergic neurons of the substantia nigra, and has been found to regulate the 
transcription of tyrosine hydroxylase [40]. Although, in some experimental models, the 
expression of mRNA for tyrosine hydroxylase is enhanced in parallel with the expression of 
mRNA for AAAD [41], conjoint expression is not always the case, suggesting that other 
factors participate in the regulation of the two enzymes [42]. Pet-1, an ETS domain factor 
specific for serotonergic neurons [43,44] with binding sites present on many serotonergic 
genes including tryptophan hydroxylase and the serotonin transporter, is also present in the 
AAAD gene indicating that transcriptional expression of AAAD could be regulated in 
parallel with the expression of other serotonergic proteins. Mice with disrupted Pet-1 gene 
have decreased setotonin and serotonergic neurons; while, the catecholaminetgic neurons are 
normal [45].  

There are several protein kinase phosphorylation recognition motifs on mouse brain 
AAAD sequence (Table 1) pointing to phosphorylation as a mechanism for post-translational 
regulation. Taken together, these observations suggest that brain AAAD can be regulated at 
the transcriptional and posttranslational levels, and there is the potential for coordinated and 
neuron phenotype specific enzyme regulation.  

The substrate binding site of AAAD has been hypothesized from comparison of several 
catechol modifying enzymes. The partial structural homology within a stretch of 58 amino 
acids (residues 58-115 of AAAD) between AAAD, tyrosine hydroxylase, dopamine β-
hydroxylase and phenylethanolamine-N-methyltransferase, all needed to synthesize 
catecholamines, suggested that this part of the enzyme may represent the catechol binding 
site [27]. Indeed, crystallization of the AAAD molecule in the presence of carbiDOPA 
identified Ile101 and Phe103, conserved between species, as two active residues of the 
catechol binding pocket [46]. Mutation of Cys111 of AAAD leads to reduced enzyme  
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Table 1. Phosphorylation Recognition Motifs for Protein Kinases  

Present in the Mouse Brain AAAD  Sequence 

 
Phosphorylation Site PDPK PKA PKG PKC CaMKII 

S73      +     

S108      +     

S171      +     

S216    +  

S220  + + +  

T320  + +   

S336   +   

S359  + + + + 

S429  + + +  

Proline-Directed Kinase = PDPK; cAMP-Dependent Kinase = PKA; cGMP-Dependent Kinase = PKG; 
Protein Kinase C = PKC; Calmodulin-Dependent Kinase II + CaMKII 

 
Table 2. Mutational Analysis of Mouse Brain AAAD  

 
Description  AAAD Activity 

1) mbAAAD:Ser73→Ala ND  
2) mbAAAD:Ser108→Ala Yes  
3) mbAAAD:Ser220→Ala Yes  
4) mbAAAD:Ser359→Ala Yes  
5) mbAAAD:His269→Ala, Arg, Lys ND  
6) mbAAAD:Asp271→Val, Arg, Lys ND  
7) mbAAAD:His269Asp271→AlaVal ND  

Constructs were expressed in the E. coli BL21(DE3)pLysS and activity measured in vitro. ND = not 
detectable.  

 
Table 3. Kinetic Analysis of Mouse Brain AAAD Mutants  

Retaining Catalytic Activity (Table 2) 

 
 Wild Type Ser108→Ala Ser220→Ala Ser359→Ala 
L-DOPA 
Vmax  103±0.1 68±0.4* 140±1.2* 146±3.4* 
Km  37±1 106±2* 30±1 58±5* 
Pyridoxal 5' phosphate 
Vmax  92±0.8 58±1.2* 140±3.2* 117±1.6* 
Km  0.36±0.01 0.66±0.04* 0.37±0.03 0.434±0.02 
5-HTP 
Vmax  24±0.4 14±0.15* 30±0.5* 31±0.4* 
Km  16±1 28±1* 17±1 29±1* 

Estimated Vmax = pmol DA/μg AAAD prot/ min ± SEM; and estimated Km = μM ± SEM. *P<0.05 

compared to corresponding Wild Type. 



Maria Hadjiconstantinou, Anne-Marie Duchemin, Abul Azad et al. 30 

activity and cofactor binding [47], and Cys111 is believed to be at or near the pyridoxal 5'-
phosphate binding site. Based on amino acid sequence analysis, AAAD belongs to group II in 
the classification of Sandmeier et al. [48]. Early studies with selective reagents pointed to 
arginine [49], histidine [50] and cysteine [51] residues as part of the enzyme structure. Ishii et 
al. [52] performed mutational analysis on 13 group II amino acid decarboxylases and showed 
that replacement of His192, Asp253, Asp271, Ser296, Lys303, Tyr332 and Arg355 
essentially abolished AAAD activity. Mutational analysis of Asp271 and His269, two 
residues conserved across several species, in the mouse brain AAAD demonstrated that 
replacement of Asp271 and His269 abolished AAAD activity, supporting the importance of 
these amino acids for enzyme catalytic activity in brain (Table 2). Although mutants with 
substitution of the putative phosphoracceptor residues Ser108, Ser220 and Ser359 retained 
AAAD activity, the apparent Vmax and Km for the substrates L-DOPA and 5-HTP and the 
cofactor pyridoxal 5‘ phosphate were altered (Tables 2 and 3), indicating that the mutations 
might affect enzyme kinetics in the expression system. The optimal pH of about 7.0 for the 
decarboxylation of L-DOPA appeared unaltered. The Ser73 mutant displayed no catalytic 
activity (Table 2), suggesting that the mutation induces unfavorable conformational changes 
at the active site or substrate binding site. Taken together, mutational analysis of mouse brain 
AAAD gene has provided evidence that Ser73, His269 and Asp271 are essential for AAAD 
catalytic activity.  

 
 

REGULATION OF AAAD ACTIVITY 
 
There is now substantial evidence that the activity of AAAD, the second enzyme in the 

pathway leading to the biosynthesis of dopamine, is regulated and L-DOPA decarboxylation 
mirrors enzyme regulation. Modulation of AAAD activity in vivo and in vitro, involves both 
enzyme activation and induction. Activation in vivo occurs in response to physiological 
stimuli, drugs that act at neurotransmitter receptors, or modulation of the activity of 
endogenous kinases/phosphatases [53-63]. In striatum, kinetic activation of AAAD is rapid, 
short-lasting and characterized by changes in the apparent Vmax for both the substrate and 
the cofactor pyridoxal-5‘-phosphate, suggesting partial phosphorylation of the enzyme [54]. 
Indeed, phosphorylation appears to play a role in the activation of the enzyme in vivo. 
Injection of either forskolin [59] or phorbol-12,13-myristic acid (PMA) [58] icv increases the 
activity of AAAD in striatum, a response that can be blocked by selective inhibitors of PKA 
or PKC. In addition, okadaic acid, a protein phosphatase PP1 and PP2A inhibitor, 
exaggerates the response to PMA [58]. Notably, the diminished serine phosphorylation and 
AAAD activity in dopaminergic cells that overexpress α-synuclein has been attributed to 
enhanced PP2A activity [64]. In vitro studies with recombinant and brain (striatum and 
midbrain) AAAD demonstrated that the enzyme is phosphorylated and activated by PKA, but 
not PKC [65], indicating that the effect of PKC activators in vivo is apparently indirect. 
Additionally, in vitro evidence suggests that recombinant and brain AAAD can be 
phosphorylated and activated by PKG (Figure 1), but its biological role remains to be 
elucidated. 
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The early activation of AAAD is followed by a late, longer lasting (hours) response, 
which is accompanied by an increase in AAAD mRNA and protein [54,60,66]. Prolonged 
induction of AAAD (days) also occurs after chronic administration of neuroactive drugs [42]. 
Although the transcription of AAAD in neuronal cells is not fully explored, the presence of 
putative regulatory elements on the promoter [31,37,67, Genbank AY37370] and the 
observation that pharmacological agents, hormones, and trophic factors change the 
abundance of AAAD mRNA [41,60,66,68-74] imply that transcriptional regulation of the 
enzyme is possible. The finding that icv forskolin induces a late increase of AAAD activity 
and mRNA in midbrain neurons suggests that cyclic-AMP might regulate the transcription of 
AAAD in vivo [57].  

Even if AAAD is a regulated enzyme, there is no evidence supporting a rate limiting 
action for the synthesis of dopamine under normal circumstances. Despite commonalities in 
regulatory mechanisms and responses [41,57,66,71,75] often the pharmacological regulation 
of AAAD and tyrosine hydroxylase, the rate-limiting enzyme, in the striatum is discordant 
[42,60,74] suggesting 1) that AAAD might serve additional function(s); and/or 2) that AAAD 
regulation might, in part, occur in extra-dopaminergic sites in striatum. Indeed, AAAD is the 
rate-limiting enzyme for the synthesis of trace amines [26]; it is present in serotonergic and 
noradrenergic neurons and in a subset of AAAD+ neurons in striatum [76-78]; and AAAD 
mRNA increases in the locus coeruleus and raphe nuclei, in addition to substantia nigra pars 
compacta and ventral tegmental area, after pharmacological manipulations [66]. 

 

 

Figure 1. Exogenous PKA or PKG increases AAAD activity in striatal homogenates in vitro. *P<0.05 
compared to Basal. 

 
NEUROTRANSMITTER RECEPTOR REGULATION OF AAAD 
 
Cumulative evidence suggests that acute or chronic blockade of D1- and D2-like 

receptors increase the activity of AAAD in rodent striatum (Table 4). Selective or mixed D1, 
D2, D3 or D4 antagonists administered acutely, all elevate striatal AAAD activity, and a 
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similar effect has been observed with multireceptor drugs displaying affinity for D2-like 
receptors, such as spiperone and clozapine [54,56,60,66,79]. In general, there is an early 
transient activation and a late induction, and the latter is accompanied by a rise in enzyme 
mRNA in midbrain and protein content in the striatum [54,60]. Like-wise, chronic blockade 
of D1- and D2-like receptors results in a prolonged increase of AAAD activity in striatum 
and mRNA in brain and midbrain nigrostriatal neurons [42,80], and similar results are 
observed after icv administration of a D2 receptor antisense oligodeoxynucleotide [72]. In 
agreement with the enzyme studies, enhancement of AAAD activity following flupenthixol 
has been observed by following [3H]DOPA conversion to [3H]dopamine in the rat striatum in 

vivo [81]. In the same line, PET studies have documented an increase in AAAD activity in 
the human and porcine striatum after haloperidol [82,83]. In schizophrenic patients, PET 
studies measuring 18F-L-DOPA uptake have shown that suppressed AAAD activity in the 
ventral striatum of drug-free schizophrenics is increased with typical or atypical antipsychotic 
treatment [84]. Finally, depletion of dopamine by reserpine increases AAAD activity in 
striatum [54,85,86]. In humans, AAAD activity appears to be genetically determined, as 
healthy subjects carrying the A1 allele of the human D2 receptor gene have increased enzyme 
activity, presumably due to decreased D2 autoreceptor function [87].  

Studies with agonists suggest that dopamine receptor activation decreases enzyme 
activity, but the responses are variable and modest. In rodents, acute or chronic 
administration of D2-like agonists, particularly bromocryptine, suppresses the activity of 
AAAD in striatum; while, the effect of D1-like agonists SKF 38393 is inconsistent 
[42,54,60,63,79]. Correspondingly, acute or chronic administration of L-DOPA [54,63] and 
inhibition of MAO A, which raises synaptic dopamine, also decreases AAAD activity in 
striatum [74,88]. Deprenyl attenuates AAAD activity in striatum at doses that inhibit both 
MAO B and MAO A [74] and elevates mRNA in the substantia nigra pars compacta and 
ventral tegmental area [70]. Diminution of AAAD activity by apomorphine has been 
observed using conversion of [3H]DOPA into [3H]dopamine in rat striatum in vivo [81], and 
PET studies have shown a decrease in AAAD activity in the macaque striatum after MAO B 
inhibition [89].  

Even though the majority of the studies have focused on the regulation of AAAD by 
dopamine receptors, a notable body of evidence suggests that the enzyme is subjected to 
regulation by other neurotransmitter receptors as well (Table 4). The emerging picture 
supports the idea that serotonergic, glutamatergic and nicotinic receptors (Table 4) modulate 
AAAD activity; whereas, involvement of alpha adrenergic, muscarinic and GABA receptors 
appears less likely in the brain. For example, the 5-HT2A/5-HT2C antagonist ketanserin, the 
5-HT1A/5-HT2A antagonist metergoline and the 5-HT1A selective antagonist Way 100635 
all increase AAAD activity in striatum after acute administration, while selective antagonists 
of 5-HT2C and 5-HT3 receptors do not influence enzyme activity [66]. Acute blockade of the 
glutamate NMDA ionotropic receptors by the non-competitive antagonist MK-801 enhances 
the activity of AAAD in striatum [73], and similar observations have been made for other 
NMDA channel blockers [61-63]. Unlike NMDA competitive antagonists, antagonists acting 
at the glycine or polyamine site, and AMPA non-competitive antagonists have little effect 
[61,62]. AAAD in dopaminergic and non-dopaminergic neurons might be regulated by 
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Table 4. Effect of Neurotransmitter Receptor Agonists or Antagonists on AAAD 

Activity in Mouse Striatum in vivo [91] 

 

Receptor Type AAAD Activity 

D1-Like  
Agonists ↔  

Antagonists ↑ 
D2-Like  

Agonists ↓,↔ 

Antagonists ↑ 
Alpha Adrenergic   

Alpha 1 Agonists ↔ 
Alpha 1 Antagonists ↔ 
Alpha 2 Agonists ↔ 
Alpha 2 Antagonists ↔ 

Cholinergic   
nAChR Agonists ↔ 
nAChR Antagonists ↑ 
mAChR Agonists ↔ 
mAChR Antagonists ↔ 

Serotonergic   
5-HT1A Antagonists ↑ 
5-HT2A Antagonists ↑ 
5-HT2C Antagonists ↔ 
5-HT3 Antagonists ↔ 

GABAergic  
GABAA Antagonists ↔ 
GABAB Antagonists ↔ 

Glutamatergic  
NMDA Channel Blockers ↑ 
NMDA Polyamine Site Antagonists ↔ 
NMDA Glycine Site Antagonists  ↔ 
NMDA Competitive Antagonists ↔ 
AMPA Noncompetitive Antagonists ↔ 

 
NMDA receptors, as acute administration of MK-801 increases the expression of AAAD 
mRNA in midbrain [73]; whereas, chronic administration of phencyclidine has been shown to 
augment AAAD mRNA in striatum [90] indicating possible regulation in AAAD+ neurons of 
the region. Cholinergic nicotine, but not muscarinic, receptors may be involved in the 
regulation of striatal AAAD; as mecamylamine, a non-competitive nicotine receptor 
antagonist, increases enzyme activity [66,91]. Alpha1- and alpha2-adrenergic receptors do 
not appear to play a role in the acute regulation of AAAD in striatum [66], and we have made 
similar observations for GABAA and GABAB receptors [91]. In the retina in contrast to the 
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striatum, blockade of alpha2-adrenergic receptors increases, while activation of the receptor 
decreases enzyme activity [55]. Perhaps, in different regions of the nervous system the 
biochemical mechanisms and receptors for regulating AAAD activity vary.  

Taken together, the dopaminergic, glutamatergic and setotonergic system have been 
identified as candidate targets for pharmacological regulation of AAAD via selective 
receptors (Table 4). Apparently in nigrostriatal neurons AAAD is under dopaminergic 
control, and dopamine receptors regulate enzyme activity via pre-synaptic (D2, D3) and post-
synaptic (D1, D2) mechanisms [60]. Collectively, the studies reviewed so far imply that 
under normal conditions, dopamine exerts tonic inhibition of AAAD activity in dopaminergic 
neurons via autoreceptors. Glutamate, NMDA, and serotonin, 5-HT1A and 5-HT2A, 
receptors modulate dopaminergic neuron firing, dopamine synthesis and release [92-95] and 
their respective antagonists could affect AAAD activity, at least in part, by disinhibiting 
dopaminergic control. Although studies exploring the regulation of AAAD in serotonergic 
neurons are lacking, we speculate that in analogy with dopaminergic neurons, AAAD in 
serotonergic neurons is under the control of serotonin and 5-HT1A, antagonists could 
regulate AAAD expression in raphe nuclei [66] via somatodendritic autoreceptors [94].  

 
 

AAAD ACTIVITY IN PD MODELS 
 
AAAD activity in nigrostriatal neurons appears to be up-regulated soon after a MPTP 

lesion [96] implying the involvement of compensatory or altered regulatory mechanisms. In 
MPTP-treated mice, AAAD in the denervated striatum responds more robustly to D1- and 
D2-like antagonists [52], and the same appears to be true for clozapine [66]. We have termed 
this exaggerated responsiveness of AAAD after a lesion of the nigrostriatal neurons ―pre-
synaptic supersensitivity‖, and it is manifested by a shift of the time- and dose-response 
curves to the left and upward; i.e. AAAD activity is more pronounced and observed earlier 
and with lower antagonist doses. Altered post-translational modification of AAAD after 
MPTP and/or altered receptor/second messenger signaling cascades secondary to the 
dopaminergic lesion might underlie this phenomenon (Figure 2). Indeed, the magnitude of 
exogenous PKA-induced AAAD phosphorylation is greater in homogenates prepared from 
striatum and midbrain of MPTP-lesioned mice, with the response increasing with time 
following the lesion (Figure 2A), and icv administration of forskolin in MPTP-mice amplifies 
the activation of the enzyme (Figure 2B), and causes an earlier induction of AAAD mRNA 
[57,59].  

Imaging studies using 18F-DOPA [97,98] have shown that the PD process differentially 
affects AAAD in various brain regions and within the striatum over time [24,99-102] and 
have estimated a relative upregulation of striatal AAAD by comparison to other 
neurochemical, neuroanatomical and imaging dopaminergic markers [103-106]. Although 
this has been attributed to a compensatory increase of AAAD activity in the remaining 
dopaminergic neurons, serotonergic, noradrenergic and intrinsic striatal neurons contribute to 
the AAAD measurements and enzyme activity in striatum [100,102] and might add to the 
calculated AAAD ―upregulation‖ [106] as well. Regardless, radiotracer imaging studies have 
strengthened our original proposal that AAAD is a regulated enzyme [53,54] and provided 
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clues supporting the idea that AAAD can be subjected to pharmacological manipulation in 
PD. For example, therapeutic infusion of L-DOPA or apomorphine caused a small decrease 
in L-[11C]DOPA influx in the striatum with early but not advanced PD [107,108], and 
decreases in putamen AAAD activity following a 2 year treatment with L-DOPA, -20.3%, or 
a D2 agonist, -13.4% have been reported [109].  

 

 

Figure 2. Exogenous PKA-induced phosphorylation of AAAD in the striatum and midbrain is enhanced 
in MPTP-treaded mice over time (Figure 2.A). AAAD activity in the striatum of MPTP-treated mice is 
enhanced following icv administration of forskolin (Figure 2.B). *P<0.05 compared with Control. 

 
CLINICAL IMPLICATIONS 

 
When treating PD patients with exogenous L-DOPA, AAAD becomes the rate limiting 

step for the formation of dopamine and the potential to modulate the activity of the enzyme 
by pharmacological means should not be disregarded. We propose that enhancing and 
stabilizing AAAD activity might be an alternative approach to achieve and maintain optimal 
dopaminergic transmission with L-DOPA treatment, and AAAD inducers may prove to be 
useful L-DOPA adjuncts. Drugs that increase AAAD activity in the striatum enhance the 
formation of dopamine from L-DOPA, and are expected to decrease the dose of L-DOPA, 
smooth the rise and fall of striatal dopamine following intermittent administration of L-
DOPA, and maintain relatively constant levels of intrasynaptic dopamine resulting, thus, to a 
more physiological receptor stimulation. Hence, L-DOPA decarboxylation enhancers could 
meet two important tenets for successful L-DOPA therapy: 1) to use the least amount of drug 
that improves disability and 2) to achieve a relatively continuous stimulation of dopamine 
receptors [110-112]. High doses of L-DOPA are associated with an increased risk of motor 
complications [113,114] and continuous dopaminergic stimulation in early PD is believed to 
reduce this risk [111,112,115]. 

Clinical studies provide implicit support for the translational inferences we made afore. 
The L-DOPA adjuvants amantadine, budipine and memantine, increase AAAD activity and 
L-DOPA decarboxylation in experimental animals (61-63), improve parkinsonian symptoms 
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[116-121] and reduce motor complications [121,122]. In L-DOPA treated patients, the 
atypical antipsychotic clozapine moderately improves motor performance [123-130] and 
reduces motor fluctuations and dyskinesias [122,130-136]; while, in a PD model, it augments 
AAAD activity and L-DOPA decarboxylation [66]. Finally, the antidepressants mianserin, 
nefazodone and ritanserin improve parkinsonian symptoms [137-139] and the blockade of 5-
HT2A receptors enhances AAAD activity in the striatum of mice [66]. These observations 
call for further studies to understand the regulation of AAAD and its role in L-DOPA 
treatment and adjuvant L-DOPA therapies. 
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ABSTRACT 
 

Studies on striatal dopamine turnover indicate a large excess of available dopamine 
relative to dopamine used in signaling. In addition, electron micrographs show a small 
percentage of storage vesicles close to the membrane and a substantial percentage of 
storage vesicles not associated with the membrane. These data suggest the concept of an 
available or readily used population of dopamine storage vesicles and a reserve or 
storage population of dopamine storage vesicles. A variety of kinetic experiments have 
provided data interpreted as supporting two populations of dopamine. These include 
dopamine and metabolite kinetics after inhibition of dopamine synthesis, dopamine and 
metabolite specific activity after administration of radiolabeled tyrosine, and amount of 
newly synthesized dopamine in extracellular space. Other studies probed effects of 
inhibition of dopamine synthesis and of inhibition of dopamine uptake when 
dopaminergic neurons are experimentally stimulated at supra-physiological rates. 
Computer simulation studies of a variety of these experiments show that data from many 
can be explained using a single compartment of stored dopamine when all factors 
involved in regulation of dopamine secretion and reuptake are taken into account. Some 
of the experiments can not be explained by either a one compartment or a two 
compartment model of dopamine storage but can be explained if a second source of 
DOPAC – direct metabolism of newly synthesized dopamine – is present. Both 
physiological data and modeling simulation data support the concept of dopamine 
secretion where vesicles only partially empty and then are reused (―kiss and run‖). 

Recent biochemical data suggest that a membrane associated dopamine storage pool has 
distinct characteristics from a cytosol-associated storage pool. A reasonable 
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interpretation of the total set of data reviewed is that most signaling is done by 
membrane-associated storage that uses a ―kiss and run‖ mechanism and rapid recycling 
of used dopamine. The signaling population is small enough that it is difficult to 
distinguish it from the larger storage/reserve pool. This leaves unanswered the 
reason/function for a large store/reserve of dopamine. 
 
 

INTRODUCTION 
 
Dopaminergic neurons have a major role in controlling goal directed movements, 

determining saliency of reward, and comparing actual to expected reward [1-3]. In addition, 
all addicting drugs increase extracellular dopamine, a measure of signaling dopamine, in the 
nucleus accumbens region of the brain [4]. Most dopamine neurons in the brain have cell 
bodies in either the substantia nigra or the ventral tegmental area and project to the striatum, 
nucleus accumbens, and prefrontal cortex. The striatum has the highest concentration of 
dopamine in the brain. 

Morphological studies show that dopaminergic neurons have only a few long dendrites, 
one major axon that travels between the region of the cell bodies and the target areas, and a 
very large arborization of axons in the terminal areas [2,5,6]. Dopamine release sites appear 
to be distributed along the axonal branches rather than being limited to the axon terminals. 
The density of terminals in the dorsal striatum is estimated to be as high as 108 per mm3 [7,8]. 
Thus, dopamine is very highly concentrated in the terminal area.  

Turnover studies provide information on rate of loss and replenishment of a 
neurotransmitter. Turnover can be estimated from rate of loss of a neurotransmitter after 
inhibition of its synthesis or from rate of accumulation after inhibition of its metabolism. In 
the case of dopamine, α-methyl-p-tyrosine is an effective inhibitor of tyrosine hydroxylase 
[9], the rate limiting enzyme in dopamine synthesis. Pargyline and deprenyl are inhibitors of 
monoamine oxidase [10,11], the major enzyme involved in dopamine metabolism. While 
turnover studies provide solid information on the average lifetime of a neurotransmitter 
molecule, they usually only provide clues to the subcellular travels of a molecule during its 
lifetime. Portions of this chapter will focus on inferences regarding subcellular travels. 

A dopamine molecule can move through several subcellular compartments during its 
lifetime. Dopamine is synthesized from the amino acid tyrosine by the action of the enzymes 
tyrosine hydroxylase (rate limiting) and aromatic amino acid decarboxylase (fast). The newly 
synthesized dopamine is thought to be deposited in the cytosolic compartment of a varicosity. 
From there, a dopamine molecule is moved into a storage vesicle by the action of vesicular 
monoamine transporter protein. Dopamine leaves vesicles either by diffusion into the 
cytosolic compartment or by exocytosis into the extracellular compartment. Dopamine is 
moved from extracellular compartment to cytosolic compartment by action of dopamine 
transporter protein. Some dopamine in extracellular compartment is metabolized, and some 
may be taken up into glial cells. In either case, dopamine molecules removed from 
extracellular compartment by actions other than movement by dopamine transporter are lost 
from the varicosity. Some dopamine molecules in cytosolic compartment are metabolized by 
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monoamine oxidase (rate limiting) followed by aldehyde dehydrogenase (fast) to make 
DOPAC. 

The major metabolite made from cytosolic dopamine is DOPAC. DOPAC is found in 
both cytosolic compartments and extracellular compartments. DOPAC can be removed from 
either compartment by metabolism. It is thought that most DOPAC in extracellular 
compartment was originally made in cytosolic compartment. However, the mechanism of 
movement of this acidic compound between compartments is not known. 

The vast majority of dopamine in a varicosity is stored in vesicles. Vesicles are 
approximately 50 nm in outside diameter. There may be 100 to 300 vesicles associated with 
each varicosity. Clearly, some of these vesicles are close to the membrane release sites, while 
others are somewhat removed from the membrane. This suggests that there is a higher 
probability that vesicles closer to the membrane would be used in a signaling event compared 
to those that are more distant from the membrane. In order to maintain a relatively constant 
level of signal, vesicles that are distant from the membrane must be moved to the membrane 
to replace vesicles that have been involved in a release event. Thus, vesicle trafficking would 
appear to be crucial to maintain effective synaptic signaling.  

For some neurotransmitters in some types of neurons, it has been clearly established that 
there is a pool of vesicles actively involved in exocytotic events (called available pool) and a 
pool of vesicles providing a reserve or storage that is only called upon when the active pool 
depletes. The size of these pools and the ability to move between them varies substantially 
between types of neurons. Sometimes, the exchange is sufficiently rapid to accommodate 
very rapid firing rates [12-14]. Occasionally, exchange between pools is not sufficiently rapid 
to maintain the available pool when firing rates are very high [15-17] 

Regarding dopaminergic neurons, some studies have provided data that have been 
interpreted as supporting the concept of a pool of vesicles involved in signaling and another 
pool held in reserve or storage. Two very divergent types of experimental paradigms have 
provided data that have been interpreted as supporting this hypothesis. One paradigm 
involves turnover studies of dopamine and DOPAC. The other paradigm involves interaction 
of drugs that inhibit dopamine transporter with one of two other manipulations. One of these 
manipulations is the stimulation of firing rate of dopaminergic neurons at supra-physiological 
rates. The other is addition of antipsychotic drugs. 

We have been using computer simulations models of dopaminergic varicosities in studies 
of various quantitative questions regarding dopamine and DOPAC [18-20]. Through these 
studies, we became interested in the hypothesis of reserve and available compartments, 
potential sizes of compartments, and relation of size of compartments to size of signaling 
events. In this chapter, we review these concepts, relying heavily on data from our 
simulations.  

 
 

TURNOVER STUDIES OF DOPAMINE AND DOPAC 
 
An early suggestion of the hypothesis of two storage compartments for dopamine came 

from studies on the rate of disappearance of dopamine from the striatum after inhibition of 
dopamine synthesis by α-methyl-p-tyrosine. The kinetics of disappearance reported by Javoy 
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and Glowinski [21] showed an initial rapid decrease in tissue dopamine, followed by an 
increase in tissue dopamine, followed by a gradual decline of dopamine over a long period of 
time. These data were interpreted as indicative of two compartments of dopamine, and 
turnover rate constants were determined for each compartment. As we analyzed these results, 
we noted that an increase in amount of dopamine cannot be accomplished by shifting 
dopamine between compartments. The increase can only be explained by some decrement in 
the extent of inhibition of dopamine synthesis or addition of a new source of dopamine 
synthesis. To illustrate, the Javoy data are compared with two simulations (Figure 1). Both 
simulations use the beginning and ending points of the Javoy data, and one shows rate of 
dopamine disappearance from a one-compartment model and the other the rate of dopamine 
disappearance from a two compartment model. Clearly, neither solution matches the 
published data. 
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Figure 1. Dopamine disappearance after inhibition of dopamine synthesis comparing the data from 
Javoy and Glowinski [21] to a one-compartment and a two-compartment simulation model. 

We considered the possibility that the lack of a uniform rate of disappearance of 
dopamine in the data presented by Javoy might result from a ―bad‖ data point. We compared 

rates of disappearance of dopamine after inhibition of dopamine synthesis presented in 9 
different publications (Figure 2). While in general all studies have very similar results, the 
few studies reporting on early time points show a rapid rate of loss of dopamine occurring in 
the first 30 minutes after administration of α-methyl-p-tyrosine followed by a short period 
with either an increase in dopamine or no change in dopamine, followed by a sustained 
gradual loss of dopamine. Doteuchi et al [22] and Paden [23], both of whom confirmed an 
early rapid disappearance of dopamine after inhibition of dopamine synthesis, also reported 
on specific activities of newly synthesized dopamine after administration of labeled tyrosine, 
finding no evidence that newly synthesized dopamine selectively entered one of two 
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compartments. Doteuchi et al did note that some α-methyl-p-tyrosine is converted to p-
hydroxyamphetamine, which might release some dopamine from storage. However, this does 
not resolve the problem of increasing levels of dopamine shortly after inhibition of dopamine 
synthesis. While the rapid early decline in of dopamine after inhibition of dopamine synthesis 
could possibly suggest the presence of a small available dopamine compartment dependent 
on dopamine synthesis, we conclude that the data are not sufficiently rigorous to support 
analyses of compartment size and kinetic constants. 
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Figure 2. Rate of decline of tissue dopamine after inhibition of dopamine synthesis. Data are derived 
from: filled circle [26], open circle [21], down filled triangle [72], up open triangle [23], filled square 
[73], open squares [74], filled diamond [75], and up filled triangle [22]. 

An argument for the hypothesis of two storage compartments for dopamine comes from 
analysis of the specific activity of dopamine and its metabolites DOPAC and HVA after 
injection of radioactive tyrosine. In a study reported by Gropetti et al [24], the specific 
activity of DOPAC was approximately 4 times higher than that of dopamine at five minutes 
after the injection of labeled tyrosine and three times higher at 20 minutes. Gropetti et al 
argued that this could only occur if dopamine was distributed amongst more than one 
compartment. As we explored models that might simulate these data, it became apparent that 
the only way a metabolite can have a higher specific activity than its parent is if the 
metabolite is made from a compartment with a higher specific activity than the overall 
specific activity of the parent. This argues that there must be two dopamine compartments 
and that newly synthesized dopamine preferentially enters one of them. Shortly after addition 
of radioactive precursor, this would produce a dopamine compartment with a higher specific 
activity than the average of the two compartments. A significant fraction of DOPAC 
synthesis must originate from the compartment with the higher specific activity. DOPAC is 
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synthesized from dopamine by the enzyme monoamine oxidase. As monoamine oxidase 
enzyme is known to be localized on mitochondria, it seemed unlikely that mitochondria 
would be associated with a pool of newly synthesized dopamine. Therefore, for our 
simulations, we chose to have two sources of DOPAC formation: one from mitochondria 
distributed generally throughout the cytoplasmic pool and a second associated with a 
hypothesized complex where a fraction of newly synthesized dopamine is immediately 
converted to DOPAC. This model provided an excellent fit to the data from Gropetti et al 
(Figure 3) when 20% of newly synthesized dopamine is immediately converted to DOPAC. 
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Figure 3. Ratio of the specific activity of DOPAC divided by the specific activity of dopamine after 
administration of labeled tyrosine. Stars show data derived from Gropetti [24] . Circles show simulation 
output from the model where 20% of DOPAC is made from newly synthesized dopamine. 

We were interested in the size of the compartment containing the newly synthesized 
dopamine. Our simulation output shown in Figure 3 has a steady state level of 8.6 dopamine 
molecules in this compartment compared to 470,000 molecules in the total varicosity. Using 
simulations with a more populated compartment for newly synthesized dopamine produce 
simulation output with DOPAC/dopamine specific activity ratios much higher than those 
observed by Gropetti et al. We therefore conclude that the compartment containing newly 
synthesized dopamine is very small and is likely part of a synthesis complex. Our simulations 
indicate that this compartment is so small that it would be difficult to detect in experiments 
examining kinetics of the total dopamine content of a varicosity. 

An exploration was done to determine whether there are other evidences for a source of 
DOPAC by metabolism of newly synthesized dopamine. A comparison of rates of decline of 
dopamine and DOPAC after inhibition of dopamine synthesis shows that DOPAC disappears 
substantially faster than dopamine [25,26]. In the study by Soares-da-Silva and Garrett, rate 
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constants are reported of 0.2 per hour for loss of dopamine and 0.5 per hour for loss of 
DOPAC in the striatum. These investigators argue that this condition can only occur if a 
substantial amount of DOPAC in brain derives from a newly formed pool of dopamine. We 
confirmed this conclusion using simulations of a dopaminergic varicosity. Figure 4 shows 
results of simulations comparing a one-compartment model with the two compartment model 
with 20% of newly synthesized dopamine being immediately converted to DOPAC. These 
results show that after inhibition of dopamine synthesis, DOPAC and dopamine disappear at 
the same rate in the one-compartment model. DOPAC disappears faster than dopamine in the 
model in which 20% of newly synthesized dopamine is immediately converted to DOPAC.  
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Figure 4. Rate of decline of dopamine and DOPAC after inhibition of dopamine synthesis. Simulation 
outputs show that DOPAC declines somewhat more slowly than dopamine when using a one-
compartment model. However, DOPAC declines more rapidly than dopamine when using a model in 
which 20% of DOPAC is made from newly synthesized dopamine. 

Another hypothesis relative to compartments is that newly synthesized dopamine enters a 
compartment from which it is preferentially secreted into the extracellular space. One early 
experiment supporting this hypothesis involved removing cortical tissue above the striatum in 
an anesthetized cat, placing a perfusion cup apparatus on top of the striatal tissue, and 
perfusing fluid across the surface of the striatal tissue [27]. When radioactive tyrosine was 
added to the perfusion, radioactive dopamine recovered in the perfusate increased to a steady 
state. When α-methyl-p-tyrosine was added to the perfusate, recovery of labeled dopamine 
declined to zero. This was interpreted as evidence that newly synthesized dopamine is 
secreted into extracellular compartment. Additional evidence for this concept can be drawn 
from data showing that rate of decline of extracellular dopamine is much faster than rate of 
decline of tissue dopamine after inhibition of dopamine synthesis (Figure 5). It is important to 
be aware that the two measurements shown in figure 5 are not made under similar 
experimental conditions. Tissue dopamine measurements are from animals that do not have 
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dialysis probes in the striatum, while extracellular dopamine measurements are from animals 
that have probes in the striatum. We have done extensive simulations of one and two 
compartments models with newly synthesized dopamine being preferentially secreted. The 
simulations have led us to identify a condition that must be met in order for extracellular 
dopamine levels to decline at a rate faster than tissue dopamine levels when dopamine 
synthesis is inhibited. The rate of dopamine movement from the storage compartment to the 
compartment from which dopamine is being secreted must be very slow relative to rate of 
dopamine use. As dopamine depletes from the extracellular space over a time period of nearly 
an hour in the cat cortical cup experiment and over a time period of hours in rodent dialysis 
experiments, this requirement means that movement between compartments must be close to 
zero. However, our simulations show an alternate interpretation of the data. If we include 
extraction of dopamine molecules into the perfusion fluid in our simulations, extracellular 
dopamine decreases after inhibition of dopamine synthesis. Figure 6 shows a comparison of 
the data from the cortical cup experiment described above to a simulation output when 5% of 
the secreted dopamine molecules are lost in the perfusate and 95% are recycled via dopamine 
transporter. There is an excellent match between simulation output and experimental data. 
The simulation output also shows an important piece of information not shown in the plot. 
Total tissue dopamine begins declining when the perfusion starts and reaches a value of zero 
at the same time that the labeled extracellular dopamine simulation reaches zero. 
Unfortunately, we are not able to find published data where measurements of tissue dopamine 
have been made under conditions where dialysis has been done after inhibition of dopamine 
synthesis. There is one caveat that should be mentioned here. While our simulations suggest 
that experiments measuring extracellular dopamine after inhibition of dopamine synthesis 
should not be interpreted as evidence for preferential secretion of newly synthesized 
dopamine, our simulations do not rule out this hypothesis. 

Data from simulations have been used to determine the potential contribution immediate 
secretion of newly synthesized dopamine might make to a signaling event. With average 
firing rates for dopaminergic neurons of 5 per second [28,29], a secretory event occurs once 
every 0.2 seconds. Our simulation models are using a synthetic rate of six dopamine 
molecules per varicosity per 0.2 second. It is difficult to determine the number of dopamine 
molecules secreted. However, various models we have used to explain a variety of different 
kinds of experimental manipulations used from 180 to 1000 molecules per signaling event. In 
our most recent models, the number of molecules per signaling event for baseline conditions 
is 470. At this rate, newly synthesized dopamine could contribute only 1.3% of the signal. 
This suggests that under normal conditions, newly synthesized dopamine has little 
contribution to overall dopamine signaling. 
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Figure 5. Comparison of rate of decline of tissue dopamine and extracellular dopamine after inhibition 
of dopamine synthesis. Tissue dopamine is the average value from the references listed in the legend for 
Figure 2. Extracellular dopamine is the average value from the three different experiments published by 
Butcher [76]. 
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Figure 6. Labeled dopamine in extracellular fluid. Open circles show data derived from Besson [27]. 
Labeled tyrosine was added to the perfusion fluid at time zero, and α-methyl-p-tyrosine was 
administered to the cat at time 120 minutes. The simulation model had 95% of extracellular dopamine 
recaptured by dopamine transporter and 5% extracted into the perfusate. 

Quantitative information relative to number of tyrosine hydroxylase molecules, potential 
synthetic capacity, and actual synthetic capacity suggest that dopamine synthetic capacity far 
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exceeds actual baseline synthetic rate. Dopamine is synthesized from the amino acid tyrosine 
by the action of the enzymes tyrosine hydroxylase (rate limiting) and aromatic amino acid 
decarboxylase (fast). Striatal density of tyrosine hydroxylase is estimated to be 1.6 micro-
gram per mg protein [30-35]. This calculates to 2.4x104 tyrosine hydroxylase molecules per 
varicosity (assuming 108 varicosities per mm3 [7,8], and a density of brain tissue of 1). The 
turnover number for this enzyme as determined in in vitro enzyme activity studies is 1.2 
DOPA molecules produced per second per molecule [36-39]. Even assuming that in vitro 
synthetic rate is roughly 10% of optimum rate under in vivo conditions, this suggests a 
synthetic capacity in vivo of thousands of dopamine molecules per second. DOPA, the 
product of the tyrosine hydroxylase enzyme is normally present in very low amounts. In the 
presence of inhibitors of aromatic amino acid decarboxylase, levels of DOPA accumulate 
linearly. The rate of this accumulation is commonly used as an estimate of the rate of 
synthesis of dopamine. The average of various studies is 5x10-9 molar/second [40-45]. This 
rate calculates to approximately 30 molecules per second in each varicosity, which is the 
value used in our simulations. This value is far below the 1000 molecules per second 
potential maximum rate calculated above. Another evidence for a slow basal rate of 
dopamine synthesis compared to synthetic capacity comes from studies of animals lacking 
dopamine transporter. Based on rates of DOPA accumulation after inhibition of aromatic 
amino acid decarboxylase, these knockout animals have a baseline dopamine synthetic rate 
approximately 2-fold higher than wildtype animals [46]. However, they have less than 10% 
the number of tyrosine hydroxylase molecules as the wildtype animals. Thus, the knock-out 
animals are producing far more dopamine with much less enzyme than are wildtype animals. 
On average, the mice lacking dopamine transporter have 20-fold more production from each 
tyrosine hydroxylase enzyme molecule. This suggests the presence of a large reserve 
synthetic capacity in the wildtype animals. 

 
 
STUDIES OF THE EFFECTS OF INHIBITORS OF DOPAMINE 

TRANSPORTER WHEN EXOCYTOSIS IS STIMULATED AT 

SUPRA-PHYSIOLOGICAL RATES 
 
Several studies on the effects of inhibitors of dopamine transporter have been interpreted 

as supporting the hypothesis that an effect of these inhibitors is to move dopamine from a 
storage to an available pool [47-49]. In some of these studies, amperometric techniques have 
been used to measure the increase in extracellular dopamine in the striatum elicited by 
stimulating dopaminergic neurons at supra-physiological rates. After pharmacological 
inhibition of dopamine synthesis, the amount of dopamine elicited by such stimulation 
declines much more rapidly than the decline in total tissue dopamine. If an inhibitor of 
dopamine transporter is then added, the increase in extracellular dopamine elicited by 
stimulation at supra-physiological rates increases to near control levels. One interpretation of 
these results is that inhibition of the transporter causes movement of dopamine from a storage 
pool to an available pool. 
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We have recently published an alternate interpretation of these results derived from 
simulations of the studies [20]. A kinetic analysis of dopamine movement by dopamine 
transporter is necessary for understanding these new interpretations. When the number of 
dopamine molecules in the extracellular space is less than the number of dopamine 
transporters, the rate limiting step for transport is the rate of binding of dopamine to the 
transporter. When the number of dopamine molecules in extracellular space is greater than 
the number of dopamine transporters, the rate limiting step in transport is the turnover rate of 
the transporter. The rate of binding is faster than the duration of the transport cycle. 
Therefore, at smaller numbers of dopamine molecules in extracellular space, clearance rate of 
dopamine is faster than at higher numbers of dopamine molecules in extracellular space.  

Under baseline conditions, the number of dopamine molecules involved in each secretory 
event is much smaller than the number of dopamine transporters, and binding of dopamine 
molecules to dopamine transporters is the rate limiting step in dopamine clearance. When 
stimulating dopamine neuron firing rate at supra-physiological rates, the amount of 
extracellular dopamine increases roughly in proportion to stimulation rate until the number of 
dopamine molecules in extracellular space matches the number of dopamine transporters. As 
stimulation rate increases beyond this point, the rate limiting step becomes the slower 
turnover rate of the dopamine transporters and stimulated levels of extracellular dopamine 
increase to values much greater than proportional to firing rate increase (Figure 7). In this 
experimental paradigm, inhibition of dopamine transporter is functionally equivalent to 
decreasing the number of available transporter molecules. In the presence of an inhibitor of 
dopamine transporter, the curve relating increase in extracellular dopamine to stimulation 
frequency lies above that for the control condition (Figure 7). 
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Figure 7. Effects of dopamine neuron stimulation frequency on elicited increase in extracellular 
dopamine. The circles show data from simulations [20] that provide an output that is a good match to 
data published by Garris and Wightman [77]. The squares show simulation output for a model in which 
a competitive inhibitor of dopamine transporter is added to extracellular compartment. 
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After inhibition of dopamine synthesis, dopamine stores are decreased. This results in 
fewer dopamine molecules secreted to extracellular space at each stimulation pulse. The 
functional effect is a decrease in rate of dopamine secretion, which can be visualized as 
moving to the left along the control curve in figure 7. For example, under the control 
condition, stimulation at the 60 Hz rate will increase extracellular dopamine to about 3 μM. 

When dopamine stores are depleted by 33%, the same stimulation rate is now effectively the 
same as a stimulation rate of 40 Hz under control conditons, and the increase in extracellular 
dopamine is about 0.5 μM. When an inhibitor of dopamine transporter is now added to the 
system, the increase in extracellular dopamine as a function of stimulation frequency is given 
by the upper curve of Figure 7. For the 40 Hz stimulation (actual effect of 60 Hz with 33% 
dopamine depletion), the increase in extracellular dopamine now jumps to more than 2 μM. 

Thus, the transporter kinetic explanation can explain the experimental results without need 
for inhibitors of dopamine transporter moving dopamine between storage compartments.  

 
 

STUDIES OF THE EFFECTS OF COMBINATION OF INHIBITORS 

OF DOPAMINE TRANSPORTER AND ANTIPSYCHOTIC DRUGS 
 
Other studies interpreted as inhibition of dopamine transporter moving dopamine from 

storage to available pools examine the rate of decrease of dopamine after the combination of 
an antipsychotic drug and an inhibitor of the dopamine transporter. Neither drug by itself 
causes a loss of tissue dopamine. However, a combination causes a substantial loss in tissue 
dopamine, reaching values of 50% by 90 minutes after drug administration [50,51]. Such 
studies have been interpreted as moving dopamine from a storage pool where it is protected 
from metabolism to an available pool where dopamine can be metabolized.  

Results from our simulation studies suggest that the non-protected compartment into 
which dopamine is moved by the combination of inhibition of dopamine transporter and 
antipsychotic drug is the extracellular compartment. While most of the dopamine entering the 
extracellular compartment is captured by dopamine transporter and recycled, a small fraction 
is lost either through metabolism or uptake into glial cells. Under normal conditions, this 
small fraction that is lost is replaced by ongoing dopamine synthesis. However, in the 
presence of the combination of inhibition of dopamine transporter and an antipsychotic drug, 
this fraction of dopamine lost from extracellular space exceeds rate of dopamine synthesis, 
resulting in the loss of total dopamine in the varicosity. The following three paragraphs will 
explain how this occurs. 

Typical antipsychotic drugs such as haloperidol induce substantial changes in striatal 
dopamine turnover (Table 1). These drugs increase the rate of dopamine synthesis and 
increase the rate of dopamine neuron firing. In addition, our simulation data suggest that the 
majority of newly synthesized dopamine stimulated by these drugs is immediately converted 
to DOPAC and that rate of DOPAC metabolism is decreased. Extracellular dopamine is 
increased as a result of the increase in firing rate. As there is excess dopamine transporter 
capacity, the excess dopamine is cleared rapidly, which minimizes increases in extracellular 
dopamine. However, the relatively modest increase in extracellular dopamine has an impact 
on dopamine turnover in the varicosity as the rate of loss of extracellular dopamine is 
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increased in proportion to the increase in extracellular dopamine. In addition, a significant 
fraction of cytosolic dopamine arrives into cytosolic compartment via movement from 
extracellular compartment mediated by dopamine transporter. Rate of metabolism of 
cytosolic dopamine also increases proportionally to increases in extracellular dopamine. In 
the case of antipsychotic drugs, the increase in dopamine synthesis producing dopamine for 
storage and signaling balances the increase in metabolism of dopamine. Therefore, there is no 
net change in total dopamine in the varicosity.  

 
Table 1. Effects of haloperidol and amfonelic acid on various measures of dopamine, 

DOPAC, and their synthesis and metabolism. Conclusions were derived from the 

following: [50,51,67,78,79]. 

 

parameter haloperidol amfonelic acid combo 

firing rate   ? 
DAT =   
TH  =  
DOPAC metabolism  =  
DAext    
DAves = =  
DOPAC    

 
The major effect of inhibition of dopamine transporter is to increase extracellular 

dopamine. This occurs as the drug competes with dopamine for occupancy of the transporter. 
Another effect of drugs that inhibit dopamine transporters is to slow dopamine neuron firing 
rate. This action decreases rate of dopamine secretion into extracellular space. This lessens 
the extent to which extracellular dopamine is increased by inhibition of dopamine transporter. 
Although the increase in extracellular dopamine does increase rate of loss of dopamine (as 
discussed in the previous paragraph), the increased loss over the duration of action of a drug 
would be a small fraction of total dopamine in the varicosity and might not be detected in 
biochemical measurements. 

Our strategy for simulating effects of the combination of inhibition of dopamine 
transporter and antipsychotic drug was to preserve the inhibition of dopamine transporter 
(effect of dopamine transporter inhibitor) and the increased rate of dopamine synthesis with 
the majority of this increase converted immediately to DOPAC (effect of antipsychotic drug). 
We then varied the firing rate until our simulation output matched published experimental 
data. The simulation output showed a large (6-fold over control) increase in extracellular 
dopamine (Figure 8). Analysis of rate of dopamine entering and exiting the extracellular 
compartment during the initial five seconds after the combination of drugs was imposed on 
the system (Table 2) shows that the combination of increased firing rate (10 Hz as compared 
to a control of 5 Hz) coupled with inhibition of dopamine transporter accounts for the large 
increase in extracellular dopamine. We then looked at rates of addition of dopamine to and 
removal of dopamine from the system (Table 3). We note that, with the combination of drugs, 
the amount of dopamine disappearing from extracellular space via mechanisms other than 
captured by the dopamine transporter substantially exceeds the rate of synthesis of new 
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dopamine. This accounts for the net loss of dopamine from the system. In summary, the 
redistribution of dopamine by the combination of inhibitor of dopamine transporter and 
antipsychotic drug from a protected to a non-protected compartment appears to be movement 
from storage vesicles to extracellular space. 
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Figure 8. Simulations of effects of the combination of inhibition of dopamine transporter (amfonelic 
acid) and antipsychotic drug (haloperidol) on amount of dopamine in vesicle and extracellular 
compartments. 

Table 2. Movement of dopamine into and out of extracellular compartment. Data show 

total number of molecules moving over a period of 5 seconds after imposition of effects 

of drugs into the simulation. Dopamine enters extracellular compartment by exocytosis 

and is removed by action of dopamine transporter (DAT) or either metabolism or up 

take into glial cells (Non_DAT). Balance is the difference between number of molecules 

entering and leaving extracellular compartment 

 

Condition Exocytosis DAT Non_DAT Balance 

Control 11755 11716 39 0 
Amfonelic Acid 4703 4335 60 +308 
Haloperidol 38909 38791 60 +58 
Amfonelic Acid and Haloperidol 23302 18268 322 +4712 
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Table 3. Addition and loss of dopamine from a varicosity. Data show total number of 

molecules added or removed over a period of 5 seconds after imposition of effects of 

drugs into the simulation. TH_DA indicates newly synthesized dopamine entering 

storage and signaling compartments and excludes newly synthesized dopamine 

immediately made into DOPAC. DAmetab is the cytosolic dopamine metabolized to 

DOPAC, and Non_DAT is dopamine lost from extracellular compartment 

 

Condition TH_DA DAmetab Non_DAT Balance 

Control 120 81 39 0 
Amfonelic Acid 171 58 65 +48 
Haloperidol 209 173 60 +24 
Amfonelic Acid and Haloperidol 218 106 361 -249 

 
 

POTENTIAL SIZE OF AVIALABLE POOL 
 
In thinking about the concepts of a storage and an available pool, the question arises as to 

the size of pool needed to supply normal signaling via dopamine neurons. The number of 
molecules used in each signaling event has not been rigorously determined. In our models, 
we have used a range of values. The low end of the range occurs in the pulse paradigm in 
which we are simulating effects of stimulating neuronal firing at a supra-physiological rate. 
For these simulations, we used a value of 180 molecules per pulse. In our models using 
unstimulated firing rates (5 Hz), we are currently using a value of 470 molecules per 
signaling event. If we assume that 470 molecules per signaling event is a reasonable estimate, 
this calculates to 0.1% of the total dopamine in the varicosity being used in each signaling 
event. This is a very small fraction of the stored dopamine. In fact, at this rate signaling could 
be maintained for just over 16 minutes in the absence of any new dopamine synthesis or any 
recycling of dopamine. These data suggest that an available pool of dopamine need not be 
large. 

Another line of reasoning suggests that the total pool of dopamine is very large compared 
to that needed for signaling. In a previous publication [20], we provided an estimate of the 
effects of stimulating dopaminergic neurons 900 times at 60 Hz [49], which is the most 
intense stimulation paradigm we have found published. Our estimates show that this 
paradigm would only release 65% of the total dopamine in the varicosity. If we assume that 
this 15-second train of pulses occurs much faster than an available pool could be replenished 
by a storage pool, this would put an upper limit on the requirement for an available pool. 
However, the size of the available pool would be much smaller because dopamine is recycled 
via mechanisms involving dopamine transporter and vesicular monoamine transporter. 
Capacity of dopamine transporters is sufficient to capture 80% of the released dopamine 
within the time of a 15-second stimulus train, which would reduce the needed available 
dopamine by 80%. This results in a total of 61,000 dopamine molecules, or 13% of the total 
dopamine in the varicosity. Realizing that a 900 pulse 60 Hz stimulus is far greater than the 
5-11 spikes of up to 15 Hz reported for dopaminergic neuron burst firing [52], these 
calculations suggest that a small pool consisting of less than 10% of the total dopamine in the 
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varicosity could supply all signaling needs of dopamine neurons under physiological 
conditions. 

The values we have estimated for numbers of molecules used in each dopamine signaling 
event suggests that the kiss and run mechanism of neurotransmitter secretion is involved in 
the striatum. A reasonable estimate of the number of vesicles in a varicosity is 250, based on 
electron micrographs of varicosities [53] and on volume of the varicosity related to total 
volume of a vesicle. This would result in about 1880 dopamine molecules per vesicles. Our 
current value of 470 molecules per dopamine release event is 25% of the number of 
molecules in the vesicle. This number is close to an estimate determined from a study of 
stimulated dopamine release from cultured ventral midbrain neurons [54]. The small fraction 
is best explained by a kiss and run hypothesis rather than by full exocytosis.  

The conclusion in the previous paragraph is based on a very rough estimate of the 
number of dopamine molecules per release event. One can ask whether this estimate might be 
too low. We have attempted to validate the value for number of molecules per signaling event 
by comparing simulation output with estimated extracellular concentrations of dopamine 
measured by no net flux dialysis. Using a value of 5 nM [46,55] for baseline extracellular 
dopamine coupled with an extracellular compartment size associated with each varicosity of 
2x10-15 liters (108 varicosities per mm3 [7,8] and 20% extracellular space [56]) leads to an 
average number of 6 molecules in extracellular compartment. For our current baseline value 
of 470 molecules per signaling event, this value could be achieved if all of the molecules in a 
signaling event were cleared from the extracellular space within 3 ms. This is much faster 
than the estimated half-rate for clearance of 50 ms [57]. This suggests that either our estimate 
of dopamine secretion rate is too high or that much of the secreted dopamine does not diffuse 
rapidly enough to be detected by the dialysis measurement. 

One question arises from the analysis in which we demonstrate that signaling can be 
accomplished with a small fraction of the total dopamine in the varicosity both under normal 
conditions and conditions where the dopamine system is stimulated substantially beyond 
baseline levels. Because dopamine recycling is highly efficient, signaling can be done for a 
long time in the absence of synthesis of new dopamine. For example, data shown in Figures 1 
and 2 indicate that approximately 40% of dopamine is lost over a period of one hour after 
inhibition of dopamine synthesis. At a signaling rate of 5 events per second, 18,000 signaling 
events occur during that hour. This translates into a rate of loss of dopamine of about 0.002% 
per signaling event. This brings up the question as to why so much dopamine is needed. This 
question becomes more perplexing when one considers that storage vesicles are somewhat 
leaky [18]. A small percentage of their contents is continually being lost and must be 
replaced. This process requires energy. It seems highly inefficient that an energy storing 
process would be utilized for storing dopamine that does not need to be there for dopamine 
signaling. This brings into question whether this dopamine might be used in a way other than 
the normal signaling processes that have been studied to date. While at the current time this 
proposal is entirely speculation, we suggest that local activation of presynaptic glutamate or 
nicotinic acetylcholinergic receptors might locally release substantial amounts of this stored 
dopamine.  
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POSSIBLE LOCATIONS OF AVIALABLE DOPAMINE 
 
Information discussed in this chapter presents the concept that most studies purporting to 

support two compartments of striatal dopamine can be explained using other mechanisms and 
that signaling could be accomplished using a small fraction of the total dopamine existing in 
a varicosity. We now offer some speculation that signaling dopamine might not be associated 
with a cytosolic vesicular compartment. Recently, a dopamine storage mechanism associated 
with the plasma membrane has been identified [58]. Storage in this compartment requires 
vesicular monoamine transporter, but kinetics and regulation of the size of the compartment 
by some drugs are different from those associated with the cytosolic vesicular compartment 
[58]. Studies on neurosecretion of GABA have also identified a plasma membrane storage 
that can be released by conditions known to promote synaptic signaling [58,59]. These new 
ideas suggest the possibility that the dopamine used in signaling may not originate from 
storage or available pools of cytosolic vesicles.  

 
 

CONCLUSION 
 
Several experiments that have been interpreted as providing evidence for two 

compartments for dopamine storage can also be adequately explained using a one storage 
compartment model. This conclusion eliminates the inconsistency of having two-
compartments between which dopamine is not exchanged in kinetic studies occurring over 
hours of duration and two-compartments between which dopamine can be rapidly exchanged 
within minutes or seconds but only when dopamine transporters are inhibited. 

A very large storage pool of dopamine exists that does not need to be used for normal 
rates of signaling. Our simulations suggest that each signaling event uses only 0.1% of 
dopamine located in a varicosity and that the dopamine used in a signaling event is very 
efficiently recycled. There is also a very large reserve dopamine synthetic capacity. These 
observations suggest that dopamine might be used for signaling other than that associated 
with dopaminergic neuron firing events. 

Our computer simulations of two very divergent experimental paradigms require that a 
percentage of the DOPAC in a varicosity be synthesized from newly synthesized dopamine 
rather than from dopamine distributed throughout the cytosolic pool. We hypothesize that a 
synthetic complex contains a monoamine oxidase enzyme in association with tyrosine 
hydroxylase and aromatic amino acid decarboxylase enzymes. Our simulations suggest that 
under normal conditions, about 20% of the newly synthesized dopamine is directly converted 
to DOPAC and that the percent going to DOPAC is markedly increased by antipsychotic 
drugs. Other data suggesting that DOPAC production might be regulated include 
observations that a variety of drug treatments such as amphetamines and antipsychotic drugs 
markedly change amounts of extracellular DOPAC [60-67]. Furthermore, extracellular 
DOPAC levels are several hundred fold higher than extracellular dopamine levels [68-71]. 
We suggest that these observations indicate that DOPAC has a regulatory role that has not yet 
been determined. 
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Both physiological data and modeling simulation data support the concept of dopamine 
secretion where vesicles only partially empty and then are reused (―kiss and run‖). Recent 

biochemical data suggest that a membrane associated dopamine storage pool has distinct 
characteristics from a cytosol-associated storage pool. A reasonable interpretation of the total 
set of data reviewed is that most signaling is done by membrane-associated storage that uses 
a ―kiss and run‖ mechanism and rapid recycling of used dopamine.  
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ABSTRACT 
 

The discovery of norepinephrine uptake in sympathetic nerves by Julius Axelrod and 
colleagues in the 1960‘s is an example of how a new scientific discovery can have a 
profound impact on the development of new therapies. The understanding that 
antidepressants acted as inhibitors of monoamine reuptake led to the development of 
many new drugs of this type. The older tricyclic antidepressants suffered from serious 
toxicology due to secondary pharmacological effects, notably on the heart They were 
followed by the much safer serotonin selective reuptake inhibitors (SSRIs) (e.g. 
fluoxetine – ―Prozac‖), and subsequently by a new generation of mixed 
norepinephrine/serotonin reuptake inhibitors with improved safety profiles.  

In addition monoamine uptake inhibitors are used in the treatment of obesity 
(sibutramine); smoking cessation (bupropion); and attention deficit hyperactivity disorder 
(ADHD) (atomoxetine). The amphetamines exert their psychostimulant effects by acting 
as selective ligands for norepinephrine and dopamine uptake, subsequently displacing 
dopamine and norepinephrine. Amphetamine and the analog methyl phenidate (―Ritalin‖) 

are widely used in the treatment of ADHD. The psychostimulant drug cocaine also acts 
by virtue of its ability to inhibit the dopamine transporter.  

Finally, the selective neurotoxin 6-hydroxydopamine – whose use in brain was 
pioneered by Norman Uretsky – also acts by virtue of its recognition and uptake into 
monaminergic neurons by the norepinephrine and dopamine transporters.  
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INTRODUCTION 
 
The discovery of monoamine transporters by Julius Axelrod and colleagues and their 

importance in the inactivation of monoamine neurotransmitters is a classic example of the 
value of basic research and serendipity. It led to the development of many important drugs 
used in the treatment of neuropsychiatric disorders. The concept of neurotransmitter reuptake 
is only some forty years old. Previously it was assumed that the inactivation of 
neurotransmitters after their release from nerves involved rapid enzymatic breakdown, as 
seen with acetylcholinesterase. Indeed the degradation of monoamines by the enzyme 
monoamine oxidase (MAO) was known early on and MAO inhibitors were the first effective 
antidepressant drugs [1]. In the 1950‘s a second enzyme catechol-O-methyl transferase 
(COMT) was discovered by Julius Axelrod and was also thought to play a key role in 
inactivating norepinephrine and other catecholamines [2]. Experiments performed in the 
Axelrod laboratory at the National Institutes of Health in the late 1950‘s with [3H]-
epinephrine and later with [3H]-norepinephrine were designed to evaluate further the 
importance of COMT vis a vis MAO in the inactivation of the catecholamines in vivo. But 
the experiments yielded an unexpected result. Although in laboratory animals most of the 
injected dose of labelled catecholamine was rapidly metabolized (mainly by COMT), a 
substantial proportion of the injected monoamine (30-40%) was removed from the circulation 
by a rapid uptake into tissues, where it remained for some time unchanged [3]. A key 
observation was that the uptake of [3H]-norepinephrine into the heart was virtually eliminated 
in animals in which the sympathetic innervation had been destroyed by surgical removal of 
the superior cervical ganglion [4].This led Hertting and Axelrod [5] to propose that the 
reuptake of norepinephrine by the same nerves from which it had been released might 
represent a novel mechanism for inactivating this neurotransmitter  

The discovery of epinephrine and norepinephrine uptake was followed by the finding 
that similar but distinct transporters were involved in the inactivation of serotonin and 
dopamine, and that similar mechanisms existed for the inactivation of the amino acid 
neurotransmitters [6,7]. 

 
 

MONOAMINE TRANSPORTERS 
 
The norepinephrine transporter (NET) was cloned [8] and this soon led to the discovery 

of other related members of the monoamine transporter gene family. Separate transporters 
exist for serotonin (SERT) and dopamine (DAT) [7]. The monoamine transporters use the 
electrochemical gradient of sodium between the outside and inside surfaces of the cell 
membrane to provide the thermodynamic energy required to pump neurotransmitters from 
low concentrations outside the cell to the much higher concentrations inside the cell. Chloride 
ions accompany the entry of neurotransmitter and sodium, and there is a net movement of 
positively charged ions into the cell, although not in sufficient amounts to appreciably alter 
the resting membrane potential.  

The vesicular neurotransmitter transporters represent another family whose function is to 
maintain the very high concentrations of monoamine and amino acid neurotransmitters in 
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storage vesicles. They use the proton gradient that exists across the vesicular membrane as 
the motive force. The vesicular monoamine transporters (VMAT-1 & VMAT-2) recognize 
serotonin, dopamine, norepinephrine, epinephrine and histamine. VMAT-2 is the 
predominant form found in monaminergic neurons in CNS. It is also expressed in the 
histamine-containing cells of the stomach, and in the adrenal medulla and in blood cells. The 
Na+/Cl+ -dependent transporters and the vesicular transporters are membrane proteins 
consisting of a single polypeptide chain of 5-600 amino acid residues, with 12 -helical 
membrane-spanning domains [9]. 

 
 
DRUGS AS INHIBITORS OF MONOAMINE TRANSPORTERS 
 
The most important CNS drugs that target the norepinephrine and serotonin 

neurotransmitter transporters (NET and SERT) are the tricyclic antidepressants and their 
modern counterparts. The discovery that imipramine potently inhibited NET in sympathetic 
nerves [10] and the finding that this also applied in the brain [11] led to the first 
understanding of the mechanism of action of the tricyclic antidepressants. Following the 
discovery of the serotonin uptake system in brain it soon became apparent that the classical 
tricyclic drugs imipramine and amitriptyline were also potent inhibitors of SERT. This 
reinforced the ―monoamine hypothesis of depression‖ as a monoamine deficiency state, and 
stimulated much further research in the pharmaceutical industry to discover new inhibitors of 
monoamine uptake. An effort to improve the selectivity of antidepressants was made in the 
1970‘s by scientists at the CIBA-GEIGY Company in Switzerland (now Novartis), who 
developed the selective norepinephrine uptake inhibitor maprotiline [12]. This proved to be 
clinically effective as an antidepressant but it was not a great success commercially and had 
few clear advantages over the classical TCAs. The serotonin selective reuptake inhibitors 
(SSRIs) developed in the 1990‘s proved to be far more important. The first SSRI zimelidine 

was launched by Astra in Europe in the 1980‘s, but it had to be withdrawn because of serious 

adverse side effects [13]. The first widely used SSRI was fluoxetine (―Prozac‖) [14]. It was 

followed by a number of other SSRI‘s, several of which met with considerable commercial 

success. Although the SSRI‘s were no more efficacious than the first generation tricyclic 
antidepressants, and did not act any faster, they were considerably safer in over-dose and 
were used more widely. The first generation of tricyclic antidepressants were very effective 
in the treatment of major depression but suffered from a number of adverse side effects 
caused by secondary actions on a variety of monoamine receptors and conduction 
mechanisms in the heart. The latter effects could prove lethal if the drugs were used in too 
high a dose – and many depressed patients committed suicide in this way in the 1960‘ & 70‘s. 

The greatly improved safety profile of the SSRI‘s allowed an expansion of the approved 

indications for the use of these drugs to include a variety of other psychiatric indications 
(Table 1). Apart from the use of these drugs in various phobic conditions, a major change in 
recent years has been the recognition of their effectiveness in the treatment of generalized 
anxiety disorder, and the first FDA approval of antidepressant compounds for this indication 
(venlafaxine, duloxetine, and escitalopram ). In addition, agents in this class in controlled 
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trials have shown usefulness in treating pre-menstrual dysphoria, borderline personality 
disorder, obesity, smoking cessation, and alcoholism. 

 
Table 1. FDA-Approved Indications for SSRI and mixed NE/5-HT Antidepressants in 

addition to major depression 

 
Bulimia nervosa 
Panic disorder 
Obsessive compulsive disorder (OCD) 
Generalized anxiety disorder 
Social anxiety disorder 
Post-traumatic stress syndrome 

 
Table 2. Antidepressants: Inhibition of Human Serotonin (SERT), Norepinephrine 

(NET), and Dopamine (DAT) Transporters 

 
Generic Name Human SERT, 

Kd (nM) 

Human NET, 

Kd (nM) 

Human DAT, 

Kd (nM) 

Selectivity: 

SERT vs NET 

Amitriptyline  4.3 35 3250 8 
Amoxepine  58 16 4310 0.3 
Bupropion  9100 52,000 520 5.7 
Citalopram  1.2 4070 28,100 3500 
Clomipramine  0.3 38 2190 130 
Desipramine  17.6 0.8 3190 0.05 
Dothiepin  8.6 46 5310 5.3 
Doxepine  68 29.5 12,100 0.4 
Duloxetine 0.8 7.5 240 9.4 

Escitalopram 2.5 2514 >100,000 >1000 
Fluoxetine  0.8 240 3600 300 
Fluvoxamine  2.2 1300 9200 580 
Imipramine  1.4 37 8500 27 
Lofepramine  70 5.4 18,000 0.08 
Maprotiline  5800 11.1 1000 0.002 
Mirtazapine  >100,000 4600 >100,000 — 
Nefazodone  200 360 360 1.8 
Nortriptyline  18 4.4 1140 0.24 
Paroxetine 0.13 40 490 300 
Protriptyline  19.6 1.4 2100 0.07 
Reboxetine 129 1.1 — 0.008 
Sertraline 0.29 420 25 1400 
Trazodone  160 8500 7400 53 
Trimipramine  149 2450 780 16 
Venlafaxine  8.9 1060 9300 120 

(From Glennon and Iversen, [20]) 
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Some of the most recently introduced antidepressants hark back to the less-selective 
compounds of the earlier era. Thus duloxetine [15] and venlafaxine [16] are drugs that 
combine both norepinephrine and serotonin re-uptake inhibition although in vitro binding 
data show that venlafaxine binds with more than 100 times higher affinity to human SERT 
than to NET, (Table 2). Reboxetine is the first antidepressant drug since maprotiline in a new 
class of NET-selective inhibitors [17,18]. Reboxetine is reported to be as effective as the 
SSRI‘s or older tricylics, but is not associated with sexual dysfunction, a common side effect 

of the SSRI‘s. It is claimed to be more effective than fluoxetine in improving the social 
adjustment of depressed patients. The SSRI‘s and the more recently developed mixed 

NET/SERT antidepressants have proved hugely successful commercially, with worldwide 
sales well in excess of $10 billion. Table 2 summarizes the affinities of currently used 
antidepressants on cloned human monoamine transporters expressed in tissue culture cell 
lines [19]. 

 
 

SOME UNANSWERED QUESTIONS 
 
Although the monoamine uptake inhibitors have proved very successful in the treatment 

of depression and anxiety states many questions remain unanswered. How can drugs that are 
selective norepinephrine reuptake inhibitors be equally effective as those that selectively 
target serotonin reuptake? In reality none of the antidepressants is completely selective for 
NET or SERT. In some cases the formation of active metabolites alters the drug selectivity 
profile. Thus the non-selective compound imipramine and the partially NET-selective 
compound lofepramine are extensively metabolized to desipramine, a highly potent and 
selective NE reuptake inhibitor. Similarly whereas amitriptyline has little selectivity for NET 
or SERT, the metabolite nortriptyline is a selective NET inhibitor. Alternatively some have 
suggested that the SSRI‘s act indirectly to modulate noradrenergic function [21,22]. 

The long term changes in the brain that are triggered by the antidepressants, remain 
obscure. Although inhibition of monoamine uptake is an immediate effect, all antidepressant 
drugs require a period of several weeks before they become fully effective. Many theories 
have been proposed to explain this delayed action, including alterations in the expression of 
monoamine receptors, changes in transcription factors and neurotrophic factors, and 
morphological alterations in the connectivity of monoaminergic nerves and the promotion of 
new nerve cell formation [23]. 

The mechanisms underlying the prominent placebo effect seen in all clinical trials of 
antidepressant drugs also remain obscure. It is not uncommon for the placebo effect to be so 
large as to obscure any significant effect attributable to the active drug in clinical trials. An 
analysis of 74 Phase III clinical trials for 12 antidepressants submitted to the Food and Drug 
Administration USA between 1987 and 2004 revealed that only half of these trials succeeded 
in demonstrating a statistically significant benefit from drug treatment [24]. 
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Other Medical Uses of Inhibitors of Monoamine Uptake 

 
Amphetamines represent another important group of compounds that act on monoamine 

transporters. They act by promoting the release of dopamine in the brain by virtue of their 
high affinity for the dopamine transporter and the vesicular monoamine transporter. They 
displace endogenous dopamine by a combination of a depletion of vesicular stores and 
counter transport of dopamine outwards via the transporter [25]. Amphetamine itself and the 
related drug methylphenidate (―Ritalin®‖) are widely used in the treatment of children with 
attention deficit hyperactivity disorder (ADHD). A norepinephrine-selective NET inhibitor, 
atomoxetine is also used for the treatment of ADHD.  

The older antidepressant bupropion, acts as a weak inhibitor of norepinephrine and 
dopamine uptake, with little effect on serotonin uptake. Bupropion had little success as an 
antidepressant, but is approved in the USA and Europe as an aid to smoking cessation [26].  

The anti-obesity drug sibutramine acts as a non-specific inhibitor of NET, SERT and 
DAT [27]. 

 
 

INHIBITORS OF MONOAMINE UPTAKE AS DRUGS OF ABUSE 
 
The monoamine transporters are also important targets for drugs of abuse. The dopamine 

transporter (DAT) is the key site of action for the psychostimulant amphetamines (d-
amphetamine (dexedrine), and methamphetamine (―crystal meth‖) and for cocaine. Mice that 
are genetically engineered to knock out the expression of the DAT gene are profoundly 
hyperactive and fail to show any further stimulation of activity in response to cocaine or d-

amphetamine [28]. Such animals, nevertheless, will continue to self administer cocaine [29], 
suggesting that the rewarding properties of the drug cannot be explained entirely by its ability 
to inhibit DAT. Cocaine is also a potent inhibitor of both serotonin and norepinephrine 
uptake. 

Concern has been expressed that amphetamine and the congener methyl phenidate used 
to treat ADHD in children might have abuse and dependence liabilities. In practice, however, 
there is very little evidence for this, probably because when used medically the drugs are 
administered orally, leading to slow absorption and brain penetration. In contrast, when 
abused the amphetamines are administered intravenously or by smoking (methamphetamine), 
routes that lead to the rapid absorption and brain exposure that addicts crave.  

 
 

FUTURE DEVELOPMENTS? 
 
Pharmaceutical companies have virtually exhausted the permutations of different types of 

monoamine transporter. Some have resorted to developing single enantiomer forms of 
existing drugs – for example, escitalopram – the S-enantiomer of the SSRI citalopram, or an 
active metabolite- for example, desvenlefaxine – the desmethyl metabolite of venlafaxine. 
These can extend the commercial patent life of a compound but do little to provide real 
medical advances. Although inhibitors of DAT tend to be psychostimulant in character, 
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several companies are \attempting to develop ―triple‖ monoamine uptake inhibitors that target 

NET, SERT and DAT as potential antidepressants. It is too early to know whether this will 
prove successful.  

 
 

Uptake 2 

 
Another monoamine transporter, known originally as Uptake2 [6,30]. is present in 

several peripheral tissues and in brain. It is not dependent on Na+ or Cl-, has a low affinity for 
substrates and a high capacity. It is sensitive to inhibition by O-methylated catecholamine 
metabolites and by steroids [6]. Uptake2 has been cloned in animals, where it is termed 
―organic cation transporter 3‖ and in man where it is named ―extraneuronal monoamine 

transporter‖ [31]. This uptake system may represent a second line of defense that inactivates 
monoamines which have escaped neuronal uptake, and thus prevents uncontrolled spread of 
the signal. It has been suggested that inhibitors of this transporter might represent faster 
acting antidepressants [32], but this idea has not been pursued. 

 
 

6-HYDROXYDOPAMINE – A NEUROTOXIC SUBSTRATE FOR 

MONOAMINE TRANSPORT 
 
The 6-hydroxy analogue of dopamine acts as a uniquely selective neurotoxin for 

noradrenergic and dopaminergic neurons. After systemic administration it causes a long-
lasting depletion of norepinephrine from sympathetic nerves, and Thoenen and Tranzer [33] 
were the first to show that this resulted from drug-induced degeneration and disappearance of 
the sympathetic nerve endings. This is due to the selective accumulation of 6-OHDA by NET 
in sympathetic nerve terminals, followed by the formation of a toxic quinone metabolite. 
Although 6-OHDA does not penetrate the blood brain barrier, it has similar effects on 
catecholamine-containing neurons in brain if administered directly into CSF or by local 
micro-infusion. Norman Uretsky, working in my laboratory in Cambridge in the 1960‘s, was 

one of the first to demonstrate a long-lasting ( > 30 days) depletion of both norepinephrine 
and dopamine from rat brain after injection of 6-OHDA into the lateral ventricle [34,35]. This 
was accompanied by a marked reduction in the uptake of 3H-norepinephrine after icv 
injection or in slices taken from 6-OHDA treated rats. Uretsky went on to show [36] that the 
motor stimulant effects of amphetamine were significantly reduced in animals pre-treated 
with 6-OHDA. The effects of 6-OHDA on central monoaminergic neurons were also reported 
at about the same time by other laboratories [37,38], and 6-OHDA became widely used as a 
valuable tool for causing selective lesions of specific catecholamine-containing pathways in 
brain and examining the effects of such lesions on behavior. 
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CONCLUSION 
 
The accidental discovery of monoaminergic uptake had a major influence on the 

development of effective drugs for the treatment of depression, phobic disorders, and anxiety, 
as well as explaining the molecular basis of the psychostimulant effects of the amphetamines 
used in the treatment of ADHD. Drugs of abuse and the selective neurotoxin 6-OHDA also 
target these mechanisms. Overall, this demonstrates the value of ―blue skies‖ basic research 
which can be translated into clinically valuable treatments.  
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ABSTRACT 
 

The standard model of chemical neurotransmission began with the converging ideas 
of Waldeyer, Cajal and Sherrington in the 1890s. Early data came primarily from studies 
of the effects of adrenal extracts, sympathetic nerve stimulation, and parallel studies of 
the neuromuscular junction. The accessibility of peripheral nervous tissues and the 
special importance of autonomic drugs in human cardiovascular pharmacology gave the 
neuromuscular junction and the autonomic nervous system disproportionate influence in 
pharmacology and neuroscience. The discovery of miniature endplate or postsynaptic 
potentials by intracellular recording, and then synaptic vesicles in the 1950s seemed to 
complete the theory. I selectively review three exceptions to the standard model of 
chemical neurotransmission, emphasizing the historical themes of thesis, antithesis, 
synthesis and reconsideration. The limited specificity of vesicular monoamine 
transporters permits other amines to enter storage vesicles and to be released by 
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depolarization. Some actions of amines such as tyramine and octopamine may be 
explained by these less potent agonists displacing the natural transmitter. However, the 
so-called trace amines, including those derived from the diet, may interact with other 
receptors including trace amine-associated receptors (TAARs). 

Co-transmitters pose more complex problems and emphasize how much the nervous 
system changes during its development. The false transmitter phenomenon assumes 
stability of ―transmitter machinery‖ [transporters, storage, synthesis, receptors]. First we 
learned that other chemicals might displace ―natural transmitters‖, and then we found that 

the transmitter machinery itself may change. I review the ability of sympathetic neurons 
to change from adrenergic to cholinergic phenotype and three of the many known co-
transmitters (ATP, substance P, and neuropeptide Y). They are found in adrenal 
chromaffin cells and have special links to noradrenaline and the sympathetic nervous 
system. Purines are probably the most common co-transmitters and were the first 
recognized co-transmitters. Slow synaptic potentials and transmitter effects focus 
attention on neuropeptides, which may diffuse relatively long distances to reach 
receptors. Endocannabinoids introduce more complexity; the endocannabinoid 2-AG (2- 
arachidonoylglycerol) is the best studied and understood CNS retrograde messenger. 
Glutamate, the prototypical CNS fast excitatory transmitter, also modulates the effects of 
other transmitters. It is released from cholinergic motor neurons and modulates 
cholinergic effects at the neuromuscular junction.  

Messages cross the synapse in either direction, and may act at extrasynaptic sites.  
The existence of extrasynaptic receptors with different functional effects from 

synaptic receptors for the same transmitter is now well established. Volume transmission, 
the discharge of signaling molecules into the extracellular space, is established, but its 
quantitative significance remains uncertain. Receptor mismatches, mismatched synapses, 
and silent synapses remain poorly understood. These exceptions to the standard model, 
along with submicroscopic entities such as gap junctions and tunneling nanotubes may be 
more important in early development and pathological states, than in the hypothetical 
healthy young adult. Increasing attention to high frequency discharges and network 
oscillations suggest that gap junctions may become more important in human physiology 
and pharmacology. These exceptions increase the complexity of nervous function, but 
they do not invalidate the basic models of Cajal or Dale, which provide useful first 
approximations. 
 

Keywords: neurotransmission, cotransmission, extracellular space, vesicular transport, 
synapse, receptor specificity, receptor interactions 
 
 

LIST OF ABBREVIATIONS 
 
5-HT   5-hydroxytryptamine or serotonin; 
A    adrenaline; 
ACh   acetylcholine; 
A1 Receptor  One of the adenosine receptor family of GCPRs, which 

preferentially recognizes adenosine; 
AMPA   α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid, an 

artificial amino acid and glutamate analog, AMPA receptors are a 
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non-NMDA-type ionotropic glutamate receptor that mediates fast 
synaptic transmission in the CNS;  

ATP   adenosine 5‘ triphosphate; 
CB1 receptor  receptor for endogenous cannabinoids; 
CGRP  calcitonin gene related peptide, a member of the calcitonin family 
CNS   central nervous system; 
D2 receptor   the dopamine receptor most related to neuroleptic function [173]; 
DA    dopamine; 
DOPA   the amino acid dihydroxyphenylalanine, immediate precursor of 

dopamine; 
Epsp   excitatory postsynaptic potential; 
G protein   Guanine nucleotide binding proteins; 
GCPR   G protein coupled receptor; 
GDNF   glial derived neurotrophic factor; 
GR    glucocorticoid receptor; 
NA    noradrenaline (norepinephrine in the US); 
NMDA   N-methyl-D-aspartate, a ligand which binds to a major class of 

glutamate receptors, which are called NMDA receptors; 
NPY   neuropeptide Y; 
P2X   refers to a division of purinergic receptors begun by Burnstock, P1 

receptors prefer adenosine, P2 receptors respond best to ATP or 
ADP; P2x receptors are ionotropic, P2Y are GCPRs; 

PHI   peptide histidine isoleucine, a peptide included in Prepro-vasoactive 
intestinal peptide (prepro-VIP) along with VIP and peptide histidine 
valine (PHV) 

PD    Parkinson‘s Disease; 
PET   Positron emission tomography; 
TAAR   trace amine-associated receptor; 
VIP   vasoactive intestinal peptide 
VMAT   vesicular monoamine transporter. 
 
 

1. BACKGROUND HISTORY 
 
Cell theory profoundly changed biology and medicine in the mid 19th century. Cells and 

the germ theory of disease gradually displaced the old humoral theories of health and disease. 
However, many authorities, including ES Russell and AN Whitehead in the 1920s, feared 
that a parliament of separate cells meant chaos. Nobody imagined the thousands of 
macromolecules and signaling molecules that we know today.  

Early microscopists examined unstained brain tissue and reported ―globules‖, often 

uniform in size. Cell theory had to wait for better optics. Achromatic microscopes became 
available in about 1830 and brought major changes. Ehrenberg reported the existence of 
cerebral ganglion cells in 1833 and Purkynê visualized neurons and dendrites (Figure 1). He 
presented drawings of neurons to scientific meetings [1].  
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Theodor Schwann proclaimed that the animal body was an organized collection of cells 
[2]. This implied mechanisms of intercellular communication and coordination, which were 
unknown at the time. Neural and endocrine mechanisms of communication and coordination 
began to emerge in the late 19th century. The neuromuscular junction was identified and 
studied before Sherrington developed the concept of synapses. Vulpian theorized in 1866 that 
curare acted on an intermediate zone between the nerve and the muscle [3]. DuBois-
Reymond noted in 1877 that nerves might use chemical or electrical messages to 
communicate with effector elements [4]. The first systematic neuron theory and the word 
neuron came from von Waldeyer-Hartz in 1891 [5]. Waldeyer organized the observations of 
others into a coherent scheme without any new data of his own. His contemporaries Santiago 
Ramon y Cajal and Charles Sherrington played major roles in promoting and expanding the 
neuron concept. Cajal stressed the idea of neuronal polarization: axons carried outgoing 
messages, while dendrites processed incoming messages. Messages crossed the synapse in 
one direction only. His drawings often included arrows to stress this polarization. However, 
Cajal knew that retinal amacrine cells lacked axons and that conduction might go in the 
―wrong direction‖ in pathological states [6]. 

 

 

Figure 1. These drawings of nerve cells were used by Purkyne in his 1837 lecture to the Prague 
Congress. Purkyne outlined a cell theory (Kornchen) in advance of Schwann's famous book. This 
drawing includes cells from the brain stem (#16), thalamus (#17) and cerebellum containing what we 
now call Purkinje cells (#18). It is reproduced from reference [1] with the permission and assistance of 
author Larry Swanson who reproduced it from an original.  

Neurophysiologist Charles Sherrington first wrote of synapses in 1897. His influential 
book, The Integrative Action of the Nervous System appeared in 1906 [7]. Sherrington‘s 

functional and physiological emphasis offset the limitations of neuroanatomy; light 
microscopy could not visualize the synaptic cleft. Sherrington and his students thought 
primarily in terms of electrical communication between cells.  

Adrenaline1 was identified in 1899; it reproduced the features of some forms of 
endocrine and neural communication. The autonomic nervous system became a critical focus 
of monoamine pharmacology and theoretical development. Immunologist Paul Ehrlich and 
                                                        
1  I use adrenaline, noradrenaline, A, NA in this paper instead of the U.S. nomenclature (epinephrine) because of 

the historical emphasis of the paper and the importance of European pharmacologists in identifying these 
exceptions. 
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Cambridge physiologist John Langley were the first receptor theorists. They knew each 
other‘s work and were influenced by the Emil Fischer‘s well known studies of enzymes. 
Fischer suggested that enzyme-substrate specificity depended on something like a lock-and-
key mechanism. Langley first mentioned ―receptive substances‖ in 1878 and ―the autonomic 

nervous system‖ in 1898. He showed that nicotine and curare acted on the same site or 
mechanism at the neuromuscular junction, with opposite actions [8]. Langley said in his 1906 
Croonian lecture to the Royal Society: 

“…stimuli passing the nerve can only affect the contractile molecules by the radical 

which combines with nicotine and curare. And this seems in its turn to require that the 

nervous impulse should not pass from nerve to muscle by an electrical discharge, but by the 

secretion of a special substance at the end of the nerve” [9]. 

 

 

Figure 2. This drawing of a hypothetical reticular network is reproduced from reference [1] with the 
permission of author Larry Swanson. There are no synapses; nerve cells are shown in direct continuity 
with muscle cells as well as other nerve cells. He reproduced it from an original in Landois and 
Sterling‘s Textbook of Human Physiology (1891).  
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Figure 3. This 1894 drawing of a spinal reflex arc shows Cajal‘s functional emphasis and his use of 

arrows to illustrate the flow of information. Compare it to Figure 2, from the same era. It was figure 9 
in reference [1] and is reproduced with permission and assistance of Larry Swanson, who reproduced it 
from an original. 

Langley had a broader theory of chemical neurotransmission than did his student, 
Thomas Elliott, who suggested in an abstract that sympathetic nerve impulses might liberate 
adrenaline [10]. Walter Dixon proposed in 1907 that muscarine might be the vagus nerve 
messenger. Henry Dale reported in 1914 that adrenaline and acetylcholine duplicated the 
effects of sympathetic and parasympathetic nerve stimulation [11]. Dale and Otto Loewi 
constructed an outline of autonomic pharmacology between 1915-1945, which assumed that 
each cell used the same message at all its branches. Loewi showed that vagus nerve 
stimulation caused either an inhibitory substance or an excitatory one, depending upon the 
experimental details, to appear in the Ringer‘s solution perfusing a frog heart, as judged by 
the effect on a second heart. Loewi repeated this experiment at the 1926 International 
Congress of Physiology in Stockholm, but this was not enough to establish acetylcholine as 
―vagustoff‖, the vagus nerve neurotransmitter. Many authorities thought that transmission 
was too fast at ganglia and the neuromuscular junction to be chemically mediated. 
Acetylcholine wasn‘t demonstrated in animal tissues until 1929. Feldberg and Krayer used 
the leech bioassay to demonstrate that vagal stimulation produced acetylcholine-like material 
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in the coronary venous blood of dogs and cats in 1933 [12]. Acetylcholine effects on muscle 
were nicotine-sensitive, its cardiovascular effects were not [13]. Dale proposed a division of 
autonomic pharmacology into cholinergic and adrenergic domains (he invented these words). 
John Eccles elevated Dale‘s principle to a formal theory of neurotransmission later, in the 

1950s, after intracellular recording demonstrated a chemical basis for CNS 
neurotransmission. Dale himself never ruled out multiple transmitters. After observing 
atropine-resistant effects of vagus nerve stimulation, he said: 

“We may suppose that vagus effects not paralysed by atropine are not humorally 

transmitted at all, or that the transmitter is not a choline ester, but in the latter case, we shall 

have to postulate not one, but several other transmitters with different degrees of liability to 

the antagonism of atropine.” [14]. 

After World War II, intracellular recording demonstrated quantal transmitter release [15] 
and several different electron microscopic laboratories discovered synaptic vesicles. Now the 
skeptics were convinced. The standard model was summarized in classical publications of 
Bernard Katz and John Eccles. Excitatory transmission produced currents that depolarized 
the postsynaptic membrane, while inhibitory transmission hyperpolarized it, changing the 
membrane potential in the opposite direction [16,17]. These studies and theories considered 
only rapid responses, on a millisecond time scale. They didn‘t study stability of transmitter 
properties over periods longer than a day or the effects of disease and development. 

The first paper in the new 1949 Pharmacological Reviews was Bacq‘s synthesis of 
adrenergic transmitter metabolism, hinting at the coming era of transmitter uptake and storage 
[18]. Reserpine was used by psychiatrists (it was approved by the US Food and Drug 
administration for clinical use in 1953) before its mode of action was understood. Bernard 
Brodie and his colleagues reported that reserpine released monoamines [19] and ascribed 
reserpine effects to serotonin depletion, which was only partly correct. Arvid Carlsson, who 
had studied with Brodie, showed that DOPA antagonized reserpine effects in rodents, 
whereas the serotonin precursor 5-hydroxytryptophan did not. [20]. This suggested the 
presence of a previously unknown brain amine and led to Carlsson‘s discovery that dopamine 
was a CNS neurotransmitter [21].  

Reserpine could deplete all stored monoamine transmitters [22]. The first specific study 
of the storage granule transporter in 1962 [23] used adrenal chromaffin cells. Transporter 
specificity was limited; uptake was coupled to ATP hydrolysis. Carlsson found that reserpine 
was the most potent inhibitor of vesicular amine transport [22]. Tetrabenazine and ketanserin 
are also potent inhibitors. Tetrabenazine has little effect on the peripheral vesicular 
monoamine transporter; its depletion of CNS vesicular amine content lasts hours rather than 
days, unlike reserpine effects [24]. Once used extensively for treatment of psychosis and 
hypertension, reserpine is little used today because of many side effects, including depression 
and even suicide. Tetrabenazine is used today for chorea and other hyperkinetic movement 
disorders. It was never used for hypertension. The ketanserin derivative, 
(Cl1dihydrotetrabenazine [11C-CIDTBZ) has been used as a ligand for positron emission 
tomography (PET scanning) for in vivo studies of the type 2 vesicular monoamine transporter 
(VMAT2) in the human brain. Studies with DTBZ indicated fewer VMAT2 binding sites in 
the striatum of Parkinsonian patients than in controls [25]. Binding decreased during normal 
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aging, less so than in Parkinson‘s disease. However, DTBZ binding is altered by dopamine 
depletion; it provides only an approximate measure of vesicle number [26]. 

Parkinson‘s disease [PD] is generally sporadic, but some patients have documented 
single gene mutations. PET studies of two kindreds with LRRK2 gene mutations revealed 
heterogeneous forms of presynaptic DA dysfunction, similar to the findings in sporadic 
Parkinson‘s disease. A small number of asymptomatic relatives with the mutation showed 
presynaptic abnormalities, often related to the plasma membrane DA transporter [27]. Only 
fifteen family members were studied, enough to suggest that multiple different presynaptic 
factors may contribute to PD. Follow-up studies showed progression of these presynaptic 
abnormalities as symptoms progressed [28]. No patients had evidence of postsynaptic D2 
receptor dysfunction. There is a mouse model of PD produced by mutations of the vesicular 
monoamine transporter [29], but no analogous human mutations have been reported.  

Two different genes encode vesicular monoamine transporters, VMAT1 and VMAT2 
[30]. Very little VMAT1 is found in the adult CNS, and VMAT1 is inhibited only very 
weakly by tetrabenazine. Vesicular transporter expression is one factor regulating the 
neurotransmitter content of secretory vesicles and influences the amount of transmitter 
released [31]. Pothos et al showed that more DA molecules were released per quantum in 
cultured neurons treated with glial-derived neurotrophic factor (GDNF) and with DOPA [32]. 
This was the first demonstration that presynaptic factors could modulate quantal transmitter 
size of CNS neurons. Quantal size (the number of neurotransmitter molecules released by a 
single synaptic vesicle during exocytosis) was assumed to be invariant in the classical model. 
Quoting from Del Castillo and Katz,  

“transmission at a nerve-muscle junction takes place in all-or-none quanta whose sizes 

are indicated by the spontaneously occurring miniature discharges...The average‟quantum 

content‟ of the e.p.p. depends on the probability of response of the individual units, and this 

varies with the external Ca and Mg concentrations....” [33] 

 

Figure 4. These are amperometric recordings of quantal DA release from cultured rat neurons [34]. 
Control (A) and experimental neurons overexpressing the VMAT2 gene (E) were stimulated with 40 
mM potassium to increase quantal release. The experimental neurons have increased amplitude, mean 
of 7800 molecules © and 11800 molecules (E), and frequency (increased about 10 fold) both of which 
were statistically significant at the P<.01 level. Permission for reproduction obtained from Elsevier 
Limited, publisher of Behavioral Brain Research. 

However, GDNF and DOPA have complex actions and the role of VMAT2 was not clear 
in the Pothos experiment. Pathos then used VAMT2 transfections into cultured midbrain and 
hippocampal neurons to show that more transporter protein caused increased quantal size 
[34]. Transporter protein reduction had the opposite effect, as shown in Figure 4. 
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Hippocampal nondopaminergic neurons became able to store and release DA when VMAT2 
was expressed. Vesicular monoamine storage is also regulated by G proteins [35,36]. 

Mice with deletions of the G protein Go2α have a decreased motor response to cocaine 
and less stored cerebral DA [37]. G proteins appear to interact with calcium dependent 
activator proteins CAPS I and II, which regulate monoamine uptake and storage, perhaps by 
determining when filling is complete [36]. Cocaine is a well known inhibitor of the plasma 
membrane DA transporter [38]; many drugs act at both plasma and vesicular monoamine 
transporters.  

 

 

Figure 5. This figure, modified from Haefely [42] and reproduced with permission, shows blood 
pressure responses to three different treatments in cats treated with two false transmitter precursors (α-
methyl dopa and α-methyl meta tyrosine) and reserpine. DMPP (dimethyl phenylpiperazinium), a 
nicotinic ganglionic stimulant; tyramine, an indirect acting ―sympathomimetic drug‖; and NA, the 
natural transmitter, were studied. Reserpinized cats had the greatest BP response to DMPP & NA; 
responses to the false transmitters were similar with NA and divergent with tyramine- false transmitters 
explain only part of these results.  

 
2. FALSE TRANSMITTERS 

 
Sourkes reported that α-methylDOPA inhibited DOPA decarboxylase in 1954. Its 

antihypertensive actions were initially ascribed to this effect. However, decarboxylase 
inhibition did not explain its antihypertensive action. Drug administration led to α-
methyldopamine storage in the brain and sympathetic nerves. Carlsson and Lindqvist 
contrasted reserpine-induced monoamine depletion with that caused by the DOPA analogs, α-
methyldopa and α-methyl-m-tyrosine [39]. Carlsson and others proposed that α-methyldopa‘s 

antihypertensive action was due to displacement of the natural transmitter [40]. Stimulation 
of cardiac sympathetic nerves liberated α-methylnoradrenaline from the heart of α-
methyldopa treated rabbits [41]. Haefely et al. showed that the ratio of α-methylnoradrenaline 
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to noradrenaline released by splenic nerve stimulation correlated with that found in the spleen 
[42]. However the relationship between storage of the false transmitter α-methyl NA and the 
effects of α-methyl dopa on sympathetic nerve function was complex. Figure 5 illustrates the 
complexity of false transmitter actions. The response to intravenous noradrenaline was little 
changed by pretreatment with either of two false transmitters, α-methyl dopa or α-methyl-
meta-tyrosine, but tyramine injections had different effects. Haefely and colleagues also 
found that contractions of the nictitating membrane evoked by sympathetic stimulation were 
not consistently decreased in spite of marked displacement of NA by the two false 
transmitters (their figure 2, not shown here). 

Reserpine eliminates all stored amines, while the decarboxylated DOPA analogs displace 
the natural transmitter from storage vesicles. They are released from the storage sites but are 
less potent than the natural transmitter. Decarboxylation and subsequent β-hydroxylation of 
α-methyl-meta-tyrosine produces metaraminol. It is much less potent than noradrenaline, so 
that replacement of the physiological transmitter with metaraminol should produce a greater 
sympathetic deficit than replacement with a-methylnoradrenaline. Udenfriend and Zaltzman-
Nirenberg showed that α-methyl-meta-tyrosine (α-MMT) must be decarboxylated in order to 
release NA from the guinea pig heart (Figure 6). Metaraminol and other metabolic products 
of α-MMT were potent NA releasers [43]. Crout and coworkers showed that sympathetic 
nerve stimulation released metaraminol from the perfused cat heart after injections of 
metaraminol [44]. 

 
Decarboxylation is necessary for NA release by AMMT
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Figure 6. This figure 6 uses data from reference 43. Guinea pigs received one injection of α, β-
methylene α-MMT and variable doses of the decarboxylase inhibitor α-methyl dopa hydrazine and were 
killed 16 hrs later. As decarboxylation is progressively inhibited, α-MMT released progressively less 
NA from the heart. 
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Monoamine oxidase inhibition reduces blood pressure and causes octopamine 
accumulation in sympathetic nerves [45]. Blood and tissue content of tyramine and many 
other amines increase. Octopamine is synthesized from tyramine and acts as a false 
transmitter [46]. However, octopamine is a primary transmitter in other circumstances, with 
its own receptors. Octopamine was identified as a lobster neurotransmitter in the early 1970s 
[47] and was soon found in many more invertebrates. Peter Evans suggested in 1978 that it 
functioned in invertebrates much as noradrenaline does in vertebrates, as the primary 
sympathetic nervous system messenger [48]. Octopamine receptors were abundant, and their 
drug responses generally resembled those of mammalian α- adrenergic receptors. 

Octopamine appears to be a stress hormone in many insects [49]. Its uptake, receptors 
and second messengers are analogous to those for catecholamines; it regulates learning and 
complex behavior in many invertebrates [49,50]. Small amounts of tyramine and octopamine 
are found in all mammals. This is easily understood from the reactions shown below (Figure  
7). Larger amounts of octopamine accumulate in hepatic encephalopathy [51]; certain 
fermented foods are rich in tyramine and octopamine [52]. 

 

 

Figure 7. Octopamine is produced by hydroxylation of tyramine. Tyramine hydroxylation by dopamine 
 hydroxylase is a minor pathway in mammals. Tyramine synthesis by a separate but related enzyme, 
tyramine  hydroxylase, is a major pathway in insects.   

The classical biogenic amines (adrenaline, noradrenaline, dopamine, serotonin and 
histamine) interact with specific families of G protein-coupled receptors (GPCRs). Borowsky 
and coworkers discovered a new GCPR family responding to tyramine and β-phenylethyl- 
amine but not to classical biogenic amines in 2001 [53]. Several closely related genes were 
identified and designated as trace amine associated receptors [TAARs]. Many of these TAAR 
subtypes respond poorly to tyramine, β-phenylethylamine, tryptamine or octopamine, 
suggesting the existence of additional endogenous ligands [54]. However, TAAR-1 
modulates dopaminergic and motor function [55] and some trace amines probably have direct 
vascular effects [56]. These receptors may be useful therapeutic targets in human disease 
including psychiatric diseases [57].  

Limited specificity of the transport, synthesis, storage and release machinery meant that 
many false transmitters could be created, such as octopamine from tyramine. DOPA 
replacement therapy for Parkinson‘s disease produces dopamine accumulation in 
nondopaminergic nerve endings; part of its effect is a false transmitter effect. The NA 
precursor L-threo-3, 4-dihydroxyphenylserine (DOPS) and the serotonin precursor 5-
hydroxytryptophan (5-HTP) have similar effects, but they are used much less frequently than 
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DOPA is. The clinical use of a-methyl Dopa, like reserpine, is mostly of historical interest 
because better antihypertensive drugs are now available. Metaraminol and other 
sympathomimetic amines are used less freely for hypotension and shock than they were in 
1970 because many other treatments are now available [58]. Metaraminol‘s false transmitter 

action means that its initial pressor effect, due to NA release, may be followed by 
hypotension if infusion continues, as metaraminol displaces stored NA [59].  

Owman and others reported in the 1960s that pineal adrenergic nerves appeared to 
contain two different signaling amine molecules: 5-HT and octopamine [60,61]. Soon 
thereafter, Zweig and Axelrod reported a reciprocal relationship between pineal content of 
NA and 5-HT. Depletion of one amine produced an increase in the other [62]. This was a 
stable relationship unlike false transmitters related to drug therapy. The pineal situation 
became even more complex as octopamine appeared to follow the same pattern, increasing to 
fill storage space when 5-HT was depleted [63]. Pineal octopamine content increased when 
rats received tyramine and a MAO inhibitor; it fell when the rats received reserpine [64]. This 
illustrates multiple stable transmitters and competition between related amines for storage 
space.  

The arylalkylguanidine meta-iodobenzylguanidine (MIBG) is structurally similar to 
noradrenaline [65]. It is a false transmitter that is concentrated within secretory granules of 
catecholamine-producing cells [66,67]. Iodinated MIBG is used for localization of neural 
crest tumors such as neuroblastoma and pheochromocytoma. The first use of 131I-MIBG to 
localize a pheochromocytoma was in 1981 [68]. MIBG does not cross the blood-brain barrier. 
A recent study used a fluorescent false transmitter to monitor dopamine release from living 
mouse striatal slices [69]. This study showed that the fraction of synaptic vesicles releasing 
transmitter with each stimulus was a function of stimulus frequency. False transmitters 
remain a useful research tool; they have a small place in clinical medicine. 

 
Table 1. Synopsis of false transmitters 

 
Thesis A neuron releases the same transmitter at all branches; transmitter identity 

never changes. 
Antithesis Endogenous or exogenous amines may displace natural amine transmitters 

and be released by nerve stimulation 
Synthesis Transmitter uptake, storage and synthesis are only partially specific. Drug 

treatment, disease and unusual diets may produce false transmitters, with 
or without physiological consequences 

Reconsideration False transmitters have multiple effects. Some classical false transmitters, 
such as octopamine, act at trace amine-activated receptors in addition to 
their false transmitter actions 

 
 

3. CO- TRANSMITTERS 
 
Co-transmitters are more important than false transmitters. They are very common in 

nature, even in the most primitive animals. Most neurons release more than one transmitter 
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[70]. The transmitter phenotype of individual neurons correlates with their peripheral targets. 
Increasing evidence indicates that transmitter phenotype (the mix of transmitters utilized) 
changes during development because of changes in transmitter synthetic enzymes and 
transporters. Burn and Rand reported in 1959 that adrenergic nerves contained and released 
both acetylcholine (ACh) and noradrenaline (NA) [71]. Their work could not be reproduced, 
but later studies of Furshpan and Patterson showed that sympathetic neurons, cultured from 
young rat cervical ganglia, produced and released both transmitters [72,73]. Further study of 
these dual function neurons revealed unexpected plasticity of sympathetic transmitter 
phenotype [74]. Sympathetic neurons are adrenergic at birth. Most remain adrenergic, but 
those innervating sweat glands become cholinergic; injury to the cell bodies or treatment with 
various cytokines such as leukemia inhibitory factor causes many to assume a cholinergic 
phenotype [75]. We are just beginning to understand the molecular determinants of 
transmitter phenotype [76]. Knowing that some adult sympathetic neurons are cholinergic, 
we can reconsider the failed Burn and Rand theory and suspect that it may have been 
partially valid [77,78]. 

Blaschko and colleagues found large amounts of ATP in the adrenal gland in the 1950s 
[79]. Release of ATP, proteins and adrenaline was demonstrated a decade later [80]. 
Although many laboratories reported multiple transmitters in invertebrate neurons [81], 
purines were the first well-established vertebrate co-transmitters. Geoffrey Burnstock 
suggested that some neurons released more than one transmitter in a pioneering 1976 essay 
[82]. By 1979, the new journal Trends in Neurosciences asked ―Is Dale‘s principle valid?‖ 

[83]. 
Burnstock noted that both American workers [84] and Day and Rand from Oxford [71] 

had suggested corelease of ACh with another transmitter (oxytocin, NA) in the 1950s. Both 
groups thought that acetylcholine might facilitate transmitter release rather than acting at 
postsynaptic receptors. Pamela Holton of St. Mary‘s Hospital Medical School in London had 
reported in 1959 that ATP was liberated from rabbit sensory nerves by electrical stimulation 
[85]. She suggested two roles for ATP in nerves, as an energy source and also as a signal, but 
probably not the only signal, released from certain nerves. Burnstock and colleagues were 
able to demonstrate ATP release from guinea pig enteric nerves in the 1970s [86,87].  

ATP and other purines are difficult to study because they are metabolically labile and 
found in all tissues. In general, purines may have presynaptic [typically inhibitory] effects or 
postsynaptic [mostly excitatory] effects [88,89]. ATP is known to mediate fast synaptic 
transmission at certain CNS [90] and peripheral synapses [91,92]. ATP, noradrenaline [NA] 
and neuropeptide Y [NPY] are important transmitters in perivascular sympathetic nerves; 
ATP acts at postjunctional P2X receptors to evoke vascular smooth muscle contraction [93]. 
It is a neurotransmitter in perivascular non-adrenergic non-cholinergic nerves. ATP is rapidly 
metabolized to adenosine which can also regulate the release of neurotransmitters via 
inhibitory prejunctional A1 adenosine receptors. The relative contributions of ATP and NA 
as functional co-transmitters varies with species, age, type and size of blood vessel, 
frequency and duration of stimulation, the tone/pressure of the blood vessel, and in disease. 

ATP produces excitatory junctional potentials (EJPs) in response to single impulses in 
sympathetic nerves, and the initial twitch responses of the smooth muscle; NA produces the 
longer-lasting tonic contractions. The proportions of ATP to NA vary between different 
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sympathetic nerves; they also change during development and in some pathological 
conditions, including hypertension [94]. Release of the two co-transmitters appears to involve 
independent mechanisms and is frequency dependent; they may be stored in separate vesicles 
but this isn‘t proven [95]. 

 

 

Figure 8. This figure from Smith [96] shows the relative contributions of -adrenergic and purinergic 
receptors to the pressure response of the rabbit cutaneous resistance artery. Panel A shows that the 
pressor response increased with stimulation frequency, and that the response was progressively 
diminished by the -adrenergic receptor blocker prazosin. (light bars control, dark bars with prazosin). 
Panel B compares the effects of purinergic blockade with α, β-methylene ATP to those of increasing 
doses of prazosin. The purinergic blocker had a large effect at 4 Hz stimulation, while the reduction due 
to maximal doses of prazosin was much greater at 64 Hz, shown by the difference between the left most 
and right most bars for frequencies 8 - 64 Hz in panel B. Modified and reproduced with permission 
from Oxford University press, reference [96]. 

Adenosine is an important neuromodulator in its own right. It generally modulates on-
going synaptic transmission rather than carrying direct messages. Adenosine modulation is 
most often seen in excitatory synapses [97]. The best known adenosine CNS effects operate 
through inhibitory A1 receptors, which are one of the most abundant GCPRs in the brain [97]. 
A1 receptors are mainly found in synapses; adenosine receptor heteromers regulate striatal 
glutamatergic input [98] and are targets for caffeine actions [99]. Presynaptic A1 receptors 
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inhibit glutamate release [as well as that of other neurotransmitters]; post-synaptically they 
inhibit calcium influx through voltage-sensitive calcium channels and NMDA receptors and 
also inhibit potassium currents, leading to membrane hyperpolarization, as reviewed in [100]. 
Activation of A1 receptors may be neuroprotective [101], probably because of extra-synaptic 
effects, in particular their ability to decrease brain metabolism at times of stress [102]. 
Human astrocytes are larger and more complex than rodent astrocytes [103]. Human neurons 
are probably more dependent on astrocytic signals and support than rodent or invertebrate 
neurons. Purines released from astrocytes appear to be important signals in complex human 
glioneural networks [103,104]. 

Substance P (for powder) was discovered in 1931 by von Euler and Gaddum as they 
surveyed horse tissues for acetylcholine following the 1929 report of Dale and Dudley who 
found histamine and acetylcholine in the spleens of horses and oxen [105,106]. Von Euler 
and Gaddum found something that was neither acetylcholine nor histamine and that caused 
vasodilatation and intestinal contraction. It was most abundant in intestine and brain. 
Hellauer and Umrath reported in 1948 that dorsal roots contained much more vasodilator 
activity than spinal ventral roots [107]. Angelucci demonstrated the release of something like 
Substance P [SP] from frog spinal cord by cutaneous stimuli. [108]. Many laboratories 
gathered evidence supporting a neurotransmitter role for SP during the 1970s [109-115]. 
Otsuka and Konishi showed that SP evoked slow spinal epsps [115]. Calcium-dependent 
release of spinal Substance P was shown and SP - like immunoreactivity found in 
synaptosomes and dense core vesicles [116]. The association of Substance P with spinal 
afferents suggested by Hellauer, Umrath and Angelucci was a reproducible finding. Jessell 
and Iversen suggested that Substance P might be the factor or a factor that opened the 
hypothetical ―pain gate‖ in the dorsal horn of the spinal cord previously postulated by 
Melzack and Wall [113,117]. Their paper suggested central roles for two peptides at the 
―pain gate‖- the old peptide, SP, known for decades, as pain messenger, and the new 
enkephalin peptides, which inhibited secretion of the pain messenger and partly explained the 
effects of opioid analgesia.  

The ―pain gate‖ and pain processing seem much more complex today, but SP and its 
neurokinin 1 receptor in the dorsal horn of the spinal cord retain a central role [118,119]. 
Substance P has analgesic effects in supraspinal regions; neurokinin 1 receptors are 
prominent in brain regions that process nociceptive information, such as the periaqueductal 
gray [120]. Pain management remains a complex, partly solved problem, for modern 
medicine. 

Neuropeptide Y (NPY) has a shorter story, because it was discovered in 1982. However, 
it may be the most abundant neuropeptide in mammalian brain [121] and it has a strong 
association with NA, stress and the sympathetic nervous system. Tatemoto and colleagues at 
Karolinska Institute isolated large quantities of a peptide amide from pig brain [122]. This 
was neuropeptide Y, a 36 amino acid peptide that is sometimes called neuropeptide tyrosine. 
Hökfelt and co-workers soon demonstrated NPY within peripheral and medullary 
catecholamine neurons [123,124]. The highest concentration of NPY in the rat brain was 
found in the paraventricular nuclei of the hypothalamus [125]. Further study showed that 
NPY was often found in sympathetic neurons and was stored in large dense core vesicles. 
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Mild sympathetic stimulation released NA but little NPY. More severe or sustained 
stimulation released both NA and NPY [126]. 

NPY was found to be a very potent appetite stimulant in 1984 [127]. Elevations in 
hypothalamic NPY were reported after food deprivation and in genetically obese rodents. 
This stimulated a vigorous search for NPY antagonists for therapeutic use against obesity and 
metabolic syndrome. However, genetic deletions of the NPY gene surprised everyone- there 
was no consistent effect on weight and feeding behavior [128]. Today, we recognize multiple 
transmitters and factors that influence eating. NPY is still an important player. It acts through 
six different receptors, Y1-Y6; our hopes for simple solutions to the modern epidemics of 
obesity and addiction have been chastened [129-131]. I can‘t go into all the complex and 

interesting NPY effects here. The roles of adenosine in pain processing [132] and purines in 
obesity and eating [133] underline the complexity of CNS function. Figure 9 reminds us how 
many different peptide co-transmitters are found in the sympathetic nervous system [134]. 

 

 

Figure 9. This figure is based on references [134,135,136] and shows that different populations of 
neurons with different peptide cotransmitters occupy different spaces within the cat lumbar sympathetic 
ganglion, and project to different regions and structures of the hind paw. Recent studies of Samano et al 
suggest that peptides and cholinergic transmission machinery may occupy different terminals of the 
same neuron [136]. The peptide abbreviations may be found in the List of Abbreviations. 

GABA and glycine were the first fast acting classical neurotransmitters proven to be co-
released from the mammalian CNS. This was initially shown in the neonatal rat spinal cord 
[137]. Later studies showed that the proportion of GABA and glycine released was a function 
of developmental age [138]. The demonstration that some GABA/glycine neurons in the 
medial nucleus of the trapezoid body [MTNB] transiently released glutamate at certain 
developmental stages was very surprising [139]. The release of both fast acting excitatory 
and inhibitory transmitters seemed paradoxical. Further study showed that this transient 
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phenomenon, the first recorded glutamate release at a GABA/glycine synapse, coincided with 
major developmental changes. The synapses changed from depolarizing to hyperpolarizing 
because of developmental changes in chloride transporters [119], the transmitter phenotype 
of the MNTB neurons changed from predominantly GABAergic to mostly glycinergic and 
numerous synapses were eliminated [140]. 

We also briefly review recently discovered glutamate effects at the cholinergic 
neuromuscular junction. Claude Bernard studied the action of curare, which was used by 
South American peoples to paralyze prey. Dale and other early pharmacologists established 
the neuromuscular junction as a nicotinic cholinergic synapse [13]. However, the 
neuromuscular junction [NMJ] contains all the apparatus for glutamatergic signaling: 
glutamate transporters (GLAST and GLT) [141], vesicular glutamate transporter [142], 
ionotropic and metabotropic [143] glutamate receptors and glutamate itself [144]. This 
glutamatergic machinery is functional and modulates synaptic transmission [143]. Motor 
neurons also release glutamate at their central synapses [145]. Both NMDA and AMPA 
receptors are found post-synaptically at the mouse NMJ. They are not associated with the 
acetylcholine receptor, and are colocalized with DIg and with Kir2 potassium channels [146]. 

 
 

What is Glutamate’s Function at the Neuromuscular Junction? 

 
First, recall that many invertebrates have dual innervation of the neuromuscular junction 

by inhibitory and excitatory neurons. Next consider the effects of deletions of AMPA and 
NMDA receptors on NMJ function. Mutations of AMPA and NMDA receptor subunits 
produce weakness or death, but haven‘t been studied in detail [146]. There is a cost to 

producing and precisely targeting these glutamatergic synaptic elements; assuming that they 
convey functional benefit, but the nature of that benefit is unknown. The general utility of 
cotransmission remains somewhat ambiguous, in spite of its ubiquity. Authorities often 
suggest that a co-transmitter may act presynaptically to decrease the release of the primary 
transmitter, while acting postsynaptically at the same time to increase the efficacy or effect of 
the primary transmitter [89]. Trudeau and Gutierrez have reviewed the common coexistence 
of two primary neurotransmitters in the same mammalian neuron, often glutamate and a 
monoamine, and the ability of this transmitter phenotype to change with injury or disease, 
even in adult life [70]. 

 
Table 2. Synopsis of multiple transmitters and co-transmitters 

 
Thesis Neurons have one transmitter that never changes 
Antithesis Most neurons have more than one transmitter, this may  

change during development, disease or neurotrophin treatment 
Synthesis Most neurons have multiple transmitters, it is often possible to say that one is more 

functionally important than the others 
Reconsideration No change from above 
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4. VOLUME TRANSMISSION 
 
Descarries reported ―naked‖ CNS axon terminals (lacking adjacent post-synaptic 

elements) labeled by 3H- noradrenaline and in later studies with 3H- 5-hydroxytryptamine 
[147]. Only 5 % of the varicosities formed with 5-HT were associated with identifiable 
synapses [148]. The suggestion of transmitter release from non-synaptic sites led Agnati and 
Fuxe to construct a theory of volume transmission [149,150]. Jansson and colleagues at 
Karolinska Institute studied both transmitter releasing 5-HT axon varicosities and 5-HT2A 
receptor elements identified by electron microscopic immunocytochemistry [151]. They 
found few close contacts between 5-HT terminal-like varicosities and 5-HT2A-IR neuronal 
structures, suggesting that 5-HT2A receptor mediated 5-HT transmission in the rat forebrain 
is mostly volume transmission mediated by short distance diffusion in the extra-cellular 
space.  

 

 

Figure 10. This figure is from reference [164]. Panel A represents a ―tripartite synapse‖ with pre- and 
postsynaptic elements tightly ensheathed by glial cells and extracellular space shown containing a grid 
or extracellular matrix. Panel B shows an open synapse, which facilitates communication at a distance 
via diffusion. The rate of diffusion varies, depending on the ECS diffusion parameters  for volume 
fraction for tortuosity, and nonspecific uptake ‘. Reproduced with permission from Physiological 

Research. 

This theory of volume transmission attracted supporters [152,153] and detractors 
[154,155]. Similar nonsynaptic nerve endings have been found in peripheral autonomic 
ganglia [136] and probably function in some circumstances. Another group of workers 
focused on the complex and highly organized CNS extracellular space [156] and the 
extracellular proteoglycan matrix that envelops some synapses [157,158]. These extracellular 
proteoglycans provide an extracellular anionic cap around certain synapses; manipulations of 
the proteoglycan matrix alter their function [159]. The extracellular matrix restricts diffusion 
of synaptic membrane receptors [160,161]. Astrocytes are important barriers to diffusion, 
retarding ―spillover‖ to extrasynaptic receptors [162]. Glial reactions may change diffusion 
properties near synapses. The magnitude and significance of volume transmission remain 
uncertain. Volume transmission may be important in certain regions at certain stages of 
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development and unimportant in others. Exceptions to the standard model continue to be 
found. Guillery wrote of ―a Doctrine of the Neuroscience Church‖ and said, ―today there has 

to be serious doubt about this‖ [163] (the centrality of the standard neuron doctrine). 

Complex CNS networks use fast wiring transmission, including gap junctions, slow synaptic 
messages and slow volume transmission using extracellular messages possibly influenced by 
the proteoglycan nets ensheathing certain classes of neurons.  

 
              A. 

B.

 

Figure 11. (A) This drawing illustrates mechanisms of glucocorticoid modulation of excitatory 
hypothalamic synapses, as reported in reference [167]. Glucocorticoids act at GR (glucocorticoid 
receptor) to stimulate endocannabinoid (eCB) synthesis in the postsynaptic cell. Cannabinoid acts at its 
receptors (CB1 receptors) on the presynaptic membrane. This reduces the amount of transmitter 
(glutamate) released. (B) Inhibitory hypothalamic synapse (GABA synapses): GCs act by membrane 
receptors to activate nNOS in postsynaptic elements, producing nitric oxide which diffuses to 
presynaptic GABA terminal and stimulates release by as yet undefined pathways.  
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Retrograde synaptic transmission is now an acknowledged fact. Retrograde transmission 
and its complexities are sobering. Endocannabinoids modulate both electrical and chemical 
transmission; 2-AG (2- arachidonoylglycerol) is a well studied retrograde synaptic messenger 
[165,166] Consider the recently described regulatory effects of glucocorticoids on retrograde 
transmission in fast amino acid synapses [167] shown in Figure 11.  

Fast wiring transmission is dominated by GABA and glutamate neurons. Monoamines 
and endocannabinoids are important slow transmitters, often acting indirectly to modulate 
fast synapses. Wiring becomes preponderant over volume transmission in the mature brain, 
but disease may change this. 

Gap junctions are one class of electrical synapses, not readily visualized by electron 
microscopy [168,169] and are prominent in the developing nervous system. They provide 
cytoplasmic continuity between cells, often between groups of astrocytes [170]. They often 
use purinergic messages. Hemichannels (one gap junction includes two channels) discharge 
messages into the extracellular space [171]. 

 
Table 3. Change is the critical variable. 

 

1. The mammalian body, especially the nervous and immune systems, is far more 
changeable than foreseen in 1900 

2. Immature cells release messages and respond to external messages, but are poorly 
differentiated. 

3. Synapses form in excessive numbers, and are continuously remodeled and eliminated 
throughout life [177] 

4. Learning involves processes similar to long term potentiation. They include changing 
receptor nature and location, recycling of vesicular machinery and changes in dendritic 
number and shape. [178, 179] 

5. CNS information processing is influenced by physical injuries, which alter brain 
extracellular spaces and produce increased numbers of glial cells, as well as influx of 
bone marrow-derived inflammatory cells.  

6. The nervous system uses both chemical and electrical signals. Each can influence the 
other- synaptic currents alter chemical transmission and vice versa [180, 181] 

 
How may one distinguish transmitters and neuromodulators? We may be tempted to say 

that a neurotransmitter is a substance that acts to change the function of ion channels and 
modulators act at other kinds of receptors. However, the same molecule may act at many 
different kinds of receptors. Some signals may change macromolecules rather than being 
recognized by receptors- nitric oxide is a classical example. It can change tyrosine residues to 
nitrotyrosine and alter the function of important macromolecules [172]. We often use speed 
of signaling to categorize synaptic transmission [173]. Adenosine, nitric oxide, 
prostaglandins and CO2 may be considered modulators because they are released at non-
synaptic sites and their effects develop more slowly than those of classical transmitters [174]. 
Slow synaptic potentials, such as the M-current, are well known [175]. Drugs like retigabine, 
which modulate M currents, may have important roles in treatment of epilepsy, pain and 
psychiatric disease [176]. 
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5. DISCUSSION 
 
Distinctions between paracrine signals and volume transmission are arbitrary. We can‘t 

limit volume transmission to neuronal activities because of the now overwhelming evidence 
for important signaling functions of glia and other non-neuronal cells found with the nervous 
system. The list of exceptions to the classical model will surely grow as technology advances. 

Have these exceptions and complexities invalidated the neuronal model as described by 
Cajal and Dale? I think not. Einstein‘s theory of relativity did not invalidate the use of 
Newtonian mechanics in many situations. Newton‘s theory produced a flawed but useful 

estimate for Mercury‘s orbit, neglecting precession seen near to the perihelion. Once 19th 
century astronomers detected this discrepancy, they postulated that this deviation from the 
expected orbit must reflect the presence of an undetected planet, which they called Vulcan. 
This followed the reasoning which had led to the discovery of Neptune, because of its effect 
on the orbit of Uranus. Einstein‘s theory of general relativity correctly predicted the 

perihelion shift of Mercury‘s orbit, because it included the curvature of space-time caused by 
the sun [182]. The standard model is deficient in certain developmental and pathological 
situations, but it is usually a good approximation to the findings in normal adult tissues [154]. 
We need not disparage the work of Cajal and Dale. Both were progressive and functionally 
oriented. They followed Occam‘s razor in assuming that neurotransmission should be thought 
of in the simplest terms possible. However, we have learned in the last fifty years that 
Occam‘s razor is a poor guide to synaptic and nervous function. 

 
Table 4. Grand synopsis 

 

1. Chemical transmission is the primary means of mammalian neuronal communication 
2. It uses many different mechanisms, some poorly understood 
3. Gap junctions transmit both chemical and electrical signals 
4. New technology will continue to reveal new communication modalities, such as 

tunneling nanotubes [183] and synaptic exosomal transfer of proteins and RNA [184] 
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ABSTRACT 
 

During the last one hundred years there has been a unprecedented growth and 
understanding of receptor pharmacology. Isolation of natural products as well as 
elucidation of chemical structures provided a synergistic development based on the 
receptor therapeutics. In preclinical pharmacology receptor mediated drug quantitation 
remained at the cutting edge of discovery. The receptor related efficacy of the drug, the 
receptor reserve, the functional reserve, dose-response relationships, ED50 and the 
maximal effects, Emax are the most useful parameters in research. The classical 
contribution of well-known pharmacologists, A.J. Clark, E.J. Ariens, R.P. Stephenson, 
Sir J.H. Gaddum, H.O. Schild, Robert F. Furchgott established the foundation of 
quantitative parameters for evaluation of agonists and antagonists. Since the time of 
Henry Dale, R.P. Ahlquist, A.M. Lands and others, relative potency of agonists and 
dissociation constants of antagonists were used for the classification of receptors. 
Isolation and structural characterization of receptors added new dimensions for 
understanding the functionally relevant interactions of ligand at molecular sites of the 

                                                        
  ―The review on the topic was enthusiastically initiated by the professor Norman J. Uretsky in the early 1990s for 

a book. After completion of the chapter the project was tabled. The current manuscript is a tribute to a scholar, a 
passionate teacher and a wonderful colleague.‖ 

&  Correspondence concerning this article should be addressed to: Margarita Salazar-Bookaman, Department of 
Pharmacology, College of Pharmacy, University of Venezuela, Caracas, Venezuela. Email: 
mmsalazarb@gmail.com. 



Norman J. Uretsky, Margarita Salazar-Bookaman and Popat N. Patil 114 

receptors in the central or the peripheral nervous system. Thus, specific and potent 
therapeutic agents can de developed with precision. 
 
 

1. INTRODUCTION 
 
Medicinal chemists and pharmacologists are constantly in the pursuit of discovering new 

chemical entities that are useful in treating pathological conditions. Based on rational 
therapeutics, new drugs are either chemically synthesized or isolated from natural products 
and evaluated on biological systems. In addition to an understanding of classical 
pharmacological methods, the evaluation of new drugs requires knowledge of anatomy, 
biochemistry, physiology, and pathology. In the past, diseases were treated with preparations 
derived from natural resources. Around the end of the 15th century, the "Doctrine of 
Signatures," endorsed by Giambattista Porta, promoted the concept that the ability of a plant 
preparation to cure a diseased body part was linked to the physical shape of the plant. For 
example, heart shaped bulbs were supposed to cure diseases of the heart. Leaves or flowers 
that were similar in shape and size to the lobes of the liver were supposed to cure liver 
disease. Eventually, physicians realized that the chemical constituents of a plant rather than 
its general appearance determined the effect of the plant preparation. An important step in the 
refinement of disease treatment was the use of active constituents which were extracted and 
isolated from natural products. Beginning in 1803, the isolation of alkaloids such as atropine, 
emetine, ergotoxine, curare, colchicine, morphine, pilocarpine, reserpine, and cinchona 
alkaloids was accomplished. Isolation of these substances was an important scientific 
achievement because specific chemical constituents could be linked to the beneficial 
therapeutic effects of natural products. In addition, these chemicals provided leads to the 
development of even more specific therapeutic entities.  

Nearly 150 years ago Louis Pasteur observed the specific microbial utility of (+)-tartaric 
acid from the medium containing the racemate. Many years later, Emil Fischer examined the 
steric preference of sugars in the biological system and introduced the 'lock and key' concept 
of interaction of micromolecules. By 1905, the concept of 'receptive substance' was 
independently postulated by Paul Ehrlich and John Newport Langley. Otto Loewi recognized 
the cholinergic, atropine sensitive actions of the transmitter released from the vagus nerve of 
the frog heart. Henry Dale classified the muscarinic and nicotinic actions of acetylcholine 
sensitive to block by atropine and a ganglionic blocker respectively. In 1946, Von Euler 
identified norepinephrine as the major transmitter of the sympathetic neuron. Within two 
years of this discovery, Raymond P. Ahlquist postulated alpha and beta-adrenoceptors in the 
nervous system. In the mid 1950s, Bernard Brodie and Arvid Carlsson discovered the 
serotonin, norepinephrine and dopamine depleting action of the reserpine alkaloid. Julius 
Axelrod investigated the fate of the transmitter. Functional role of biogenic amines in the 
central and peripheral nervous system was elucidated. New era in the discovery of therapeutic 
agents based on transmitters and their receptors was initiated. Thus, a rational 
pharmacological approach to the development of medicines replaced the earlier empirical 
approach. 
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2. LEGACY FROM THE PAST 
 
Ancient plant products used by various civilizations and cultures provided a rich source 

of medicines and lead drugs [1-4]. The collaboration in the early 1800s between the 
pharmacist-chemist Pelletier and the physiologist Magendie, on the pharmacological 
evaluation of various alkaloids such as strychnine, emetine, and quinine may have set the 
stage for the science of medicinal chemistry [5]. Magendie understood the concept that 
certain substances could produce specific changes in organ function. Magendie's student, 
James Blake, extended this idea by demonstrating a relationship between the chemical 
properties of ionic salts and their biological effects [6]. Another famous student of Magendie, 
Claude Bernard, demonstrated that the neuromuscular junction was the site of action of 
curare. This approach to understanding the biological effects of natural products was 
continued with the work of Edgar Stedman, who elucidated the chemical structure of 
physostigmine, which was isolated from calabar beans. Stedman showed that this substance 
competitively inhibited the activity of the enzyme, cholinesterase. Subsequently, many 
synthetic cholinesterase inhibitors were synthesized. The elucidation of the mechanism of 
action of physostigmine is considered one of the first examples of the antimetabolite concept 
[7]. 

One of the earliest studies on optical isomerism was performed around ~ 1848 by Louis 
Pasteur, who separated racemic tartaric acid by manual, chemical and biological methods and 
demonstrated the absolute stereochemical preference of the metabolism of tartaric acid by 
yeast. In 1904, Arthur Cushny reported differences in the pharmacological activity of 
l-hyoscyamine and dl-hyoscyamine. To explain the stereochemical pharmacological effects 
of the alkaloids, he wrote that "there can hardly be any question that the action is on a single 
receptor, which embraces both isomers though with unequal warmth" [8]. These studies not 
only laid the foundations for investigations of the biological activity of stereoisomers but also 
suggested that stereoisomers in their interactions with receptors can produce unequal 
conformational changes [9-11]. Drugs marketed as racemates have been rationally 
questioned, since it has been shown that the pharmacologically inert isomer can be toxic to 
humans [12]. Therefore, only the therapeutically beneficial isomer should be used in 
medicine. 

Research elucidating the active constituents of natural products with unique biological 
activities is conducted in many countries around the world (Table 1). Podophyllotoxin, vinca 
alkaloids, maytansine, and taxol have been shown to be clinically active in the treatment of 
cancer. More importantly, these unique substances may provide clues to additional drug 
development in the treatment of neoplastic diseases. In China, various plant products 
containing one or more of the following substances - rubescensine, oridonine, ponicidine, 
indirubin, curcumol, curdione, and hainanolide and harringtonine have been isolated. These 
compounds have been used to treat various forms of cancer [13]. The official use of these 
products in therapy in the United States and most countries will require verification of their 
effectiveness and critical evaluation of their side effects. 
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Table 1. Activities of newly discovered plant product 

 

SUBSTANCE SOURCE BIOLOGIC ACTIVITY 

Asclepin Asclepias curassavica Cardiotonic 
Bacosides Bacopa monniera Improves learning in rats 
Coleonol Coleus forskohlii Hypotensive 
Conessine Holarrhena antidysenterica Anti-amoebic 
Curcumin Curcuma longa Antiinflammatory 
Flavonoid (Arjunalone) Terminalia arjuna Oxytocic 
Huperzine-A Huperzia serrata Anticholinesterase 
Kutkin, A & B Picrorhiza kurroa Antiallergy 
O-Acetyl Solanoside Vallaris solanacea Cardiotonic 
Peruvoside Thevetia neriifolia Cardiotonic 
Qinghaosu Artemisia annua Antimalarial 
Resin (Guggulipid) Commiphora mukul Hypolipidemic 
Toddasin Toddalia asiatica Diuretic 
Tutin Loranthus parasiticus Antischizophrenia 

Information is condensed from Rastogi and Dhawan [14], Klayman [15], Hansch [16], Sun and Xiao 
[13], Sun and Xiao [17]. 

 
Table 2. Activities of some substances of non-botanical origin 

 

SUBSTANCE SOURCE BIOLOGIC ACTIVITY 

Acetylcholine Buccinum undatum (marine gastropod) Cholinomimetic 
Avermectins Streptomyces avermitilis Insecticides 
Bombykol Bombyx mori Pheromone 
Civetone Civet cat 

(Viverra civetta) also obtained 
synthetically 

Perfume 

Dendrolasin L.(Dendrolasius) fuliginosus 
(Formicine ant) 

Toxic to other species 

Iridomyrmecin Dolichoderine ants Toxic to other species 
Gonyleptidine 
(Mixture of volatile 
substances) 

Some spiders Antibiotic 

Murexine Marine gastropod Cholinomimetic 
Homobatrachotoxi
n 

Pitohuis dichrous (Birds) Chemical defense 

Batroxobin Cobra venom factor Hemostatic agent 
Information condensed from Crescitelli and Geissman [21], Atkins [22], Fisher and Mrozik [23], 
Stocker [24], Dumbacher et al . [25]. 
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2.1. Insecticides and Pheromones 

 
Biologically active chemicals found in plants have also been used to control the insect 

population, thereby protecting agriculture. Natural products used for this purpose should be 
less toxic to humans than synthetic pesticides, like the organophosphate inhibitors [18]. 
Insecticides from pyrethrum are still popular and the insecticide Azadirachtin isolated from 
Azadirachta indica (neem tree) has been used with success in India [19]. 

Pheromones are substances secreted by animals that can stimulate a specific response by 
another individual of the same species. For example, the sensitivity of the antennal 
chemoreceptors of the male silkmoth (Bombyx mori) to the chemical, bombykol, which is 
secreted by the female, is extraordinary [20]. These types of higly specific substances can be 
used to control the movement and reproduction of invertebrate species that can produce 
profound damage to agriculture. Table 2 lists the biological activity of some of the interesting 
chemicals isolated from invertebrates. 

 
 

2.2. Natural Products of Non-Botanical Origin 

 
Vertebrate tissue extracts have also been used as medicines for thousands of years. In 

fact, many prescriptions containing animal products are listed in Egyptian papyrus. In recent 
years, the pharmacology of various extracts, particularly of endocrine organs, has been 
investigated. Extracts from pituitary, thyroid and adrenal glands have been shown to exhibit 
dramatic effects when administered to vertebrates, and the active principles of these extracts 
have been isolated. The chemistry and biological activity of many important endogenous 
constituents of endocrine organs, such as epinephrine, thyroxine, corticosterone, insulin, 
prostaglandins, leukotrienes, endorphins, atrial natriuretic factor, nitric oxide, and endothelin 
have been elucidated, and information obtained from these studies has been used as a basis 
for the development of many clinically useful drugs. 

Natural products from marine organisms have also been shown to have marked 
biological effects [26]. Didemnin B and bryostatin I are being tested for antitumor activity. 
Ciguatoxin is responsible for the human illness caused by the consumption of ciguateric 
fishes. Manoalide, which is isolated from the sponge, Luffariella variabilis is an irreversible 
inhibitor of phospholipase A2 and has been investigated for the treatment of various skin 
diseases. 

Several natural products produce chemicals that are effective as ionophores [27]. These 
molecules were first recognized in mitochondrial membrane-linked energy functions. 
Ionophores can form lipid-soluble complexes with polar cations like potassium, sodium, 
calcium, and magnesium, and these complexes can diffuse through cell membranes and carry 
these cations into the cytosol along their concentration gradient. The ionophore, monensin, 
selectively binds sodium ion; valinomycin and nigericin are selective for potassium ion; and 
calcimycin is selective for calcium ion. In contrast, lasalocid is a nonselective ionophore that 
transports all three ions, sodium, potassium and calcium, across membranes. Although many 
ionophores are too toxic to be used in humans, a new synthetic ionophore that is chemically 
related to calcimycin and selectively complexes with calcium is being tested as a cardiotonic 
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drug. It is also interesting that topically applied valinomycin lowers the intraocular pressure 
in laboratory animals and may be useful for the treatment of glaucoma. 

 
 

2.3. Synthetic Medicines from Some Lead Molecules 

 
The classical molecule that has been used as a lead for many other molecules is salicylic 

acid. In 1899, Hoffmann, whose father suffered from rheumatoid arthritis but could not 
tolerate salicylic acid, modified salicylic acid to produce the acetyl analogue, acetylsalicylic 
acid. This analogue, which was subsequently called aspirin, was found to be more effective 
than salicylic acid and became one of the first popular semisynthetic pharmaceutical products 
of the 19th century [28]. 

Preparations containing atropine have been used for centuries. After atropine was 
isolated, it was used both as a medicine and as a lead alkaloid to develop many useful 
synthetic preparations. Permanently charged quaternary ammonium analogs of atropine did 
not cross the blood brain barrier but retained peripheral activity. Therefore, these products 
could be used without central side effects. Ipratropium, a quaternary ammonium 
antimuscarinic agent, has been used in the treatment of asthma. Liposoluble cyclopentolate is 
an effective antimuscarinic agent used as a mydriatic. The basic tropine structure has been 
exploited in the synthesis of the antimuscarinic compound, benztropine, which is used to treat 
the symptoms of Parkinson's Disease. 

Several hundred histamine H2 blockers were synthesized before the receptor specificity 
of SKF 71448 was observed in a pharmacological test. This observation led eventually to the 
development of the therapeutically useful drug, cimetidine, an H2 receptor antagonist used to 
inhibit acid secretion in the stomach. Nearly 14 years elapsed between the development of the 
initial lead antagonist and cimetidine [29]. 

Studies on the chemical structure and biological effects of the -adrenoceptor agonist, 
isoproterenol, resulted in the synthesis of analogues, such as metaproterenol and salbutamol, 
which are selective agonists for 2-adrenoceptors, are more potent, and have a longer duration 
of action.  

The pioneering work of Ehrlich on microbial strain trypan red, which cured trypanosoma 
infected mice, opened a new era of antibacterials. Domagk was awarded the Nobel Prize for 
developing the clinically effective synthetic antibacterial, prontosil. Discovery of sulfa drugs 
also set the stage for the introduction of antitubercular drugs, like isoniazid, and synthetic 
anti-leprosy drugs, like dapsone. The concept of antibiotics was described originally by Louis 
Pasteur who, on the basis of microbial fermentations, stated that life hinders life. Waksman 
and Fleming introduced the antibiotics, streptomycin and penicillin. Synthetic and 
semisynthetic production of many antibiotics followed [30]. 

 
 

2.4. Interaction of Drugs with Endogenous Cellular Constituents 

 
Drugs can produce a variety of effects, some of which are desirable and therapeutic while 

others are undesirable and may be adverse. In order for a drug to produce either type of 
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effect, the drug molecule must interact with some endogenous chemical constituent of a cell. 
This interaction may produce an alteration in cellular function that may ultimately cause a 
change in the pathological or physiological state of the organism. The endogenous target 
molecule for the drug has been termed the receptor, and the changes in cellular function that 
occur as a consequence of the interaction of the drug with this endogenous substance 
constitute the drug response or effect. 

A variety of endogenous cellular constituents can act as receptors for drugs. For example, 
drugs may produce their effects by interacting with the following cellular proteins: 

 
 Acetylcholinesterase inhibitors - physostigmine 
 Monoamine oxidase inhibitors - tranylcypromine 
 Ion channels - local anesthetics 
 Transporter molecules - cocaine 
 Structural proteins - colchicine 
 Nucleic acids - anticancer drugs 
 
In addition to drugs and circulating hormones, neurotransmitters, and autacoids are 

known to interact with specific receptors, which can be located on the surface of cells or 
within cells. These receptors are usually macromolecules, which serve to regulate cell 
function. Their activation can elicit one or several biochemical signals, and when these 
signals are integrated, the response to the drug is observed. It is this latter category of 
receptor that will be discussed in the remainder of the chapter. 

 
 

2.5. Cell Membrane Receptors 

 
Cell surface receptors are located within the cell membrane. These molecules are specific 

components of the cell membrane, which transmit information from the outside the cell 
through the cell membrane phospholipids to inside the cell. Chemicals, as well as sensory 
modalities, can cause the activation of specific membrane receptors. This process may 
involve the binding of a drug to chemical groups on the part of the receptor located on the 
outer surface of the cell membrane, forming a drug-receptor complex. If the chemical is an 
agonist, the formation of this complex will cause specific changes in the conformation of the 
receptor that can trigger biochemical changes inside the cell. For example, the 
conformational changes resulting from the drug-receptor interaction may cause an ion 
channel to open, leading to a change in ionic flux across the membrane. The activity of 
enzymes may be regulated by the influx of ions. 

The conformational change in the receptor promotes the interaction of the receptor with a 
G protein found on the cytoplasmic surface of the cell membrane. G proteins, which are 
named because of their interaction with guanine nucleotides (GTP), provide a link between 
the drug-receptor interaction and the cellular response. Changes in G proteins, as a 
consequence of their interaction with a stimulated receptor, may activate certain enzymes, 
thereby enhancing specific chemical reactions within the cell. G proteins can regulate ion 
flux as well. 
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In summary, cell membrane receptors are macromolecules, usually composed of protein, 
which are located in the cell membrane and which contain various domains or regions that 
can interact with extracellular chemicals, such as hormones and neurotransmitters, and 
intracellular molecules, such as G proteins. In some cases the receptor itself may be an ion 
channel that spans the cell membrane and regulates the entry of ions into the cell. An 
example of the latter is the nicotinic receptor that regulates sodium entry into skeletal muscle. 
Many organs contain more than one type of receptor within their membranes with the number 
and proportions of the receptor types varying among different tissues (See Figure 1). 

 

 

Figure 1. Diagram of a cell with its membrane containing various receptors. Some receptors for 
neurotransmitters are linked to G-proteins. The interaction between the activated receptor and G-protein 
results in the activation or inhibition of intracellular enzymes that alter the rate of synthesis of second 
messengers within the cell. An example is adenylyl cyclase, an enzyme which catalyzes the formation 
of the second messenger, cyclic AMP. These second messenger molecules are important in the 
regulation of specific chemical reactions within the cell. Some receptors regulate the opening of ion 
channels. When these receptors are activated, ions pass through the channels down an electrical or 
concentration gradient, crossing the cell membrane. Transporters can complex with ions or molecules 
and transport them across the cell membrane. Certain cells in the body contain specialized sensory 
receptors. These transmit information related to such sensations as touch, taste, smell, and light. 
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2.6. Isolation of Receptors from Membranes 

 
Receptors have been removed from cell membranes in order to characterize their 

molecular properties [31]. Solubilization of receptors involves the use of a detergent to 
separate the receptor protein from membrane. The receptor is then purified and digested into 
peptide fragments by proteolytic enzymes, and the peptide fragments can be sequenced to 
determine the amino acid composition of the macromolecule. Photoaffinity agents are 
occasionally used in these studies. When exposed to light, an irreversible covalent bond is 
formed between the compound and the receptor, and this allows the receptor to be chemically 
characterized. 

To determine whether a solubilized protein is the functional receptor, reconstitution 
experiments have been conducted in which the receptor is incubated with an artificial lipid 
bilayer. This type of study has been particularly valuable in providing information on 
receptors associated with ion channels. Thus, in the case of the nicotinic receptor, which is a 
protein consisting of multiple subunits, the binding of acetylcholine to the recognition units 
of the receptor has been found to open the ion channel to sodium ion, increasing ionic 
conductance through the lipid membrane barrier.  

 
 

2.7. Molecular Nature of Receptors 

 
As indicated above, the effects of many drugs can be explained by their interaction with 

specific receptors, which can trigger a biochemical response within the cell. Recently, there 
has been an intense interest in the molecular nature of receptors. This work has been, in part, 
stimulated by the belief that a better understanding of the molecular nature of different 
receptors may lead to the development of new drugs which can more specifically interact 
with receptors or receptor-related mechanisms and produce highly selective drug effects.  

Data from molecular techniques such as receptor cloning and solubilization have 
provided evidence that receptors are proteins with distinctive peptide sequences and 
transduction mechanisms. For example, G protein linked receptors contain membrane 
spanning regions. These transmembrane spanning units contain amino acids with non polar 
side chains that interact with the phospholipid matrix of the membrane as well as specific 
amino acids with chemical groups interacting with drugs, hormones and neurotransmitters. 
Receptors have been classified according to their transduction mechanisms, and there are at 
least 4 different major classes of receptors. These include: a) ion channel receptor; b) G 
protein regulated receptors; c) tyrosine kinase linked receptors and d) steroid hormones 
receptors. 

A brief overview of these different types of receptor is presented below. 
 
 

2.8. Ion Channel Receptors 

 
The ion channel receptors regulate the flow of ions through cell membranes [32]. Thus, 

these receptors respond to the binding of specific agonists by changing their conformations, 
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resulting in the opening of an ion channel and allowing the passage of specific ions through 
cell membranes into the cytosol. Depending upon the nature of the charge on the ions 
entering the cell, the cell may become depolarized and excited or hyperpolarized and 
inhibited. These receptors are responsible for the rapid transfer of information across the cell 
membrane and operate within milliseconds. The receptors are very specific for particular 
ligands. These include: 

a) Acetylcholine nicotinic receptors, which increase the passage of sodium ions; b) 
glutamate receptors, which increase the passage of sodium and/or calcium ions; c) GABA-A 
receptors and glycine receptors, which increase the passage of chloride ions; and d) ATP 
receptors, which increase the passage of sodium ion into smooth muscle cells. 

The ion channel that has been most extensively studied is the nicotinic receptor [33]. 
This receptor is found in vertebrates at the neuromuscular junction, at autonomic ganglia, and 
in the CNS. While the receptors at these sites share some similarities, the pharmacological 
properties of the receptors at the neuromuscular junction are different from those at the other 
sites, suggesting that subtypes of receptor proteins are involved. Much of the studies of this 
receptor have been done on receptors solubilized from the electric fish called Torpedo 
californica or the electric eel called Electrophorus electricus, both of which closely resemble 
the receptor at the neuromuscular junction. This receptor has a molecular weight of 
approximately 290,000 daltons and consists of 5 subunits: there are 2  subunits and one  , 
and a  subunit. The extracellular region of each of the 5 subunits is long and has multiple 
glycosylation sites. Each subunit has 4 domains, consisting of 20 -30 amino acids that are 
hydrophobic and consequently are believed to be associated with the lipid membrane. These 
subunits are arranged in a symmetry around a central pore or opening, which forms the ion 
channel. In the absence of acetylcholine, the channel remains closed, and ions cannot pass 
into the cells. When two molecules of acetylcholine bind to each of the  subunits, a 
conformational change occurs, and the channel opens, propelling sodium ions into the 
cytoplasm [33]. 

 
 

2.9. G Protein Linked Receptors 

 
As mentioned above, many receptors during transduction are linked with G proteins, 

which are regulated by the binding of guanine nucleotides. This class includes receptors for 
muscarine, serotonin, histamine, norepinephrine and epinephrine, adenosine, dopamine, 
GABA, opioid and neurokinins [34-35-36]. When an agonist binds to receptors of this 
family, the conformation of the receptor changes, and the intracellular domain of the receptor 
interacts with G protein. The bound G protein undergoes changes which regulate the activity 
of enzymes or ion channels. The enzymes, as a result of their interaction with G proteins, can 
increase or decrease the formation of intracellular second messengers which can initiate a 
chain of events including phosphorylation reactions, which ultimately result in a biological 
response. G proteins may be further linked with ion channels, which as a result of 
phosphorylation reactions, can alter the movement of ions into or out of the cell.  

Much of the information about these receptors is derived from studies of 
2-adrenoceptors and rhodopsin, the photosensitive molecule of the rod-cells found in the 
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retina [37,38]. The photoreceptor molecule, rhodopsin, consists of a protein, opsin, which 
contains seven transmembrane units, and 11-cis-retinal, a chromophore that is bound to the 
lysine residue of the receptor located within the membrane. Light is absorbed by the 11-cis-
retinal group, which undergoes isomerization to all-trans-retinal, producing a change in the 
conformation of rhodopsin. This change activates a G protein called transducin. This receptor 
activated cascade further activates the enzyme, phosphodiesterase, which hydrolyzes 3',5' 
cyclic GMP. The resultant decrease in cyclic GMP levels causes the closing of sodium 
channels, which is the electrical signal that hyperpolarizes retinal cells. Thus, this light-
transducing receptor is a G protein that resembles receptors that respond to certain 
neurotransmitters, hormones, and drugs. 

The general molecular architecture of rhodopsin resembles that of the 2-adrenoceptor, 
which is coupled to G proteins [35,39]. Several G protein-linked receptors consist of a single 
polypeptide chain, with seven hydrophobic membrane spanning domains of between 20 to 28 
amino acids; each of the domains are arranged in an -helix. The carboxyl terminal of the 
receptor protein is located on the cytoplasmic side of the membrane, while the amino terminal 
is located extracellularly. There are three connecting loops on the cytosolic side of the 
membrane; the third loop contains the largest number of amino acids and interacts with the G 
protein. 

The identity of the ligand-interacting groups on the receptor protein is being actively 
investigated. It is thought that the transmembrane spanning segments of the receptor form a 
central pocket within the membrane, and ligands for these receptors bind to certain specific 
amino acids within this formed pocket. For biogenic amines, the side chain amine group is 
thought to bind to the receptor in the protonated form. Site-directed mutagenesis studies on 
the interactions of ligands with cloned receptors that do not contain specific amino acids 
suggest that the positively charged group may interact with the carboxyl group of an 
aspartate113 residue [40], in the third hydrophobic domain (Figure 2). This amino acid 
residue is conserved in all G protein receptors that bind to biogenic amines. It is also thought 
that the catechol groups of ligands interact with serine residues at positions 204 and 207 in 
the fifth membrane spanning domain of the receptor. Site-directed mutagenesis studies of the 
-receptor have also provided evidence that the phenylalanine at position 290 of the sixth 
membrane spanning unit is important for ligand binding. Patil et al [41] used bovine 
rhodopsin crystal structure as a model to elucidate the agonist interacting amino acid residues 
for α1A and β1- adrenoreceptors. It was observed that both -+NH3 and chiral-OH group of (-)-
epinephrine interacted with Asp 106 transmembrane domain III of α1A adrenoreceptor. Similar 
interaction of the agonist was observed at β1- adrenoreceptor. Some differences, particularly 
the interaction of catechol group with serine residues of domain V of two adrenoreceptors 
were observed. Refer to figure 2. The aromatic group of (+) - epinephrine fails to interact 
with the PHE 289 or PHE 319 of the ligand α1A and β1- adrenoreceptor respectively. The chiral 
–OH group of the unnatural enantiomer may not sustain the interaction with the aspartate 
residue of these adrenoreceptors. This explains the low potency of the enantiomer. 
Oxymetazoline exhibited strong complimentary interactions of its imidazoline, phenyl and 
the OH group with the respective sites of the α1A adrenoreceptor. But the ligand had only 
aspartate interaction of the imidazoline with the β1- adrenoreceptor. The drug does not 
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activate β1- adrenoreceptor. Recently crystal structure of human β1 and β2 adrenoreceptors has 
been determined [42,43 ].  

The third intracellular loop and part of the carboxyl terminal cytoplasmic tail is thought 
to interact with the G protein. These regions also contain many threonine and serine residues, 
which are phosphorylation sites believed to be important for receptor desensitization. G 
proteins, which provide the link between the activated receptor and the effector systems 
within the cell, are composed of three subunits termed ,  and  [44-46].  and  subunits 
are hydrophobic and are associated with cell membrane, while the  subunit interacts with 
the receptor and the effector systems. In addition, guanine nucleotides bind to the  subunit. 
G proteins exist in inactive and active forms. In the inactive form, the  subunit binds GDP. 
When the agonist binds to the receptor, change in receptor conformation allows it to interact 
with the  subunit of the G protein. This interaction decreases the affinity of the  subunit for 
GDP and increases its affinity for GTP; consequently, GTP displaces GDP from the  
subunit. The binding of GTP causes  subunit to dissociate from the ,  subunit of the G 
protein complex. The  subunit-GTP complex can then move within the membrane and bind 
to enzymes or ion channels, which in turn mediate the biological response. 

  

 

 

 

 
 

 

Figure 2. Potential interacting sites at α1A and β1- adrenoreceptors for (-)- Epinephrine from Patil et al. 
[41]. Images reproduced with permission from Wiley InterScience. 

In the case of the Gs protein that stimulates the adenylyl cyclase system, the  subunit 
with GTP attached activates adenylyl cyclase, which can then catalyze the formation of 
cAMP from ATP [34]. As long as GTP remains attached to the  subunit, this will be in the 
active form, and will continue to activate adenylyl cyclase. Adenylyl cyclase activation will 
be terminated when the attached GTP on the s molecule is hydrolyzed to GDP by a GTPase 
which is part of the  subunit. The s subunit then becomes inactive and will recombine with 
the , subunit reforming the trimeric G complex. The slow rate of hydrolysis of GTP bound 
to the s subunit may cause a relatively prolonged activation of adenylate cyclase relative to 
the duration of receptor activation, and this may serve to amplify the effector response to 
receptor activation. 
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Receptors linked to G proteins also regulate other second messenger systems besides 
adenylate cyclase [47]. The activity of the enzyme phospholipase C, which mediates 
intracellular phosphorylation reactions and the release of Ca2+ from intracellular stores, can 
be increased by agonists of 1-adrenergic receptors, H1 histamine receptors, 5-HT1 
serotonergic receptors, and muscarinic receptors. This receptor mediated enzyme activation is 
regulated by G proteins. 

Phospholipase C is an enzyme bound to the cell membrane [48,49]. It catalyzes the 
hydrolysis of phosphatidylinositol-4,5-bisphosphate in the cell membrane, resulting in the 
formation of inositol-1,4,5-triphosphate and diacylglycerol. Inositol-1, 4,5-triphosphate is a 
water soluble compound that can bind to a receptor located on the membrane of the 
endoplasmic reticulum, which stores Ca2+ ions. Activation of this receptor causes the 
intracellular release of Ca2+ ions into the cytosol, where they can diffuse and activate a 
variety of enzymes, such as Ca2+ calmodulin-dependent protein kinases and protein kinase C. 
Resultant phosphorylation reactions are believed to be essential to many types of cellular 
responses. Diacylglycerol, is very lipophilic and consequently will accumulate in the cell 
membrane, where it can bind to and increase protein kinase C activity. Protein kinase C can 
then catalyzes phosphorylation of several proteins, such as those associated with muscle 
contractions, ion channels, receptors, or transport processes, producing biological effects. 
Inositol-l,4,5-trisphosphate and diacylglycerol are cycled back to reform phosphatidyl 
inositol-4,5-bisphosphate. 

As indicated above, ion channels can also be regulated by G proteins [47]. In this case, 
receptor activation by drugs and neurotransmitters causes the activation of G proteins which 
in turn activates ion channels that regulate ion conductance through the cell membrane. 
Second messenger systems such as cyclic AMP or phosphatidyl inositol-4,5-bisphosphate are 
not generally required for ion channel activation. Both calcium and potassium ion channels 
have been implicated in this type of reaction. For example, it has been shown in patch clamp 
experiments using cardiac cells that the activation of muscarinic receptors increases 
potassium conductance, which was inhibited by pertussis toxin. This indicates that a Gi 
protein is involved in producing this response. 

 
 

2.10. Receptors Associated with Tyrosine Kinases 

 
Specific receptor binding sites are found on the extracellular side of the membrane, 

which can interact with various growth factors, including insulin, platelet derived growth 
factor, colony stimulating factors, epidermal growth factor, among others [50]. Binding of the 
growth factor to these receptors can cause a conformational change, which is transmitted 
through a single hydrophobic transmembrane segment to the tyrosine kinase domain located 
on the intracellular side of the membrane. Activation of this receptor stimulates the activity of 
this enzyme, which catalyzes the phosphorylation of tyrosine residues of specific cytosolic 
proteins as well as the tyrosine residues in its own peptide structure (termed 
autophosphorylation). When tyrosine kinase, itself, is phosphorylated, it exerts greater 
catalytic activity. However, it is still unclear how increased activity of the enzyme, tyrosine 
kinase, leads to an alteration in cellular function. Initially, there seems to be an increase in the 
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membrane transport of ions and nutrients into the cell, and these events are followed later by 
an increase in polyamine synthesis and the activation of DNA, RNA, and protein synthesis, 
which eventually leads to an increase in cell division. 

 
 

2.11. Intracellular Receptors for Drugs and Hormones 

 
Receptors for certain hormones are located intracellularly and can regulate the synthesis 

of specific proteins within the cell [51,52]. Ligands are thought to gain access to these 
receptors by diffusing through the cell membrane. These receptors contain a single 
polypeptide chain of between 400- and 1000 amino acid residues. In addition, they contain a 
binding site for hormones at the C-terminal region and a binding site for DNA located in the 
middle of the molecule. When cells are homogenized and centrifuged, these receptors are 
found in the soluble fraction, suggesting that they are cytosolic. Binding to the receptor 
requires that the hormone be sufficiently lipophilic to pass through the cell membrane. 
Hormones bind to receptors at the C-terminal portion of the peptide which contains 
hydrophobic amino acid residues. Hormone-receptor interaction produces a conformational 
change in the molecule, which exposes the hydrophilic DNA binding domain, which is 
positively charged. The hormone-receptor complex then passes into the nucleus, where the 
positively charged exposed region binds to specific chromatin regions of DNA. The newly 
formed complex serves to regulate DNA transcription, leading to an increased formation of 
specific proteins that mediate hormones different effects. Estrogens, glucocorticoids, 
mineralocorticoids, 1,25-vitamin D3, and thyroid hormones activate specific intracellular 
receptors of this type. 

 
 

2.12. Types of Interaction Between Drug and Receptor 

 
The interaction of drugs or endogenous substances (hormones, neurotransmitters and 

autacoids) with receptors constitutes a chemical reaction. Drugs contain reactive groups 
which can chemically interact with complementary chemical groups on the receptor, and 
different types of chemical bonds may form between drugs and receptors. Most drug-receptor 
interactions are reversible. However, there are exceptions: for example, certain anticancer 
drugs are known to form reactive species that covalently bind to DNA. It is thought that most 
drug-receptor interactions involve ionic, hydrogen, hydrophobic, and van der Waals bonds 
and that these types of interaction can occur concurrently and reinforce binding of drugs to 
receptors. One consequence of this reinforced binding is that it produces a slower rate of 
dissociation of the drug-receptor complex than only a single type of bonding. Interaction of a 
ligand with a receptor depends not only on the presence of reactive groups on the ligand 
molecule but also on the correct spatial geometry between reactive groups, which enables 
multiple interactions between drug and receptor to occur. Both, reactive groups and their 
spatial arrangement on the drug molecule are important in determining the potency and 
specificity of the drug receptor interaction. 
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Structure-activity relationship studies, including the evaluation of the activity of chiral 
molecules, have been very valuable in determining which reactive groups on the drug 
molecule are important in their interaction with specific receptors. Information from structure 
activity relationship studies has also been used to infer the topography of the complementary 
reactive groups on receptors. Small changes in the chemical structure of a drug can produce 
marked changes in potency. For example, acetylcholine is 20 times more potent than 
propionilcholine in causing contraction of the guinea pig ileum. Biological responses to drugs 
also display stereoselectivity with one stereoisomer frequently being much more active than 
another. Binding studies have shown that d-isoproterenol has approximately 1/400 the 
affinity of the l-isomer for -adrenoceptors. Studies have also indicated that the interaction of 
a drug with a receptor is a dynamic process and that many drugs particularly agonist 
molecules possess the property of flexibility. 

Currently, computational modeling is probably one of the most commonly used 
approaches to study drug-receptor interactions at a molecular level. For example, using 
ligand-based computational modeling, McKay and colleagues [53] developed a 
pharmacophore for the binding site of noncompetitive antagonists of the 34* neuronal 
nicotinic acetylcholine receptors, thus describing the binding requirements for the interaction 
with this binding site. Furthermore, the same laboratory developed a computational dynamic 
homology model of the ligand-binding domain of 34 neuronal nicotinic acetylcholine 
receptors from the crystal structure of homopentameric acetylcholine binding proteins of 
three molluskan species, along with an 1 ligand-binding domain monomer, identifying the 
binding site of a potent negative allosteric modulator of these receptors by blind docking. 
Also, the amino acid residues involved in the allosteric binding pocket were identified, 
allowing the study of possible types of interactions occurring in this drug-receptor complex 
[54]. 

 
 

2.13. Agonists and Antagonists 

 
The nature of the interaction between the reactive groups of the drug and the 

complementary sites on the receptors will determine whether a drug is an agonist or an 
antagonist. Both an agonist and antagonist drug can bind to a receptor, but only the 
agonist-receptor interaction produces the specific change in receptor conformation that elicits 
a biological response. In this case, conformational changes induced by the agonist-receptor 
complex acts as a stimulus, which initiates a sequence of events, culminating in the response. 
Hormones, neurotransmitters, or autacoids that normally interact with receptors are agonists 
because their binding to receptors initiates a response. In contrast, an antagonist drug may 
interact with some of the sites on the receptor, which also interact with the agonist, but the 
antagonist-receptor complex does not produce the specific conformational change required to 
produce a response. However, since the antagonist is bound to the receptor, it can prevent the 
binding of an agonist and thus can inhibit the agonist-induced response. Antagonists that 
interact with the receptor by an allosteric mechanism may bind to a site on the receptor that 
does not react with an agonist. 
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2.14. Quantitation of the Drug-Receptor Interaction 

 
The biological effects of a drug can be quantified by evaluating the ability of the drug to 

produce a response. This depends upon the capacity of the drug to gain access to the 
biophase, the site where the drug acts on its target, the receptor, to produce its effects, and its 
ability to interact with the receptor. The interaction between drug and receptor depends on 
many factors, and these are discussed below. 

 
 

2.15. Characteristics of the Dose- or Concentration-Response Curve 

 
Pharmacologists generally express the ability of a drug to induce a response in terms of a 

dose-response (in vivo study) or concentration-response (in vitro study) curve (Figure 3). At 
low concentrations, the intensity of the response to the drug (D) is proportional to the 
concentration of drug, while at higher concentrations, the response does not change with a 
further increase in the drug concentration. The linear central part of the curve is expanded 
and extends throughout approximately a 10 fold range, making it easier to determine the 
concentration that produces a 50% effect, the half maximal response, referred to as ED50 
(effective dose - 50%) or EC50 (effective concentration – 50%). These parameters are most 
frequently used to compare the potency of different drugs. The potency comparison is based 
on geometric mean EC50 values instead of arithmetic values [55]. 

 

 

Figure 3. Concentration-response curve for the effects of norepinephrine in producing contraction of 
isolated rat vas deferens tissue preparation in vitro. Note that the X axis, which indicates the 
concentrations of norepinephrine added to the medium bathing the vas deferens, is in the log form. As a 
result, the central portion of the curve is linear. The ED50 for norepinephrine is 4.3 μM. The maximum 

effect occurs at a concentration of ~ 100 μM. 

The potency of a drug is the concentration required to produce a given response. The 
relative potency of two agonists is usually expressed as the ratio of their EC50 values which 
are obtained from their concentration-effect curves. The threshold concentration is the lowest 
dose that will produce a measurable response. The relative order of potency of a series of 
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drugs in producing effects in different tissues indicates whether the receptors mediating these 
effects are the same for each tissue. Thus, if the drug effects are mediated by a single receptor 
type in each tissue, then the relative order of potency of the drugs should be the same. For 
example, the relative order of potency of catecholamines differs in tracheal smooth muscle 
and heart of the guinea pig (Figure 4). 

It should be noted that depending upon the drug tested and the tissue in which the effect 
is studied, the slope of the dose-response curve can vary. Drugs that stimulate the rat uterus 
in vitro are known to produce extremely steep concentration-response curves. The slope of 
the dose-response curve may indicate whether the same or different receptor types mediate a 
given response. Thus, if the response produced by two drugs in the same tissue is mediated 
by the same receptor, then the slopes of their normalized dose-response curves should be 
parallel. On the other hand, different slopes of the dose-effect curves may indicate that 
different receptors may be involved [58]. 

 

 

Figure 4. Concentration-response curves for three different -adrenoceptor agonists on the tracheal strip 
and atria of the guinea pig. Numbers in the parentheses are the ED50 values for each agonist expressed 
in logarithmic form. The relative order of potencies of the agonists on the two receptor subtypes show 
obvious differences. Whereas epinephrine is approximately 10 times more potent than norepinephrine 
in causing relaxation of tracheal strips, it is equal in potency to norepinephrine in causing contraction of 
the atria. This is because two different receptor subtypes mediate the agonist effects, as postulated by 
Lands et al. [56]. Relaxation of tracheal strips is mediated by the activation of 2 adrenoreceptors, while 
the positive chronotropic response of the atria is mediated by the activation of β1 adrenoreceptors, data 
from Buckner and Patil [57] with permission from American Society for Pharmacology and 
Experimental Therapeutics. 
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Another parameter of the dose response curve is the maximum effect of the drug. This is 
the largest effect that can be produced by the drug in a given tissue and is also called the 
ceiling effect. When there are spare receptors (discussed further below) and the number of 
receptors do not limit the response, the maximum response of the tissue to the drug may be 
limited by some other tissue event occurring after receptor occupation. The relative maximal 
responses of two agonists that act through the same type of receptor would reflect their 
receptor mediated intrinsic activities. In a given tissue, if one of these drugs produces a lower 
maximum effect than the other, it is termed a partial agonist. That is, the drug has a lower 
ability to initiate a biological response after binding to the receptor. Experimentally, the 
maximum effects of several agonists can be expressed as a percentage of the maximum effect 
produced by a full agonist. 

 
 

2.16. Relationship Between Drug Concentration, Receptor Occupancy and 

Response 

 
The relationship between the interaction of an agonist with a receptor to produce a 

response was initially described by A. J. Clark (1937) using mass action principles [59]. 
According to Clark, an agonist drug, D, would interact with a receptor, R, forming a drug 
receptor complex [DR]. At equilibrium, the rate of drug-receptor complex formation would 
be equal to the rate of dissociation of the complex. The agonist, after binding to the receptor, 
would produce a conformational change in it, which would initiate the sequence of events 
that culminate in a biological response. The relationship between the concentration of agonist 
and the response reflected the mass action principles used to describe the interaction between 
two chemicals e.g. the drug and the receptor. The reversible interaction of a drug (D) and a 
receptor (R) to form a drug-receptor (DR) complex was represented as: 

 
D+R  DR 

 
At equilibrium and according to mass action principles: 
 

[DR]

[R] [D]
 K D   

 
KD represents the dissociation constant of the drug-receptor complex. 
 

While the relationship between receptor occupancy and the response was not known, Clark 
[59] assumed that the ratio of the intensity of the drug effect (E) as a fraction of the maximum 
effect was proportional to the fraction of receptors occupied. He further assumed that when 
all the receptors were occupied, the maximal effect of the drug would be produced and there 
were no spare receptors, refer to Ruffolo [60]. If Emax is defined as the maximum effect that 
can be produced by the drug, this relationship between response and effect which may 
apparently resemble Michaelis-Menten postulate for enzyme substrate plot. 
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However, there are important differences between these two types of reactions. While the 
interaction between substrate and enzyme leads to the formation of product, the drug-receptor 
interaction initiates a series of molecular events that eventually culminate in a physiological 
response. Thus, the drug-induced response reflects the amplification of a series of chemical 
reactions that are initially triggered by the formation of the drug-receptor complex. These 
differences in drug-receptor interaction become important when attempts are made to 
determine the affinity of the drug for the receptor based on measuring a distant parameter 
called the response to the drug. 

As indicated above, the concentration-response curve produced by an agonist will 
indicate EC50 values as well as a concentration which will produce a maximal drug effect. 
These response parameters to the percentage of receptors occupied by a drug. Thus, the EC50 
of a drug should be produced when 50% of the receptors are occupied, and the maximum 
response should occur when the drug occupies all the receptors. Furthermore, differences in 
the EC50 among several drugs should reflect their affinity differences for the receptor being 
studied. 

However, it has been found that the relationship between the effect of a drug, as a 
percentage of the maximal effect, and the percentage of receptors occupied by the drug is 
frequently not linear as expected from the assumptions underlying the kinetic parameters 
[60,61]. The problem is that equations derived by Clark [59] do not take into account several 
factors. For example, it is clear that receptor occupation by a drug is necessary but not 
sufficient to induce a response, since competitive antagonists can occupy receptors without 
inducing physiological responses. Thus, in order for a drug to produce a response, the 
receptor must not only be occupied by the drug but also be activated. That is, after receptor 
occupation, the conformation of the receptor has to be altered in a specific way in order to 
initiate the subsequent events that lead to the response. Drugs can show marked differences in 
their ability to activate the receptor and produce a response. Thus, many drugs can bind to the 
receptor, but the maximum response is lower than that produced by a full agonist. In practical 
terms, any drug that produces a maximum response that is 95% or less than that produced by 
a full agonist can be considered a partial agonist. The maximum response produced by a 
partial agonist may vary depending upon the number of spare receptors in a given tissue. For 
example, pilocarpine produces about 80% of the maximum response produced by carbachol 
when tested in the human iris, whereas it produces only 11% of maximum when tested in 
rabbit iris (Figure 5). These data are consistent with a greater proportion of spare receptors or 
second messenger systems that contribute to the functional reserve in the human iris 
compared to the rabbit iris. 

The partial agonist concept, which encompasses an agonist whose degree of activity is 
lower than that produced by a full agonist, can be added to the initial reaction described for 
drug-receptor interaction as follows: 

 
D (agonist) + R  DR → DR* → effect 
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Figure 5. Effect of carbachol and pilocarpine in human (A) and rabbit (B) iris. Note that the effects of 
carbachol and pilocarpine are different in the two irides. Carbachol, a full agonist, appears to be more 
potent in the human iris than in the rabbit iris. Pilocarpine, a partial agonist, produces in the human iris 
a maximum response, which was 80% of that produced by carbachol. In contrast, the maximum 
response for pilocarpine in the rabbit iris was only 11% of that for carbachol. Figure is reproduced from 
Akesson et al. [62] with permission from Springer Verlag. 

This reaction illustrates that after the drug (either agonist o partial agonist) binds to the 
receptor forming the drug-receptor complex (DR), the receptor becomes activated (forming 
DR*). The activated receptor then provides the stimulus that can trigger the subsequent 
intracellular steps leading to the response. According to this model, partial agonists differ 
from full agonists in that they are less able to convert the drug-receptor complex (DR) into 
the ―activated drug-receptor complex‖ (DR*) and, therefore, produces a weaker effect. 

The existence of drugs with partial agonist activity indicates that the effect produced by 
an agonist depends not only on the number of receptors occupied by the drug but also on the 
ability of the drug receptor complex to produce a significant conformational change in the 
receptor triggering a receptor mediated response. This latter effect has been termed intrinsic 
activity by [63] and has also been given the symbol . If intrinsic activity () is expressed in 
the dose-response equation, the ratio of the effect (E) of the drug to the maximum effect 
(Emax) that can be produced is: 
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E
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This equation indicates that the effect of the drug is equal to the product of the proportion 

of receptors occupied and the intrinsic activity. Rt represents total receptors in the organ. 
Substituting for Rt: 
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As shown previously, the curve produced by plotting the response to an agonist as a 
fraction of the maximal response against a log concentration of the agonist is sigmoidal. The 
curve for a partial agonist would be similar to that for a full agonist except that the maximum 
response would be smaller. That is, when the partial agonist occupies 100% of receptors, the 
response that it produces would be less than the full tissue response. The intrinsic activity () 
of a partial agonist is evaluated as the ratio of the maximal response of a full agonist. For full 
agonists,  equals 1, while for partial agonists, 0 <  < 1. For antagonists, which can bind to 
the receptor but do not produce any response and, therefore, have no intrinsic activity,  
equals 0.  

The concept of intrinsic activity is based on the assumption that the intensity of the drug-
induced response is proportional to the percentage of the receptors occupied and that the 
maximum response to a full agonist will be produced when all the receptors are occupied. 
Thus, this equation does not take into account the existence of spare receptors, which are 
present in many tissues [61]. This concept will be discussed below. 

 
 

2.17. Spare Receptors 

 
Many tissues have spare receptors or a functional receptor reserve. In these tissues there 

is a greater number of receptors present than are necessary to produce a maximum response. 
Under these conditions, the maximum response of a potent drug may be produced when only 
a small percentage of the total receptors are occupied by a drug. When spare receptors are 
present, the effect produced by a full agonist as a percentage of the maximum effect may not 
be linearly related to the percentage of the total number of receptors occupied by the drug. 
Furthermore, the EC50 would be lower than the concentration of drug that occupies 50% of 
receptors (KD) [60,61]. Obviously then, the EC50 value for a drug may not be equivalent to 
the KD of the drug. The total receptor saturation at the maximal effect of the drug does not 
occur. 

 
 

2.18. Efficacy 

 
To account for the presence of spare receptors in tissues and variations in the capacity of 

agonists to activate receptors, Stephenson [64] introduced into his equation the concept of a 
pharmacological stimulus (S). The stimulus is the product of the fraction of receptors 
occupied (DR/Rt) multiplied by the efficacy (e). Efficacy, which was not given dimensions 
by Stephenson [64] indicates the ability of a drug to cause a change in the receptor 
conformation and produce a response. The meaning of the term intrinsic activity introduced 
by E.J. Ariens is essentially the same as efficacy. The equation relating the pharmacological 
stimulus to the fraction of receptors occupied by the drug and to efficacy is: 
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In Stephenson‘s description, the effect produced by the drug as a percentage of the 

maximal effect (e. g. E / Emax) is some function of the stimulus, but the actual relationship 
between the effect and the stimulus was considered unknown.  
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2.19. Estimation of Dissociation Constant of Agonists 

 
Furchgott [65] and Furchgott and Bursztyn [66] introduced the term intrinsic efficacy () 

which describes the ability of an agonist to produce a response after its binding to a single set 
of receptors. This is expressed in the following equation: 

 

tR

e
 , e =  [Rt] 

 
Thus, intrinsic efficacy describes the ability of a drug to act as an agonist per molecule of 

receptor. Its value would not vary with receptor densities of different tissues. According to 
Furchgott, the stimulus produced when the receptor is occupied by an agonist is equal to the 
product of intrinsic efficacy multiplied by the concentration of agonist-receptor complex.  

The effect of the drug as a fraction of the maximal effect is a function of efficacy, the 
fraction of total receptors occupied by the drug and the number of receptors in the tissue. A 
given drug may appear as a full agonist, partial agonist, or antagonist depending upon the 
tissue being studied. An agonist may exhibit different potencies in different tissues even 
though it is binding to the same type of receptor. 

The dissociation constant (KD) of the agonist-receptor complex, which is the 
concentration of agonist occupying 50% of receptors, is a characteristic of the agonist being 
studied. As mentioned above, this value is not equivalent to the EC50 because of spare 
receptors presence in the tissues [60]. However, a procedure has been developed for the 
calculation of the relative KD of an agonist. 

Furchgott [65] and Furchgott and Bursztyn [66] presented a method for estimating the 
dissociation constant of an agonist, which is based upon the addition of an irreversible 
receptor antagonist, which permanently inactivates a fraction of the total number of receptors. 
As indicated in equations, the relationship between the drug effect and the biological stimulus 
produced by a drug is: 

 

[DR])( f(S) f
E

E

max

  

 
And as shown above:  
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The maximum response produced by the agonist will be dependent upon the number of 

receptors inactivated and the amount of spare receptors present in the tissue. Lower 
concentrations of irreversible antagonist may decrease the number of receptors in the tissue, 
but the number of receptors may still be in excess and allow the agonist to produce the same 
maximal response as before the antagonist. Thus, although there are fewer receptors, the 
maximum response to the agonist remains the same as that without the antagonist. However, 
under these conditions, there may be a shift of the concentration-response curve to the right 
without changing the maximal response and the curve may resemble that produced by a 
competitive antagonist. At higher concentrations of irreversible antagonist, the number of 
receptors available for activation may be insufficient to produce a maximal response, agonist 
response is reduced [Figure 6]. 

 

 

Figure 6. Effect of carbachol on the rabbit iris sphincter before and after dibenamine, an irreversible 
antagonist. (A) Dibenamine produced a shift to the right and reduced the maximum of the carbachol 
concentration-response curve. (B) A plot of the reciprocals of the concentrations of agonist that 
produced the same response before (A) and after (A') irreversible antagonism yields a straight line. 
Parameters of this line are used to calculate the KD of carbachol for interaction with the iris sphincter 
muscle. Graph from Akesson et al. [62] with the permission from Springer Verlag. 
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Another approach that has been used to evaluate agonist activity is the operational model 
developed by Black and Leff [67]. This model is based on an analysis of the relationship 
between the concentration of agonist and the effect produced. The shape of the curve 
describing this relationship is usually a rectangular hyperbola, which converts to a sigmoidal 
curve when the log of the agonist concentration is plotted against the effect. The generation 
of the agonist-induced effect involves two major steps. The agonist must first interact with 
the receptor to form an agonist-receptor complex (AR), which follows the law of mass action. 
The KD for this reaction is the concentration of agonist which occupies 50% of the receptors, 
and maximum concentration of the complex occurs when all the receptors are occupied by 
the agonist. 

 
 

2.20. Competitive and Noncompetitive Antagonists 

 
Antagonists interact with receptors, but unlike agonists, have no intrinsic activity. Thus, 

the drug-receptor complex does not produce a biological response. However, since 
antagonists occupy the receptor, they will inhibit the interaction between the agonist and the 
receptor according to the principles of mass action, resulting in an inhibition of the agonist-
induced pharmacological response. Endogenous compounds such as hormones, 
neurotransmitters and autacoids are agonists and elicit a response by activating receptors. 
Therefore, specific antagonists of those receptors are able to inhibit a variety of physiological 
and pathological processes in which endogenous compounds are involved as agonists. 

Pharmacologic antagonists can either interact with the receptor reversibly or irreversibly 
depending on their rate of dissociation from the receptor. The inhibitory effects of reversible 
competitive antagonists can be overcome by increasing agonist concentration. This type of 
blockade is also referred as surmountable. Thus, the dose-response curve for an agonist in the 
presence of a reversible antagonist is shifted to the right, but there is no change in the 
maximum response.  

The KD value, the equilibrium dissociation constant for an antagonist, can be determined 
by evaluating the response of the agonist, D, in the absence and in the presence of the 
antagonist [68,69]. If the response produced by the agonist in the presence of a competitive 
antagonist, I, is the same as that produced in the absence of the antagonist, then the fraction 
of receptors occupied by the agonist ([DR]/Rt) under both conditions should be the equal. 
Therefore, the equation for the proportion of receptors occupied by the agonist alone should 
equal that for the proportion of receptors occupied by the agonist in the presence of the 
antagonist.  

The ratio of the agonist concentrations in the presence and absence of antagonist 
(inhibitor or blocker) that will produce equivalent responses is termed the dose-ratio. This 
equation relates the dose-ratio to the KD and the concentration of inhibitor. The dose-ratio for 
the agonist depends on the concentration of antagonist and the affinity of the antagonist. It 
does not depend upon the size of the agonist-induced response. The dose-ratio is evaluated 
graphically to determine the KD of the antagonist. The equation for calculation of KD is 
presented below. 
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To determine the dose-ratio, concentration-effect curves for the agonist are plotted 
against different concentrations of the competitive antagonist. As the concentration of the 
competitive antagonist is increased, the agonist-response curves will exhibit a parallel shift to 
the right with no change in the maximum response. From these agonist-response curves, the 
dose ratios at EC50 of the agonist can be determined (Refer to the figure 7). 

 

DK
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1r) ( Ratio Dose   

 
rearrange 
B= Concentration 
KD=Dissociation constant 
 

1-r

[B]
K D   

log KD= log [B] – log (r-1) 
pA2 = - log [B] + log (r-1) 
 

 

Figure. 7. The concentration-effect curves of two drugs A & B of different potencies are presented. 
Percent Effect is on vertical axis. In the presence of antagonist, the curve of each agonist is shifted to an 
equal extent i.e., the dose-ratio (r) = ED50 with blocker/ ED50 control, are equal or (a=b). Equal ratios 
generally indicate that both agonists act on a single type of receptor [69,70]. Figure reproduced from 
Patil [70] with permission credits to Indian Journal of Experimental Biology of the National Institute of 
Science, Communication and Information Resources (CSIR), India. 
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Figure 8. Schild plot for the antagonistic effects of phentolamine on  receptors of rat aorta. The 
agonist used was norepinephrine. The Y axis is log (DR - 1). X axis shows the concentration of the 
competitive antagonist, phentolamine. Note that the plot produces a straight line with a slope of 1. The 
X intercept is called the pA2 and is equal to -log KD , Figure from Patil et al. [71] with permission from 
Elsevier. 

A Schild plot (Figure 8) refers to the regression line generated by graphing log (DR-1) on 
the Y axis against log concentration of antagonist on the X axis. This plot gives a straight line 
with a slope of 1. When the dose ratio is 2, then DR -1 = 1, and the log of 1 = 0. The X 
intercept is log KD which is the equilibrium dissociation constant of the competitive 
antagonist. 

The term pA2, which has been used to describe the potency of a competitive antagonist, 
is the negative logarithm of the molar concentration of antagonist that produces a dose ratio 
(D]i/[D]) of 2. Thus, pA2 = -log KB, KB or KD represents the affinity of the blocker for the 
receptor and is expressed in molarity units. It is independent of the agonist being used and the 
size of the response. If two agonists act on the same type of receptor, a fixed concentration of 
an antagonist will antagonize the response of both agonists to the same extent, producing the 
same KB. Antagonists are useful for characterization of the receptor activated by the agonists. 
Similarities in the chemical structures of agonists do not mean that a single type of receptor is 
activated. The receptor type can be characterized by the KB values of the competitive blocker 
against agonists. 

In contrast to a competitive reversible antagonist, an irreversible antagonist tightly binds 
to the receptor usually by covalent bonding and dissociates very slowly, if at all, from the 
receptor. A nonequilibrium type of block is produced. Consequently, the receptor is occupied 
by the inhibitor, and the inhibition cannot be overcome by increasing the concentration of 
agonist. In other words, the blocking action is unsurmountable. As mentioned above, under 
conditions in which the response of an agonist is limited by the number of receptors, an 
irreversible antagonist will decrease the slope and the maximum response of the 
agonist-response curve. However, when spare receptors are present, the irreversible 
antagonist can inhibit the response of the agonist, which is reflected by a shift in the 
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agonist-response curve to the right without decreasing the maximum response. In this case, 
although there is a decline in the number of receptors, there are still sufficient receptors 
available to produce a maximum response. The maximum response produced by a partial 
agonist, however, may be easily reduced by the irreversible inhibitor. This is because partial 
agonists have lower efficacies than full agonists and, therefore, must occupy a higher fraction 
of receptors to produce the same response as a full agonist. Consequently, for a partial 
agonist there is less receptor reserve. 

Receptors can be protected from inactivation by irreversible antagonists by administering 
a competitive antagonist or an agonist prior to the exposure of the tissue to the irreversible 
antagonist. The competitive antagonist and the agonist will compete for the receptor sites and 
prevent the irreversible antagonist from interacting with these receptors. 

It can be difficult in the laboratory to distinguish between a competitive reversible 
antagonist and an irreversible antagonist on the basis of their duration of action. A lipid 
soluble competitive antagonist may be retained by the tissue for a prolonged period, resulting 
in long term receptor antagonism. For example, the -receptor antagonism produced by the 
competitive antagonist, propranolol, may have a long duration of action, giving propranolol 
the appearance of pseudo-irreversibly blockade of  - adrenoceptors. 

Reversible noncompetitive antagonists inhibit the agonist induced response by acting at a 
site that is separate from the receptor. This site may be one of the steps in the sequence of 
events that occurs after receptor activation. Alternatively, the site affected may allosterically 
cause agonist binding inhibition. Noncompetitive antagonists would be expected to produce 
effects that are similar graphically to irreversible antagonists, e.g. a decrease in the slope and 
the maximum response of the agonist-response curve. Therefore, the time-course of recovery 
of the sensitivity of the tissue to the agonists after the antagonists have washed out must be 
determined. 

 
 

2.21. Chemical Differences Between Agonists and Antagonists 

 
What are the chemical properties of an agonist that make its interaction with the receptor 

different from that of an antagonist? While the complete answer to this question is not 
known, there are several possibilities to consider, and these may vary for different types of 
receptors: 1) the agonist, but not the antagonist, may contain specific reactive groups that can 
interact with the receptor; 2) the spatial arrangement of the reactive groups on the agonist 
molecule may be more effective for interaction with the receptor; 3) the agonist molecule 
may be more flexible than the antagonist molecule, permitting the specific conformation of 
the receptor to change during agonist-receptor interaction; 4) the agonist and antagonist may 
interact with different sites on the receptor, with the antagonists producing an allosteric 
inhibition of agonist-induced conformational change; 5) since antagonists are generally larger 
and more bulky molecules than agonists, chemical groups on the antagonist molecule may 
stabilize the receptor, hindering changes in receptor conformation; and 6) the sequence of 
interaction of critical groups of the drug with the receptor molecule may determine the 
intensity of the receptor activation [72]. 
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2.22. Thermodynamic Analysis 

 

One approach that has the potential of distinguishing between the effects of agonists and 
antagonist on the receptor is to evaluate the thermodynamic properties of their receptor 
interactions [73-75]. This approach is based on the premise that differences in the interaction 
of agonists and antagonists with receptors would be reflected in differences in enthalpy 
and/or entropy, the factors that determine free energy change (G). Enthalpy (H) is the heat 
content of a substance per unit mass and reflects the internal energy in the system. Entropy 
(S) is a measure of the randomness or disorder of the system. Changes in enthalpy and 
entropy associated with a chemical reaction are related to the change in free energy by the 
following equation, which holds for conditions of constant temperature, volume and pressure: 

 
G = H - TS 

 
H is the change in enthalpy; T is the absolute temperature; and S refers to the change 

entropy. G is the difference in free energy of the reactants and the products. A reaction will 
be favored if the free energy associated with the products is lower than that associated with 
the reactants. There is a net loss of free energy when the product is formed. G can be related 
to the equilibrium constant (Kequil) which is the reciprocal of the dissociation constant, KD, by 
the following equation: 

 
G = G° + RT ln Kequil 

 
G is the free energy change under standard conditions. When a chemical reaction 

reaches equilibrium, G = 0 and the equation becomes: 
 

G° = - RT ln Kequil 

 
Substituting the dissociation constant (KD) for Kequjl: 
 

G° = RT ln KD 

 
At standard conditions: 
 

G° = H° - TS° 

 

Combining equations [74] results in the Van't Hoff Equation: 
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When ln KD is plotted against l/T, a straight line is formed with a slope of H°/R and a Y 
intercept of S°/R. Since R is the gas constant which is known, H° and S° can be 
calculated. 

One problem with interpreting changes in enthalpy and entropy is that changes in 
thermodynamic properties associated with the binding of a drug to a receptor may reflect a 
summation of chemical changes associated with the interaction process. These include such 
interactions as the binding of the drug to receptor recognition site, changes in the specific 
conformation of the receptor as a result of the binding of an agonist, changes in the 
nonspecific conformation of the receptor as a result of binding of an antagonist, the 
interaction of an agonist-receptor complex with a membrane component, hydrophobic 
bonding resulting from the interaction of lipophilic groups on the drug with the membrane, 
displacement of water molecules surrounding the drug and receptor, among others. Therefore, 
changes in enthalpy and entropy may reflect over all drug effects other than those mainly 
concerned with the drug-receptor interaction. 

While a variety of receptors have been studied, it has been generally difficult to 
distinguish between the effects of agonists and antagonists on the basis of differences in their 
thermodynamic properties. The most interesting results are from studies of -adrenoceptors 
[73,76,77]. Based on calculations from studies of the binding of ligands to membranes at 
different temperatures, it has been found that antagonist binding to the -adrenoceptor 
produces a negative free energy that is due to large changes in entropy. The latter was 
postulated to be due to hydrophobic binding. Agonist binding was also associated with a 
decrease in free energy, but it was largely attributed to an increase in enthalpy, which was 
able to overcome a concomitant small decrease in entropy. Studies of the thermodynamic 
changes produced by agonists and antagonists were also done on solubilized -adrenoceptors, 
and the changes in entropy and enthalpy for agonists and antagonists were similar to those 
reported for membrane bound receptors. This suggests that the enthalpy and entropy changes 
associated with agonist binding to receptors in the low affinity state is not related to 
interactions with the lipid membrane environment of the receptor or the interaction of the 
agonist-receptor complex with G protein. 

 
 

2.23. Inverse Agonists 

 
An inverse agonist binds to the same receptor as a classical agonist and produces a 

response, but the response is in the opposite direction to that produced by the classical 
agonist [78]. Presumably, the receptor changes its conformation in such a way that a 
qualitatively different type of response is produced. Certain compounds, like ethyl 
-carboline-3-carboxylate (-CCE), have been proposed to be inverse agonists of the 
benzodiazepine receptor. These compounds inhibit the interaction of endogenous GABA with 
its receptor, thereby decreasing chloride entry into the neuron. The proanxiety effect of 
-CCE on the functional level parallels these proposed receptor related interactions, while the 
classical agonists, the benzodiazepines, exert an antianxiety effect. Furthermore, -CCE has 
proconvulsant, while the benzodiazepines have anticonvulsant properties. 
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Figure 9. Two-state model of drug-receptor interaction. According to this model, the receptor exists in 
two interconvertible states, R1, an inactive state and R2, an active state. Drugs (D) can interact with 
either state. A full agonist will bind selectively to R2, shifting the equilibrium to the R2 state, the active 
conformation, producing a pharmacological response. A partial agonist will bind to both states but will 
have a higher affinity for R2, producing only a small shift in equilibrium to the active form. Thus, the 
maximal effect of a high dose of partial agonist would be limited. An inverse agonist will have a higher 
affinity for the inactive R1 state, causing a shift in equilibrium to the inactive conformation; therefore, 
the effect produced by the inverse agonist may be opposite to that of the agonist. 

The interactions of full agonists, partial agonists and inverse agonists with receptors have 
also been explained using a dynamic model of the receptor (Figure 9) [47-79]. That is, the 
receptor is postulated as existing in two important interconvertible states, an active state (R2) 
and a resting state (R1). The conversion between the two states is regulated by an equilibrium 
constant (K). In the absence of agonist, most of the receptors are in the resting state. A full 
agonist binds preferentially to the active form of the receptor (R2), which would shift the 
equilibrium to increase the proportion of receptors in the active form. Assuming no spare 
receptors, at saturating concentrations of agonist, 100% of the receptors would be in the 
active form, producing a maximum response. A partial agonist would bind to both receptor 
forms, R2 and R1, but has a higher affinity for the active form (R2). When the receptors are 
saturated with the partial agonist, a smaller proportion of the receptors would be in the active 
form compared to that occurring with a full agonist. The binding of the partial agonist to the 
R1 form would limit the amount of molecules formed and consequently, the maximal 
response that can be produced. In contrast to an agonist, an antagonist would bind equally 
well to both forms of the receptor, resulting in no change in the relative proportion of inactive 
and active forms of the receptors (the ratio of R2/R1 remains the same). The antagonist will, 
therefore, not produce an agonist action but will block the ability of an agonist to bind to 
either form of the receptor. An inverse agonist would have a higher affinity for the receptor in 
the resting state (R1) and shift the equilibrium toward R1. As a result, there would be an 
increase in the proportion of the receptors present in the state, which would produce effects 
that are opposite to those produced by an agonist. 

 
 

2.24. Some Factors that Modify Drug-Response Relationships 

 
The response to a drug is dependent on the free concentration of the drug in the vicinity 

of the receptor site. It may be influenced by a variety of factors. These factors include 
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transport mechanisms, metabolic enzymes, and binding sites within the tissue that would 
lower the concentration of drug in the vicinity of the receptors. For example, acetylcholine 
would be hydrolyzed by acetycholinesterase and norepinephrine would be subject to transport 
mechanisms, which would decrease the concentration of these compounds that can interact 
with the receptor. 

In the iris, lipid soluble drugs can bind extensively to melanin pigment, which would 
reduce the amount of drug available to interact with receptors. For example, the effectiveness 
of atropine in blocking muscarinic receptors of the sphincter muscle of the iris is lower than 
predicted because it binds to the melanin pigment. The free concentration of the blocker is 
lowered. As a result the slope of the pA2 plots corresponds to a composed line in this tissue 
(Figure 10). 

 

 

Figure. 10. Schild plot for the antimuscarinic effects of atropine on the sphincter muscle of albino and 
pigmented rabbit iris. The agonist used for this study was carbachol. The Schild plot for atropine in 
pigmented iris is not linear because at high concentrations the binding of atropine to the melanin 
pigment decreases the concentration available for interacting with the muscarinic receptor. Figure from 
Salazar et al. [80] reproduced with permission from the American Society for Pharmacology and 
Experimental Therapeutics. 

The state of the tissue as a result of prior drug treatments or surgical manipulations may 
alter the responses to a drug. For example, if a sympathetically innervated tissue is pretreated 
with cocaine, the response of this tissue to norepinephrine will be enhanced. Cocaine, by 
inhibiting the high affinity transport of norepinephrine into the sympathetic nerve endings, 
would produce an increase in the concentration of norepinephrine available to activate 
noradrenergic receptors, causing the concentration-response curve to shift to the left. It is of 
interest that inhibition of the activity of the enzymes, monoamine oxidase and 
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catechol-o-methyl transferase produces a much smaller enhancement of norepinephrine 
effects, because these enzymes are more concerned with long term changes in norepinephrine 
concentration at the synapse and less with acute changes. Similarly, other conditions that 
affect the noradrenergic synapse, such as postganglionic sympathetic denervation, chronic 
reserpine, and ganglionic blockade also can produce a shift to the left in the response to 
norepinephrine. Denervation, like cocaine, results in a loss of uptake sites, enhancing the 
synaptic concentration of norepinephrine. Reserpine, ganglionic blockade, and denervation 
attenuate the norepinephrine released from the sympathetic nerve endings, producing receptor 
supersensitivity. In these situations, there is an increase in the number of receptors along with 
other membrane changes and consequently the response to norepinephrine is enhanced. 

A competitive antagonist can block the receptors for both endogenous neurotransmitter 
and exogenously administered agonist. However, it has been found at some synapses that the 
antagonist is less effective in inhibiting the response to the stimulated release of the 
endogenous neurotransmitter than that to exogenously administered drugs that activate the 
receptor. For example, while the competitive 1 receptor antagonist, phentolamine, will block 
the effects of both exogenously administered and endogenously released norepinephrine, it 
produces a greater inhibition of the effects of exogenously administered norepinephrine. 
There are several possible explanations for this paradoxical effect of phentolamine. 
Substances may be released from neurons (in addition to norepinephrine) that produce a 
response that is similar to that of norepinephrine but mediated by a different receptor, which 
is not blocked by phentolamine. Alternatively, the endogenously released norepinephrine 
may act at different sites than exogenous norepinephrine, and phentolamine may not reach 
the required equilibrium concentration at the neuroeffector junction where high 
concentrations of norepinephrine are released. It is also possible that phentolamine by 
blocking autoreceptors on presynaptic nerve terminals markedly enhances norepinephrine 
release at the neuroeffector junction, which would tend to overcome the blockade by 
phentolamine at the postjunctional site. Since the response to exogenous norepinephrine does 
not require nerve activity, it would be less affected, if at all, by autoreceptor blockade. Thus, 
the effectiveness of a given dose of antagonist may depend on whether the response to an 
endogenous or exogenous substance is being antagonized. 

When the effect of a drug is determined in vivo, the response may be modified by 
adaptive reflex mechanisms that oppose the action of the drug. For example, the response to 
vasoconstrictor drugs would be rapidly reduced by vasodilation and cardiac slowing, while 
the response to vasodilators would be offset by vasoconstriction and cardiac stimulation. 
Thus, while a drug may produce a response in one direction, compensatory mechanisms may 
be triggered that stimulate the opposite response. 

 
 

2.25. Binding Studies 

 
The interaction of a drug molecule with a receptor can be studied directly by measuring 

the ability of the drug to bind to the receptor. Kinetic analysis, involving the determination of 
the rates of association and dissociation, is used to determine dissociation constants [81-83]. 
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For equilibrium analysis of the binding of a drug to a receptor, a compound with high 
radioactive specific activity and high affinity for the receptor is used as a ligand. Various 
concentrations of this radiolabeled drug are incubated with a membrane preparation 
suspended in buffer. Incubation is continued until binding equilibrium is attained. The 
membranes are then separated from the incubation medium, which contains free ligand, by 
either centrifugation or filtration, and the radioactivity in both fractions is determined by 
liquid scintillation counting. Some of the radiolabeled compound will bind to sites in the 
tissue other than the receptor that is being studied. This nonspecific binding is estimated by 
incubating the membrane preparation with the radioligand in the presence of a saturating 
concentration of an unlabelled drug that can specifically bind to the receptor being studied 
and will, therefore, compete with the ligand for binding. This unlabeled compound should 
inhibit the specific binding of the radioligand to the receptor, but will have low affinity for 
the nonspecific binding sites of the radioligand. The radioactivity that remains bound to the 
membrane preparation in the presence of this nonlabeled compound, which represents 
nonspecific binding, is subtracted from the total radioactivity, determined in the absence of 
the nonlabeled drug, to yield the specific binding of the radioligand to the receptor. 

The binding of a selective ligand to a homogeneous class of receptors should display 
certain characteristic properties. The ligand should bind to the receptor with high affinity, and 
the binding should be saturable. It is essential that the binding properties of the ligand 
correlate with the pharmacological properties of the drug if the binding site is a receptor. 
Thus, receptor agonists and antagonists should be able to inhibit the binding of the ligand 
with relative affinities that parallel their order of potency in pharmacological studies. 

The relationship between the concentration of ligand [L] to the amount of radioligand 
bound to the receptor [B] is expressed in the following equation: 
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KD is the equilibrium dissociation constant, and Bmax is the maximum binding that can 

occur. This equation, which expresses a nonlinear rectangular hyperbola, can be rearranged to 
the following equation: 
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This equation is in linear form. Plotting the bound/free radioligand on the Y axis against 

bound radioligand on the X axis is termed a Scatchard Plot and yields a straight line with 
slope equal to 1/ KD and an X intercept equal to Bmax. However, the Scatchard plot frequently 
is not linear, indicating that the interaction between ligand and receptor is complex. This may 
occur if the ligand binds to more than one class of binding sites or the interaction of the 
ligand with the receptor involves cooperativity. 

Studies on the ability of drugs to inhibit radioligand binding to receptors are used 
frequently to characterize the interactions of drugs with receptors. Drugs whose 
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pharmacological effects are mediated by their interactions with specific receptors, should 
specifically bind to these receptors, inhibiting the binding of the radioligand. An evaluation 
of the order of potency of drugs in inhibiting radioligand binding can provide information on 
the mechanism of drug action and can be used to test whether a given radioligand is binding 
to a specific receptor class. 

In these types of experiments the binding of a specific radioligand is measured in the 
presence of various concentrations of unlabeled drug. If the unlabelled drug can bind to the 
receptor, then a curve can be produced with the following shape (Figure 11). 

 

 

Figure. 11. Effect of spiperone (SPIR) and chlorpromazine (CPZ) on the binding of [3H]-spiperone to a 
membrane preparation of rat striatum. 

The IC50 (concentration that inhibits specific binding by 50%) can be determined from a 
nonlinear regression analysis using the equation: 
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In this equation, [B] = the concentration of bound ligand in the presence of an inhibitor; 

B0 is ligand binding in the absence of the inhibitor; [L] is the concentration of the ligand; and 
IC50 is the concentration of inhibitor when binding is inhibited by 50%. The Ki of the 
inhibitor can then be calculated using the Cheng-Prusoff equation [84]. 
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KD is the dissociation constant of the radiolabeled ligand used for the study. The 
dissociation constant derived from binding studies and that derived from functional studies 
using the Schild plot describe affinity of the drug for its receptor. 

The IC50 values for an inhibitor of radioligand binding can also be determined from a 
modification of the Hill plot [75]. This graph is drawn from the following equation, which 
was originally developed to describe the cooperative interaction of oxygen with hemoglobin 
[85]: 
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A plot of log [B]/[B0] - [B] on the Y axis against log [I] on the X axis approximates a 

straight line in which the slope is nH (called the Hill coefficient) and the X intercept IC50. An 
nH of one indicates that the ligand molecules bind independently of each other to one site. 
When the slope is different from one, it indicates that the binding of the inhibitor does not 
follow the laws of mass action and suggest multiple binding sites for the ligand and/or 
cooperativity in binding (the binding of ligand molecules at one site affects binding to 
another site). 

The radioligand may bind to more than one class of receptors within the membrane. For 
example spiperone, which is used frequently to analyze D2 dopaminergic receptors, also 
binds to the 5-HT2 serotonergic receptor. In the case of two or more binding sites, the binding 
of the radioligand to the membrane preparation will depend upon its relative affinity for the 
different sites. One approach that is used to study binding when the radioligand binds to two 
sites is to add to the medium an unlabeled compound, which has a high affinity for the 
receptor(s) type that is not being studied. This compound, when added in sufficient 
concentration (100 fold higher than its for this receptor), should prevent the radioligand from 
binding to these receptors, but not affect the binding of the radioligand to the receptors being 
studied. Hence, the radioligand would only be able to bind to receptors not affected by the 
unlabeled compound. In the case of radiolabeled spiperone, cinanserin or ketanserin, which 
are 5-HT2 receptor antagonists, are used to inhibit the binding of radiolabeled spiperone to 
the 5-HT2 receptors. These compounds at the concentrations used have very low affinity for 
dopaminergic receptors but do not interfere with D2 dopaminergic receptor binding, and 
hence allow the study of these dopaminergic receptors by radiolabeled spiperone. 

Receptors that can bind to G proteins that are located within membranes can exist in high 
or low affinity states, which can be distinguished on the basis of agonist binding. In contrast 
antagonists appear to bind to the two states with equal affinity. These receptors first bind to 
agonists in their low affinity states forming the agonist-receptor complex. The binding of the 
agonist changes the conformation of the receptor, exposing a binding site for the G protein 
located within the membrane. The agonist receptor complex then binds to the G protein 
forming a ternary complex of agonist-receptor-G protein. The receptor in this form is in the 
high affinity state as the rate of dissociation of the agonist from the ternary complex is very 
low. The displacement of GDP by GTP (or guanine nucleotide analogs) from a site on the 
G-protein causes the G-protein to dissociate from the receptor, restoring the agonist-receptor 
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complex binary complex, which is the low affinity state of the receptor. These changes can be 
observed by measuring the ability of an unlabeled agonist to inhibit the binding of a 
radiolabeled antagonist. The resultant inhibition curve for the agonist has a shallow slope 
with a Hill coefficient of less than 1, consistent with the presence of high and low affinity 
forms of the receptor. With the addition of GTP or other guanine nucleotides, the slope of the 
inhibition curve is increased, while the affinity of the agonist for the receptor is decreased. 
These changes are consistent with GTP causing the conversion of receptors from the high 
affinity state to the low affinity state. 

The maximum binding (Bmax) of the radioligand will occur at the concentration of 
radioligand that saturates the receptors being studied. This value is a function of the total 
number of receptors in the preparation and cannot be determined from functional studies in 
intact tissues where spare receptors can exist. The maximum binding of radioligand to 
receptors has been shown to increase under certain conditions, such as receptor denervation 
or hyperthyroidism and been used to explain the enhanced functional response to agonists. 
Similarly, a decrease in the number of receptors is usually associated with a decreased 
response to agonists. An increase in receptor number will produce an enhanced functional 
response if the receptors are linked to molecules, such as G proteins, that can mediate the 
response after receptor activation. 
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ABSTRACT 
 

6-Hydroxydopamine was first identified in 1959. By the early 1970s, this selective 
toxin for norepinephrine and dopamine neurons had become the principal tool by which 
laboratory studies of Parkinson‘s disease were performed, due largely to the pioneering 
work of Urban Ungerstedt and Norman Uretsky. The toxin has taught us an great deal 
about the possible causes, pathophysiology, and treatments of the disease. Although 
improved models are clearly required, some of which are being developed, even now half 
a century later 6-hydroxydopamine continues to play an important role in studies of 
parkinsonism. 
 
 

ABBREVIATIONS 
 

 6-OHDA – 6-hydroxydopamine 
 DOPA – 3,4-dihydroxyphenylalanine 
 DA – dopamine 
 NE – norepinephrine 
 PD – Parkinson‘s disease 
 SN – substantia nigra 
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INTRODUCTION 
 
Parkinson‘s disease (PD) is a neurodegenerative disease that affects some 6 million 

people throughout the world. This places it second only to Alzheimer‘s disease in its 
incidence. Differences in life span and in diagnostic criteria make it difficult to know the 
precise history or demographics of PD, though this might provide useful clues as to its cause. 
However, it is almost certain that the disease existed well before its first modern description 
by James Parkinson [1], and is likely to be closely related if not identical to the condition 
termed ―Kampavata‖ in the Indian literature of Ayurvedic medicine some 3,000-5,000 years 
ago and to disorders mentioned in ancient Chinese and Greek texts and in the Old Testament. 
Current prevalence ranges widely from less than 10 to more than 300 per 100,000, and there 
is some evidence that it is greatest in areas in which there is a high incidence of 
environmental toxins. On the other hand, during the last 10 years examples of familial PD 
have been uncovered, as have a number of genetic mutations that serve as risk factors.  

The first neuropathology to be associated with PD was the loss of pigmented cells of the 
substantia nigra (SN) of the ventral mesencephalon [2]. Then, almost 40 years later, Oleh 
Hornykiewicz and his colleagues found extensive loss of the neurotransmitter dopamine 
(DA) in the caudate and putamen [4,5], confirming a suggestion by Arvid Carlsson that the 
loss of DA would result in motor abnormalities [6]. Soon thereafter, the development by 
Bengt Falck and Nils-Åke Hillarp and their students of methods for visualizing DA and other 
biogenic amines [7] provided evidence to suggest that the loss of neurons in the SN and the 
loss of DA in the caudate and putamen (mixed to form the ―striatum‖ in rat and mouse) were 
essentially two ends of the same pathology – the degeneration of the DA-containing neurons 
of the SN and their protections to the striatum [8], [see also 9,10].  

This demonstration that PD was associated with the loss of DA led to a lengthy period 
that could be termed the ―dopaminocentric‖ phase of PD research, one that remains active 
and productive today. However, it has long been known that PD is associated with many 
symptoms other than the classical motor deficits, which include tremor, bradykinesia, and 
rigidity. These can include autonomic deficits, depression, and cognitive deficits. And 
beginning in the mid-1980s it became increasingly clear that these non-motor symptoms were 
accompanied by additional neuropathology, including loss of selected peripheral neurons and 
degeneration within the brainstem, other mesencephalic nuclei, and telencephalon. Although 
a great many people have contributed to this literature, the most influential investigator has 
been Heiko Braak, whose landmark papers have greatly expanded our appreciation of the 
diversity of deficits associated with PD [11,12]. However, knowing this and modeling it in 
the laboratory are two quite different matters, as I will note at the end of this review. 

 
 

6-HYDROXYDOPAMINE MEETS PD 
 
The first animal models of PD involved drugs such as reserpine that depleted the brain of 

biogenic amines and surgical lesions that caused the destruction of the medial forebrain 
bundle through which the nigrostriatal projection runs. With the realization that the motor 
symptoms caused by these manipulations were due to the loss of DA came the wish to 



What Has 6-Hydroxydopamine Taught Us About Parkinson‘s Disease? 157 

produce such a loss in a more specific manner. The tool that would allow the field to 
accomplish this came quite by accident with the discovery of 6-hydroxydopamine (6-
OHDA). 6-OHDA, an analogue of DA bearing an additional hydroxyl group in the ortho 
position may have first been observed as a metabolite of the amino acid 3,4-
dihydroxyphenylalanine (DOPA) [13]. In 1963, Curt Porter and his colleagues reported that 
the systemic administration of 6-OHDA given to mice, caused a depletion of cardiac 
norepinephrine (NE) [14]. This in itself was probably not surprising since other structural 
analogues of biogenic amines, such as tyramine, also depleted NE from sympathetically 
innervated tissues, presumably by displacing the endogenous amines. What was surprising 
was the enormous amount of time required for NE levels to be restored: It took 80 days for a 
depletion level of 90% to be restored to 10% for 6-OHDA, as opposed to 0.7 days for 
tyramine. Richard Laverty reported a similar observation while working with Dennis 
Sharman and Marthe Vogt [15]. Clearly, something totally unexpected was going on. The 
answer came a few years later when Torbjörn Malmfors and Charlotte Sachs reported the NE 
terminals could no longer be seen by histochemical fluorescence [16], and Hans Thoenen and 
Jean-Pierre Tranzer used electron microscopy to demonstrate the loss of NE profiles that was 
not accompanied by the loss of cholinergic terminals, indicating the selective nature of the 
toxicity [17]. 

6-OHDA‘s neurotoxic actions result from two of its characteristics, as Richard Heikkila 
and Gerry Cohen emphasized early on [18]. First, 6-OHDA is highly electroactive and 
rapidly oxidizes to form reactive oxygen species and 6-hydroxyquinone. Second, 6-OHDA is 
a substrate for the high affinity NE and DA transporters located on NE and DA neurons, 
respectively. Thus, when administered in an appropriate dose, 6-OHDA is concentrated in 
catecholamine neurons, overwhelms intracellular defenses, and causes a wide variety of 
damage. (The nature of that damage, as well as the issue of ―appropriate dose‖ will be 

discussed later.) 
Because 6-OHDA, like the biogenic amines themselves, does not cross the blood brain 

barrier, central catecholaminergic neurons were presumably unaffected in these studies. 
However, almost simultaneously with the work of Thoenen and Tranzer, several laboratories 
began to introduce the toxin directly into the parenchyma or fluid compartments of the brain. 
Among the first to accomplish this were Urban Ungerstedt [19] and Norman Uretsky [20]. 
There were others who contributed at about this time, including Floyd Bloom [21], George 
Breese [22], Richard Heikkila [23], John Marshall [24], and myself working with Edward 
Stricker [25]. However, it was Ungerstedt and Uretsky who arguably made the most 
important initial contributions to the development of 6-OHDA as an important tool in 
neuroscience.  

Urban Ungerstedt focused on the behavioral effects of the toxin, and developed the 
highly influential model of the ―rotating rat,‖ the rat which had a unilateral lesion of DA 

neurons caused by the intracerebral injection of 6-OHDA on one side of the brain. Such rats 
rotate away from the side of the brain that shows the greater amount of drug-induced DA-like 
activity – away from the lesioned side in the case of amphetamine (which releases more DA 
from the intact side) and toward the lesioned side in the case of apomorphine (which 
stimulates DA receptors directly, those receptors increasing in number after large DA 
depletions) [26,27]. However, it was Norman Uretsky, then a newly arrived postdoctoral 
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fellow with Leslie Iversen at the University of Cambridge, who did the most in those early 
years to help us understand the neurochemical effects of 6-OHDA. 

In his first paper [20], Norman injected the 6-OHDA into lateral ventricles of young 
adult rats. He made several critical observations: First, NE values fell within 24 hours (the 
shortest time examined) and showed no apparent recovery of NE levels by 32 days (the 
longest time interval examined). Second, except at extremely high doses of 6-OHDA, there 
were no behavioral deficits that he could observe even though NE levels were reduced by 
60% (He did not initially measure DA.) Third, the uptake of radio-labeled NE into 
hypothalamic prepared from 6-OHDA-treated animals was greatly reduced both 2 and 16 
hours. Over the next few years, Norman published 5 more papers on the neurochemical 
effects of 6-OHDA, in which he showed that DA terminals were also affected, albeit less than 
were NE terminals, and provided more precise information about the regional distribution 
and time course of the effects [28-32]. This flurry of creativity was followed by another, in 
which he and his colleague Ronald Schoenfeld used operant techniques to characterize some 
of the behavioral effects of 6-OHDA [33-35]. 

In short, Norman, together with Urban Ungerstedt and several of their contemporaries 
provided us with the first relatively specific tool for studying the loss of catecholamines. 
Soon George Breese showed that by blocking the uptake of 6-OHDA into NE neurons, its 
effects could be largely limited to DA neurons [36] and thereby providing an even more 
specific tool. This work on the development of 6-OHDA preceded by 15 years the emergence 
of the second such tool, MPTP [37]. Its discovery has led to an enormous outpouring of 
papers. (There are currently well over 9,000 citations on 6-OHDA listed in PubMed.)  

During the 40 years since the first papers by Norman and his contemporaries, several 
new ways of exposing DA neurons to 6-OHDA have been developed. One approach, 
pioneered by Heinrich Sauer and Wolfgang Oertel has been to administer 6-OHDA directly 
into the striatum, after which striatal TH disappears over a period of 16 weeks or more [38], 
in contrast to the much more rapid disappearance that occurs after administration into the 
lateral ventricle, SN, or nigrostriatal projection [e.g., see 39,40]. A second approach to 
achieve a more progressive lesion has been used by Timothy Schallert and colleagues: 
administering multiple small intra-striatal injections of 6-OHDA over several weeks [41]. 

In the following section, we will focus on a single question: What have we learned about 
PD from studies of 6-OHDA. [For additional recent reviews on the use of 6-OHDA see 
[42,43-46,47 as ell as many others]. In most cases, I will be focusing on animal models 
(usually the young rat). However, 6-OHDA has also been used in a number of cell culture 
models, including PC12 [48], MN9D [49], and SH-SY5Y cells [50], and in some cases 
primary neurons from the mesencephalon [51]. Indeed, our own laboratory has employed 6-
OHDA in many such in vitro models [52-54], and in some cases results from in vitro studies 
will be included in the following discussion. 

One caveat before entering into a discussion of what we have learned from studies of 6-
OHDA: the specificity of this toxin cannot be taken for granted. This is particularly true in 
the case of in vitro studies. Although 6-OHDA breaks down within a few minutes in culture 
medium [52], it is not unusual for investigators to report on the effects observed in cells 
incubated with 6-OHDA for 24 hours. Such effects may be of interest, but they cannot be 
assumed to result from the impact of 6-OHDA molecules acting from within the cells. 
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Precautions must also be taken in the use of 6-OHDA in animals. Here, too, non-specific 
effects can be produced [55-58]. In one particularly unfortunate instance, the amount of 6-
OHDA normally injected into the lateral ventricle was administered directly into brain 
parenchyma, where a standard dose would normally be two orders of magnitude lower! Not 
surprisingly, the resulting tissue damage looked very much like what could be produced by 
H2O2, and the author concluded that ―6-OHDA which may be used to induce a focal lesion 
cannot be regarded as a specific neurotoxic agent‖ [59]. The report, published in 1975, set the 
field back for a while – who would want to fund studies on the behavioral response to H2O2 – 
but we all recovered in due time. 

 
 

WHAT WE HAVE LEARNED ABOUT PD  

FROM STUDIES OF 6-OHDA 
 
The first papers on the effects of intracerebral 6-OHDA made no mention of PD. Norman 

never used the term in his classic series of papers, and in fact six years appears to have 
elapsed between the first report of the effects of 6-OHDA on the brain and the explicit 
mention of PD in a discussion of those effects [60]. I suggest that there are at least four 
reasons for this. First, although the connection between DA and PD was made through post-
mortem studies by Hornykiewicz and colleagues in 1962, it took a while (at least in the 
United States) before the general realization that DA was much more than a precursor of NE. 
Second, when given intraventricularly, as Norman (and I) initially did, 6-OHDA had a much 
greater effect on NE levels then on DA levels. Third, even when DA was affected, there were 
usually no gross behavioral changes, as greater than a 95% loss of striatal DA was required 
before such behavioral deficits would appear. Finally, and perhaps most interesting from a 
historical perspective, in the earlier days of the field there was a general hesitancy to suggest 
that one‘s research with cells or animals provided any connection to a clinical disorder. With 
notable exceptions, there was an invisible line between basic research and clinical research. 
Indeed, ―translational research‖ does not appear as a term in PubMed in 1993. How things 

have changed! 
 
 

1. Many of the Gross Motor Deficits can be Attributed to the Loss of 

Dopamine 

 
This was the most immediate insight that came from studies of 6-OHDA: As long as the 

loss of the transmitter was extensive and bilateral, the most obvious consequence was one of 
severe motor deficits. The animals showed a hunched poster. Their motor behavior was 
slowed (bradykinesia), and in the extreme case, they were akinetic for hours at a time, 
requiring the intubation of water and nutrients to remain alive [61]. And, although some of 
these severely lesioned animals gradually recovered, many remained essentially akinetic for a 
year, the longest period examined. 
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2. Stress can Both Promote Temporary Motor Improvement and Lead a 

Worsening of Behavior 

 
One of the paradoxes of PD is that when severely affected patients are exposed to a 

sudden stress they can respond with a temporary improvement in their motor behavior. This 
is exemplified by a number of anecdotes about patients responding to emergencies by 
catching a ball, running out of a burning building, or swimming out into the ocean to save a 
child [62]. Comparable findings were made in the 6-OHDA-treated rat. For example, Ed 
Stricker and I observed that if an akinetic rat were to be placed in a pail of water, it would 
swim with apparent ease to the edge to the pail and then climb out. However, as in the patient 
anecdotes, seconds later the rat would again freeze [unpublished observation; but see also 
[63,64]. The neurobiological basis of such phenomena is obscure. Although we found that 
stress increased DA release, even after 6-OHDA lesions [65], the DA receptor antagonist 
haloperidol failed to block stress-induced kinesia [63]. Equally mysterious is the common 
clinical observation of stress-induced exacerbation of symptoms [66], which can even lead to 
potentially harmful freezing. This, too, can be elicited in the 6-OHDA-leasioned rat [67]. 

 
 

3. The Partial Loss of DA Neurons Leads to a Variety of Compensatory 

Changes 

 
The relationship between striatal DA levels and motor deficits in patients diagnosed with 

PD is not linear. As Oleh Hornykiewicz reported early on, DA levels in patients with PD are 
generally reduced by at least 80%. In the case of rats treated with intraventricular DA, we 
found the threshold to be even higher. This non-linearity is not unique to PD or animal 
models of DA deficiency, and has been described for other conditions, as well. Logically, 
there would seem to be several possible explanations for such non-linearity of neuronal loss 
versus symptoms. In the case of DA deficiency, we have identified three sets of explanations: 
First, it is possible, though unlikely in my opinion, that there is simply a considerable 
redundancy of DA neurons and, as a result, the loss of a substantial proportion of these 
neurons requires no adjustment. Second, compensations might occur that allow the remaining 
DA neurons to adjust to the loss and maintain normal neuron-neuron communication. These 
could be either passive or active. Third, non-DA regions of the brain may be able to 
compensate for the lesion. This might involve a transfer of function normally subserved by 
DA neurons, adjustments in other components of basal ganglia circuitry normally regulated 
by DA, or the development of wholly new ways to regulate motor behavior.  

Our own work, which is reviewed in some detail elsewhere [see reviews 68,69,70], has 
focused on the second of these possibilities, which was suggested by the initial studies by 
Hornykiewicz of postmortem samples of caudate and putamen from patients with PD. In 
those studies he found elevated ratios of DA metabolites to DA, and from this he surmised 
that the brain had compensated for the loss of some DA neurons by increasing DA turnover 
(and presumably release) in the remaining DA neuron [71,72]. We have replicated the finding 
of increased metabolite/DA ratios in 6-OHDA-treated rats, and have gone on to identify 
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several ways in which DA neurons and their targets adjust to the partial loss of nigrostriatal 
neurons: 

 
Loss of high affinity DA uptake:  

As already noted, once released into extracellular space, DA is typically inactivated by 
high affinity DA uptake via a specific membrane protein present within DA terminals. It 
follows that the loss of DA neurons automatically is accompanied by a loss of high affinity 
DA uptake sites. This, in turn, means that any DA diffusing into an area of denervation will 
not be readily removed, a phenomenon highlighted many years ago by Ullrich Trendelenburg 
in studies of sympathetic nervous system [73]. 

 
Increased DA Synthesis and Release:  

Whereas the loss of uptake sites provides a passive means of compensating from the loss 
of some DA neurons, an active process also comes into play after the loss of DA neurons 
exceeds some threshold. This hypothesis is supported by two groups of observations, which 
in turn supplement the finding of increased DA turnover. First, there is an increase in the 
activity of the rate limiting enzyme in DA synthesis, tyrosine hydroxylase (TH), relative to 
the amount of DA that remains, i.e., an increase in the TH/DA ratio. This in turn may have 
two components – a slow increase in TH protein that would require increased protein 
synthesis followed by the transport of that protein to the nerve terminal and a rapid activation 
of preexisting TH molecules through the process of phosphorylation [74-76]. Second, studies 
of striatal slices prepared from 6-OHDA-treated animals indicated an increase in 
depolarization-induced DA release [77]. Moreover, the combination of increased release and 
decreased uptake is likely to explain two other sets of observations: that extracellular levels 
of DA are maintained relatively constant despite substantial loss of DA terminals [78-80], 
and that the loss of a considerable percentage of DA terminals fails to block the capacity of 
DA to influence the release of acetylcholine [81] and GABA [82] as assessed in studies of 
striatal slices. 

 
Increased Target Cell Sensitivity to DA:  

It is a common finding that following denervation, the normal target becomes 
supersensitive to the lost transmitter. This also occurs after 6-OHDA-induced lesions of DA 
projections to striatum. The phenomenon has been observed by monitoring the behavioral 
effects of direct DA agonists [84], the biochemical response to those agonists [83], and the 
number of DA binding sites on striatal targets [84]. It is instructive to note that these changes 
develop over several weeks and only after very large DA-depleting lesions [85,86]. The need 
for a very large lesion is consistent with microdialysis data indicating the concentration of 
DA in the extracellular space only begins to decrease when lesions become large [78-80]. 

 
Non-Synaptic Communication by DA Neurons:  

Our hypothesis of ―biochemical reinnervation‖ of denervated sites has an important 
corollary. If it is true that the combination of increased release and decreased uptake of DA 
serves to compensate for partial denervation, then precise point-to-point innervation of 
striatum by the SN must not be essential, at least for gross motor function. That is, DA must 
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be capable of influencing its targets via non-synaptic communication somewhat as 
epinephrine acts in the periphery. The concept of non-synaptic or volume transmission has 
long been championed by E. Sylvester Vizi [87] and Kjell Fuxe [88]. It has played an 
important role in our thinking about compensations after 6-OHDA [89,90] and considerable 
support now exists for applying it to DA neurons in the striatum [e.g., 91-93], see also several 
reviews [e.g., 94-96]. 

 
 

4. The Pathophysiology of PD may Include Oxidative stress, Inflammation, 

and/or Excitotoxicity 

 
Studies of 6-OHDA models have provided a number of hints regarding the etiology of 

PD. Perhaps the most immediate suggestion is that PD involves oxidative stress. Indeed, there 
is a good deal of evidence that an early abnormality in brains of patients with PD is an 
increase in oxidative stress (see reviews [97,98,99]). This includes reduced glutathione levels 
and glutathione-related enzymes [100,101], increased iron [102], decreased ferritin [103], and 
increased 5-S-cysteinyl-dopamine [104]. Oxidative stress can be accompanied by many types 
of other insults including lipid peroxidation, protein and DNA damage, elevated iron levels, 
and mitochondrial impairments, each of which has been observed in postmortem samples 
from patients with PD.  

Although it is often assumed that oxidative stress is the primary cause of these changes, 
the actual causal sequence is not always clear. On the other hand, each of these effects has 
been observed in 6-OHDA-treated animals, strengthening the assumption that oxidative stress 
is usually the causal event. 

These findings may be relevant to 6-OHDA in several other ways. First, 6-OHDA can be 
formed endogenously from DA [105-107] and from DOPA [108,109], the major drug used in 
the treatment of PD, and has been detected in human brain [110]. Second, like 6-OHDA, DA 
can rapidly oxidize [111], and in so doing can cause relatively specific lesions of DA neurons 
when injected into the striatum ([112]; see reviews [113,114,115]). 

It has also been long been suspected that inflammation may play a role in the etiology of 
PD as well as other neurodegenerative diseases. Evidence includes an increase in microglial 
activation and an activation of the complement system [see reviews 116,117-119]. Thus, it 
seems of considerable interest that 6-OHDA causes an inflammatory response in the SN 
[120,121] and that the anti-inflammatory drug minocycline as well as non-steroidal anti-
inflammatory drugs (NSAID) can reduce 6-OHDA neurotoxicity (see review [116,122,123]). 
Although some epidemiological evidence supports the concept of anti-inflammatory agents in 
the treatment of PD, a recent clinical pilot study has failed to find support for the use of 
minocycline in PD [124]. However, it is possible that this reflects a failure of the treatment to 
achieve a sufficient anti-inflammatory effect and/or the necessity to provide treatment at an 
earlier stage of disease progression. 

A third factor that may contribute to PD and for which corroborating evidence has come 
from studies of 6-OHDA is excitotoxicity. Glutamate plays a key role in the basal ganglia 
loops that regulate DA function, both in the striatum and in the SN [125]. Loss of DA 
neurons has been associated with an increase in glutamatergic activity in both of these 
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regions [126]. Should this potentially excitotoxic transmitter be released in sufficient excess, 
a positive feedback leading to progressive neurodegeneration would be expected to result. 
This conjecture is support by the observation that lesioning of the glutamatergic subthalamic 
nucleus reduced the toxic effects of 6-OHDA [127] and by the neuroprotective effects of 
glutamate antagonists in such models [128].  

 
 

5. Treatments that Reduce the Progression of PD may be Beginning to 

Emerge 

 
Perhaps the most important contribution of 6-OHDA models is in the search for 

treatments. Most of this work has focused on drugs designed to reduce the motor symptoms of 
PD, commonly direct or indirect DA agonists. [44,129]. More recently, however, 
investigators have begun to use 6-OHDA models explore treatments that are designed to 
reduce disease progression, and it is these on which I will briefly comment.  

 
Pharmacological Treatments:  

Recently, the focus of much of the research on pharmacotherapy has switched its focus 
from symptoms to disease progression. The range of drugs that have, in most cases, been 
tested in 6-OHDA models is too wide to be reviewed here, but includes (in alphabetical 
order) antioxidants, anti-inflammatory agents, calcium channel antagonists, creatine, DA 
agonists, glutamate antagonists, free radical scavengers, iron chelators, melatonin, MAO-B 
inhibitors, nitric oxide synthase inhibitors, and polyphenols [see reviews 130,131].  

To this list must be added a number of herbs, the extracts of which have not yet been 
characterized but that look promising, These include Ganoderma lucidum spore oil, Ginkgo 

biloba, ginseng, green tea, huperzine, Nerium indicum flowers, panax, polygonum, 
stepholidine, and Tripterygium wilfordii hook [132].  

It is understood, of course, that the biological influence of a given drug that first led to its 
consideration as a treatment for PD is not necessarily the mechanism of it neuroprotective 
effects. Two examples are the MAO-B inhibitor rasagiline, which also seems to have anti-
apoptotic effects [133], and the DA receptor agonist pramipexol which may exert its potential 
neuroprotective effects via its anti-oxidant properties [134]. 

 
Neurotrophic Factors; Proteins and Genes:  

The discovery that the brain contained factors that could protect DA neurons was first 
made in tissue culture [135] and quickly focused on GDNF, which was shown to protect DA 
neurons from spontaneous cell death [136] and from 6-OHDA [137,138]. Protection from 6-
OHDA has been shown to be a property of other neurotrophic factors, including BDNF [139] 
and IGF1 [140], and can also be shown to occur following the intracerebral administration of 
viruses that contain the genes for such factors, [e.g., 137,141]. The results of human trials of 
GDNF have been mixed [142] and a recent presentation of the administration of AAV 
containing the gene for a GDNF family member, neurturin, suggests only modest effects after 
18 months [143]. Nonetheless, the delivery of molecules that can lead to the stimulation of 
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receptors for neurotrophic factors remains a promising direction for the development of 
neuroprotective therapies. 

 
Transplantation Approaches:  

One of the earliest and most enduring approaches to moving beyond symptomatic relief 
has been the transplantation of cells into the brains of 6-OHDA-treated rats [see reviews 
144,145,146]. Such approaches have included the transplantation of encapsulated cells 
capable of delivering DA or GDNF [147], fetal transplants of adrenal chromaffin cells [148] 
and SN [149], and most recently stem cells [150,151]. To date, virtually all the clinical work 
using transplantation has involved fetal SN tissue. Unfortunately, again the results are mixed. 
Although some very positive results have been reported [see review 152], a recent double 
blind study has not yielded any treatment effect. Moreover, many patients exhibited 
prominent dyskinesias [153]. Nonetheless, transplantation research is continuing and the 6-
OHDA is likely to continue to be used to produce valuable preclinical models. 

 
 

6. In the End, Maybe it is Largely about Life Style 

 
The incidence of diagnosed PD appears to be on the rise [154,155]. There are likely to be 

many explanations for this, including better diagnoses, a rise in environmental toxins, and an 
increase in life span. However, one must also seriously consider the impact of the declining 
quality of our life style. At least within the so-called ―developed‖ countries, we seem to be 

eating less well, getting less exercise, and spending less time in social activities. Consider the 
number of people who pick up fast food, return to an empty house, and then spend the 
evening watching television. It seems obvious that this is not the life style for which 
evolution has prepared us. Furthermore, consider studies of the effects of modifying the life 
style of the 6-OHDA rat:  

 
Diet:  

Feeding rats blueberry- and spirulina-enriched diets promoted recovery from 6-OHDA 
[156]. (It is interesting that improved diets also improved the motor performance of aged rats 
[157]). Somewhat analogous studies have been carried out in the MPTP-treated mouse model 
in which reduced toxicity was seen with resveratrol [158] and high dietary omega-3 
polyunsaturated fatty acid [159], while a high fat diet increased the toxicity [160]. 

 
Environmental Enrichment and Exercise:  

There have now been a number of studies to indicate that exercise can dramatically 
reduce the anatomical, neurochemical, and/or the behavioral effects of 6-OHDA in the rat 
([161-165]; see review [166]. These studies have examined several different types of exercise 
including the forced motor activity that results from placing the ―normal limb‖ in a cast after 
a unilateral lesion [161,162]; a running wheel [164], and a treadmill [163,167]. 
Environmental enrichment per se has not yet been studied in the 6-OHDA rat. However, the 
work of Richard Smeyne and colleagues using the MPTP mouse suggests that the 
neuroprotective effects of enrichment can be mimicked by exercise [168]. 
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FUTURE DIRECTIONS 
 
Where to go from here? First and foremost we need much better interventions. We need 

to develop treatments that reduce a more complete range of parkinsonian symptoms – 
physiological and psychiatric, as well as motor – and that do not show tolerance or 
dyskinesias. We need treatments that reduce disease progression. And ultimately we need 
treatments that actually prevent the appearance of the disease. If we are to accomplish these 
goals, then a second set of future requirements is a much more complete understanding of the 
causes of PD – genetic factors, environmental influences, and cellular mechanisms,  

And this leads directly to a third need: better models. Giving 6-OHDA to young rats, no 
matter what the protocol, will only get us so far. The approach has been extremely fruitful, as 
I hope this brief review has shown, but much more is needed. We need older animals (24 
month old rodents, 20 year old non-human primates), even more progressive models (many 
months for rodents; several years for primates), toxins that are more relevant to what might 
be causing PD (pesticides, heavy metals, industrial pollutants), and genetic models, including 
conditional models, that more completely emulate the pathophysiology of the disease [see 
reviews 44,169,170,171]. 

So, has the useful life span of 6-OHDA come to an end after 40 years? Certainly not. 
Motor deficits are only part of the symptomatology of PD, but they are an important part; 
oxidative stress is not the only factor that causes neuronal cell death in the disease, but it is 
likely to play a key role; and acute degeneration does not mimic the pattern of loss across the 
entire nigrostriatal projection, but it probably emulates the time course of the degeneration of 
each individual DA neuron.. This simple molecule, which has already instructed us about so 
much, is destined to teach us a great deal more. 
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ABSTRACT 
 

Dopamine is a major catecholamine neurotransmitter in the mammalian central 
nervous system. It plays a crucial role in regulating diverse functions, including motor 

control, emotional processing, learning, reinforcement, and cognitive attention. 
Dopamine acts through G-protein-coupled receptors (GPCRs), which cluster into D1-like 
and D2-like subfamilies. D1-like receptors comprising D1 and D5 are coupled to adenylyl 
cyclase (AC) through stimulatory G protein (Gαs). Whereas D2-like comprising D2, D3 
and D4 are coupled to AC through inhibitory G protein (Gαi/o). Such stimulation and 
inhibition of AC regulate intracellular cAMP levels, but less is known about the function 
of each dopamine receptor subtype. Dopamine-mediated signaling depends on its 
metabolism, activation of postsynaptic dopamine receptors, dopamine receptor 
interacting proteins (DRIPs), and phosphorylation and dephosphorylation status of 
dopamine- and cAMP-regulated phosphoprotein of 32 kDa (DARPP-32). Furthermore, 
the cross-talk between dopamine and other neurotransmitters (such as glutamate, 
serotonin, and adenosine) receptors critically modulates cellular signaling responses. 
Dysfunction in dopaminergic (DA-ergic) system in human brain is linked to various 
pathological conditions, including Parkinson disease (PD). Aging is considered as the 
most important risk factor for PD. The primary pathology of PD is degeneration of DA-
ergic neurons in the substantia nigra pars compacta (SNpc). Therefore, loss of the 
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nigrostriatal pathway decreases striatal dopamine levels in the striatum, resulting in 
consequent extrapyramidal motor dysfunction. The etiology of PD is elusive, however a 
combination of genetic and environmental factors seem to play a critical role. Although, 
majority of cases of PD are sporadic but several genes (such as -synuclein, parkin, DJ-

1, PINK-1 and LRRK2) have been shown to be linked with rare familial forms of the 
disease. Therefore, It is considered that PD is caused by both genetic and environmental 
factors, which cause a key molecular mechanism ‗Oxidative Stress‘ that is responsible 

for the loss of DA-ergic neurons. Current therapeutic strategies for PD focus primarily on 
reducing the severity of its symptoms using DA-ergic medications, such as dopamine 
precursor, dopamine receptor agonists, dopamine uptake blockers, and inhibitors of 
dopamine catabolism. However, these medications produce side effects and help only in 
relieving some of symptoms but can not stop disease progression because of not 
addressing the underlying problem associated with the pathogenesis of PD. Thus, in 
addition to developing drugs with specific and selective affinities for each dopamine 
receptor subtype as a possible therapeutic agent, one should also examine the whole 
genome for the susceptibility of genes for PD.  
 

Keywords: Dopamine, D1-like, D2-like, Neurodegeneration, Parkinson disease, Aging, 
ROS, Dopamine-mediated behavior. 
 
 

1. INTRODUCTION 
 
Dopamine (4-(2-aminoethyl)benzene-1,2-diol), a biogenic amine, is a member of the 

catecholamine family. In the central nervous system (CNS), dopamine plays a crucial role as 
a neurotransmitter and regulates a variety of vital brain functions, such as cognition, motor 
coordination, endocrine activity, reward circuitry, pain processing, mood, motivation, and 
learning and memory (Figure 1). Dopaminergic (DA-ergic) neurons of substantia nigra pars 
compacta (SNpc) are involved in the control of voluntary movements and postural reflexes. 
From SNpc, DA-ergic neurons project to the striatum (caudate and putamen), therefore, death 
of these neurons in SNpc causes dopamine deficiency in the striatum, leading to Parkinson 
disease (PD). This disease can be clinically characterized by movement disorders, including 
muscle rigidity, tremor at rest, slowness of physical movement (bradykinesia) and impaired 
balance and coordination (postural instability) in PD patients. DA-ergic neurons in the 
ventral tegmental area are also involved in modulation of rewarding and cognitive behaviors, 
and their dysfunction may lead to the pathogenesis of addiction and mood disorders.  

Brain aging is associated with a decline in dopamine-mediated functions, implicating loss 
of DA-ergic neurons. A marked decline in dopamine system with aging includes a gradual 
loss of presynaptic markers such as dopamine transporters [1], and post-synaptic markers 
such as dopamine receptors [2-3]. Such decline in markers has been consistently observed in 
striatal, neocortical, and limbic areas [4]. Alterations between midbrain dopamine synthesis 
and prefrontal activity in cortical reward processing with human aging suggest that dopamine 
system involved with reward processing becomes vulnerable with aging [5]. The 
magnification of catechol-o-methyltransferase (COMT) gene with aging provides novel 
information on the inverted U-shaped relation linking DA-ergic neuromodulation in 
prefrontal cortex to cognitive performance [6]. Molecular imaging studies have demonstrated 
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impairment in multiple cognitive tasks with age, implicating loss of dopamine in aged brain 
[4,7-8]. Thus, aging can be considered as one of the most important risk factor for PD. The 
etiology of PD involves both familial (genetic) and environmental (sporadic) factors. 
Predisposing factors in sporadic PD include trauma, diet and environmental factors, including 
exposures to metals (manganese, iron), drinking well water, herbicides and pesticides [9-10]. 
Association of several genes along with other risk factors, such as gender, race, and positive 
family history, support the occurrence of familial PD.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Dopamine-mediated functions. 

PD is one of the most common neurodegenerative movement disorder. A prominent 
feature of this disease is the loss of striatal dopamine. Current treatment strategies for PD 
mainly involve pharmacotherapy using DA-ergic drugs like 3,4-dihydroxy-L-phenylalanine 
(L-DOPA, a precursor required for dopamine synthesis), and deprenyl (Selgiline), an 
inhibitor of monomanine oxidase B (MAOB; the enzyme that breaks down dopamine), as 
well as neuroablation or neurostimulation of the downstream brainstem nuclei affected by the 
DA-ergic deficit [11]. These strategies are associated with limited effectiveness and side 
effects but do not cure the disease. They do not address the underlying problem of the 
progressive loss of DA-ergic neurons. Therefore, more compelling strategies are required to 
expand treatment beyond the classical dopamine replacement towards the targeted 
reconstruction of nigrostrial pathway. This chapter summarizes dopamine metabolism, 
receptor classification, behavior, signaling, and possible molecular mechanisms involved 
with the nigrostriatal DA-ergic neurodegeneration, which may help in understanding the 
pathogenesis of PD.  
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2. DOPAMINE METABOLISM 
 
Dopamine metabolism in the brain is a function of presynaptic synthesis, release and 

reuptake of dopamine. Dopamine is a major neurotransmitter that plays a prominent role in a 
variety of vital brain functions. To perform these physiological functions, it is necessary to 
keep a balance between dopamine synthesis, degradation, release, and synaptic uptake. An 
alteration in dopamine metabolism disrupts dopamine homeostasis that results disturbances in 
the DA-ergic neurotransmission, leading to region-specific functional abnormalities.  

 
 

2.1. Dopamine Synthesis and Release 

 
Dopamine biosynthetic pathway starts with the dietary amino acid precursor, L-tyrosine 

(Figure 2). Tyrosine is first converted to 3,4-dihydroxy-L-phenylalanine (L-DOPA) by 
tyrosine hydroxylase (TH), a rate limiting enzyme in catecholamine biosynthesis. Tyrosine 
hydroxylase is a mixed function oxidase that uses molecular oxygen and tyrosine as its 
substrates and tetrahydrobiopterin as its cofactor in catalyzing the addition of a hydroxyl 
group to the meta position of tyrosine, thus forming L-DOPA. It is then rapidly 
decarboxylated to dopamine by DOPA decarboxylase (DDC), a pyridoxine dependent 
enzyme, that catalyzes the removal of carboxyl group from L-DOPA and forms dopamine. In 
DA-ergic neurons, the pathway stops here (Figure 2). TH is the rate limiting enzyme in 
dopamine biosynthesis, and is particularly susceptible to physiological regulation and 
pharmacological manipulation. TH exists in two kinetic forms that exhibit different affinities 
for its cofactor tetrahydrobiopterin (BH-4). The conversion from low to high affinity form for 
BH-4 involves the phosphorylation and activation of TH. Enzyme activity of TH is subjected 
to four major regulatory mechanisms (Figure 2), including (1) end-product inhibition by 
intraneuronal dopamine, (2) availability of its cofactor BH-4, (3) activation of presynaptic D2 
dopamine receptors, and (4) rate of impulse flow in the nigrosriatal pathway [12-13].  

In brain, the striatum receives two major projections: (1) DA-ergic from the subtantia 
nigra and ventral tegmental area and (2) glutamatergic from most of the cerebral cortex. 
Under normal physiological conditions, dopamine is released in the striatum from dopamine 
nerve terminals via an exocytotic, calcium-dependent mechanism. Calcium-dependent release 
of dopamine occurs in response to invasion of the terminal by nerve impulse action potential 
(Figure 2). The extent of this release appears to be a function of the rate and pattern of firing. 
The burst-firing mode leads to an enhanced release of dopamine. Dopamine release is also 
modulated by presynaptic dopamine receptors (also referred as release-modulating 
autoreceptors) (Figure 2). In general, dopamine agonists inhibit, while dopamine antagonists 
enhance the evoked release of dopamine. Presynaptic dopamine receptors expressed along 
the somatodendritic extent of midbrain DA-ergic neurons modulate impulse activity, whereas 

dopamine receptors expressed at the nerve terminals regulate both dopamine synthesis and 
release [14].  

Glutamate and dopamine interactions in the striatum also play a major role in the normal 
function of the corticostriatal system, involved in motor and cognitive functions. 
Abnormalities in these interactions are considered to play a role in the pathophysiology of PD 



The Molecular and Genetic Basis of Parkinson Disease 181 

[15]. The repetitive transcranial magnetic stimulation (TMS) of the human dorsolateral 
prefrontal cortex leads to dopamine release in the ipsilateral caudate nucleus, which supports 
corticostriatal control of dopamine release in humans [16]. The repetitive TMS of the motor 
cortex induces dopamine release in the ipsilateral putamen [17], confirming that dopamine 
release is focally restricted in healthy humans. However, measurement of dopamine release 
following cortical stimulation in early PD patients with evidence of unilateral motor 
symptoms shows that the amount of TMS-induced striatal dopamine release is less in the 
symptomatic hemisphere than in the contralateral hemisphere [18], which may be due to 
advanced degeneration of DA-ergic nerve terminals and the failure of functional 
compensatory mechanisms. Thus, a possibility of in vivo expression of a loss of functional 
segregation of cortical information to the striatum gives an indirect evidence of abnormal 
corticostriatal transmission in early PD. Collectively, impairement in dopamine synthesis and 
release are directly attributable to PD.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2. DA-ergic presynaptic and postsynaptic neurons: involvement in dopamine metabolism. 
Tyrosine hydroxylase (TH); Aromatic amino acid decarboxylase (AADC); Dopamine receptor subtypes 
(D1-D5); Dopamine uptake blockers (cocaine, methylphenidate and fluoxetine). 
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2.2. Dopamine Inactivation 

 
Dopamine is inactivated by two major processes: (1) uptake by the nerve terminal and (2) 

enzymic degradation. Dopamine can be taken up from the synaptic cleft back into the 
presynaptic terminal via dopamine transporter (DAT) that terminates its synaptic action [19-
20]. Dopamine transporter belongs to the SLC6 family of Na+/Cl- dependent symporters [21]. 
Dopamine uptake is an energy dependent process where sodium/potassium ATPase uses 
energy from adenosine 5‘-triphosphate (ATP) hydrolysis to create a concentration gradient of 
ions across the presynaptic membrane, driving the opening of DAT, which exhibits a channel 
mode of conduction that directly modulates membrane potential and neuronal function. 
Dopamine uptake plays an important role in maintaining synaptic homeostasis. Following 
uptake into the cytoplasm, dopamine undergoes a second transport step that is required for its 
efficient cycling. This step is performed by a vesicular monoamine transporter type-2, 
VMAT2, driven by a H+ electrochemical gradient. Dopamine is re-packaged into vesicles for 
their release by exocytosis (Figure 2). Psychostimulants, such as cocaine, methylphenidate, 
and fluoxetine, block dopamine uptake by binding to DAT and incease dopamine levels in 
the synapse, leading to addiction or neurological symptoms. 
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Figure 3. The effect of cocaine, mazindole and procaine on K+-evoked release of [3H]-acetylcholine in 
mouse striatal slices. (A) control slices, (2) reserpine and α-methyl-p-tyrosine (α-MPT)-treated slices. 
Modified from reference [27]. 
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Alterations in the density, function and relative expression of DAT compared to VMAT2 
may result in neurological and psychiatric disorders, including PD, schizophrenia, and 
addiction [22-24]. Both cocaine and mazindol are known as monoamine uptake inhibitors. 
Nigrostriatal DA-ergic fibers exert a direct inhibitory influence on striatal cholinergic 
interneurons. In vitro perfusion studies using striatal slice preparation indicate that the release 
of acetylcholine (Ach) from slices is modulated in an inhibitory fashion by the stimulation of 
dopamine receptors, particularly the D2 subtype [25-26]. Cocaine and mazindol, but not 
procaine (local anesthetic), produce a marked reduction in K+-evoked release of [3H]Ach in 
mice striatal slices (Figure 3A). Inhibition is overcome in reserpine (depletes stores of 
amines) - and dopamine synthesis inhibitor, α-methylparatyrosine (α-MPT)-treated slices 
(Figure 3B), suggesting the dependence of endogenous dopamine [27]. Both cocaine and 
mazindol produce ~ 8-fold shift in concentration-response curve for dopamine, but not for 
dimethyl analog of dopamine, DMDA [27]. Furthermore, IC50‘s of DMDA and dopamine for 

the inhibition of [3H]dopamine uptake are 26.31 μM and 0.83 μM, respectively, suggesting 

that dopamine has higher affinity for dopamine uptake transporter than DMDA.  
Dopamine, DMDA, and permanently charged analogs of dopamine (quaternary 

ammonium (DA-N+), selenium (DA-Se+), dimethylsulfonium (DA-S+), inhibit the K+-evoked 
release of [3H]Ach but with different EC50s (Figure 4A) [28]. The inhibitory effects of 
DMDA and permanently charged analogs of dopamine on K+-evoked release of [3H]Ach are 
not influenced by cocaine [29,27], implicating that dopamine transporter has a very high 
affinity for dopamine compared to its analogs. The striatonigral pathway also plays an 
important role in maintaining rotational behavior. Rats treated with permanently charged 
analogs (DA-N+, DM-S+) show significant increase in the circling behavior (Figure 4B), but 
permanently uncharged analog of dopamine (DM-S) or amphetamine (AMP) produce no 
response [29-30]. These findings suggest that permanently charged analogs of dopamine are 
not taken up by dopamine transporter, and atom on α-carbon of dopamine should have a 
positive charge in aqueous solution to interact with the D2 DA-ergic receptor.  

The two major enzymes of dopamine catabolism are monoamine oxidase and catechol-O-
methyltransferase (COMT). MAO, a flavin containing enzyme, is located in the outer 
membrane of mitochondria. It converts dopamine to its corresponding aldehyde 
(dihydroxyphenyl acetaldehyde, DOPAL) by oxidative deamination. DOPAL is rapidly 
oxidized to dihydroxyphenylacetic acid (DOPAC) by aldehyde dehydrogenase (Figure 2). 
COMT is a cytosolic enzyme that converts DOPAC to 3-methoxy-4-hydroxypheny acetic 
acid (homovanillate, HVA). The outcome of dopamine inactivation is the conversion of 
dopamine into HVA. Dopamine deficiency in PD, can be compensated by increasing 
dopamine synthesis and dopamine release, or reducing dopamine catabolism. 
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Figure 4. Effects of charged and uncharged analogs of dopamine on K+-evoked release of [3H]-
acetylcholine in mouse striatal slices, and on the circling behavior in rats. (A) Effect of dopamine, 
dimethyldopamine, and permanently charged analogs of dopamine. Before decapitation, mice have been 
injected with reserpine (5mg/kg) and α-methyl-p-tyrosine (250 mg/kg) 20 and 2 hr, respectively. 
Number in parenthesis represents EC50 (µM) values. The order of potency for inhibition of the K+-
evoked stimulation of [3H]acetylcholine release is: dimethyldopamine (DMDA) > dopamine (DA) > 
quaternary ammonium analog (DA-N+) = dimethylselenonium analog (DA-Se+) > dimethyl-sulfonium 
analog (DA-S+). Modified from reference [28]. (B) Effect of direct intrastriatal injection of drugs on the 
circling behavior of rats previously lesioned unilaterally with 6-hydroxydopamine (6-OH). Dose for 
each drug injected was 100 nmol in 2μl volume. Turns in ipsilateral and contralateral directions were 
determined at 5 min intervals at 15, 30, 45, and 60 min, respectively. For getting the net number of 
turns for each animal, contralateral minus ipsilateral is added together. Permanently uncharged 
monomethylsulfide (DM-S) analog does not elicit significant contralateral circling, whereas, DA-N+ 
and DA-S+ at the same dose as amphetamine elicit significant contralateral circling. *p <0.05 when 
compared to controls. ns, not significantly different from control. Modified from reference [29]. 
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3. CLASSIFICATION OF DA-ERGIC RECEPTORS 
 
The original classification of DA-ergic receptors in the CNS is primary based on 

biochemical and pharmacological criteria. According to this classification, dopamine 
receptors are divided into two subclasses: the D1 receptors are positively coupled to AC and 
mediate cyclic adenosine monophosphate (cAMP) formation, whereas the D2 receptors are 
negatively coupled to AC and therefore reduce synthesis of cAMP [31-32]. The application 
of modern molecular biology techniques revealed the existence and identification of five 
distinct genes for DA-ergic receptors [33]. Based on their structural similarities, homology 
and conservation of signature amino acids, signal transduction pathways and pharmacological 
features, DA-ergic receptor family in mammals is again divided in two subfamilies: (1) D1-
like family consisting of D1 and D5 subtypes, and (2) D2-like family consisting of D2, D3 and 
D4 subtypes of dopamine receptors [34-36]. Protein sequence alignment of human dopamine 
receptor subtypes (Figure 5A), identified by Genbank accession number (D1: AC#: 
NP_000785; D2Long: AC#: AAB26274; D2Short: NP-057658; D3: NP_000787; D4: NP_000788; 
D5:NP_00789), reveals the existence of two such subfamilies (Figure 5B).  

D1-like receptors are coupled to stimulatory G protein (Gαs), thereby activate AC 
through stimulatory G protein (Gαs), whereas D2-like (D2, D3 and D4) receptors are coupled 
to AC via inhibitory G protein (Gαi/o) leading to inhibition of AC. In D1-like subfamily, both 
receptor subtypes are located post-synaptically and share similar pharmacological patterns, 
whereas in D2-like subfamily, receptors are located pre- and- post-synaptically and show 
variable effects (Table 1). In general, all subtypes in D2-like subfamily have higher affinity 
for anti-psychotic drugs and are involved in PD. There are major molecular differences 
between D1-like and D2-like subfamilies. Receptors in D1-like subfamily are intronless, 
contain short 3rd intracytosolic loops and have long C terminal tail. Receptors in D2-like 
subfamily contains introns in their respective coding regions thereby have a possibility for 
alternative splicing. In addition, they have long 3rd intracytosolic loops and short C terminal 
tails (Table 1). In D2-like subfamily, alternatively spliced forms of D2, D3 receptors have 
been identified. These repeat sequences found in D4 receptor mRNA sequence suggest many 
possible forms of splice variants.  

The mammalian D2 receptor gene encodes two molecularly distinct isoforms (D2L, long 
isoform, and D2S, short isoform), which differ from each other by the presence of additional 
29 amino acids within the third intracellular loop [37-38]. Both isoforms bind to pertussis 
toxin-sensitive G proteins, therefore, inhibit AC. However, these isoforms bind to distinct Gi 
proteins, which may account for their structural differences [39-40]. D2L mainly acts at the 
postsynaptic sites, whereas, D2S acts at the presynaptic sites, suggesting differential coupling 
of D2L and D2S due to binding with different G proteins. The cataleptic effects of 
antipsychotic drug, haloperidol, are absent in D2L deficient mice, confirming that D2L 
postsynaptic receptors are targeted by antipsychotic drugs. In contrast to haloperidol, D1 
receptor antagonist, SCH23390 can produce cataleptic effects in D2L deficient mice, 
suggesting that motor inhibition induced by dopamine receptor antagonists is governed by 
two independent pathways [41]. These isoforms have different (probably antagonistic) 
functions in vivo, and there is a possibility of cross-regulatory mechanism between D1-and-
D2-mediated signal transduction pathways.  
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TM1

D2L – – M D P L N L S W Y D D D L E R Q N W S R P F N G S D G K A D R P – – – – H Y N Y Y A T L L T L L I A V I V F G N V L 54
D2S – – M D P L N L S W Y D D D L E R Q N W S R P F N G S D G K A D R P – – – – H Y N Y Y A T L L T L L I A V I V F G N V L 54
D3 – – – – M A S L S Q L S G H L – – – N Y T C G A E N S T G A S Q A R – – – – P H A Y Y A L S Y C A L I L A I V F G N G L 49
D4 – – M G N R S T A D A D G L L A G R G P A A G A S A G A S A G L A G – – – – Q G A A A L V G G V L L I G A V L A G N S L 54
D1 M R T L N T S A M D G T G L V V E R D F S V R – – – – – – – – – – – – – – – – – I L T A C F L S L L I L S T L L G N T L 43
D5 M L P P G S N G T A Y P G Q F A L Y Q Q L A Q G N A V G G S A G A P P L G P S Q V V T A C L L T L L I I WST L L G N V L 60

• • • * * : * * *
TM2

D2L V C M A V S R E K A L Q T – T T N Y L I V S L A V A D L L V A T L V M P W V V Y L E V V G – E W K F S R I H C D I F V T 112
D2S V C M A V S R E K A L Q T – T T N Y L I V S L A V A D L L V A T L V M P W V V Y L E V V G – E W K F S R I H C D I F V T 112
D3 V C M A V L K E R A L Q T – T T N Y L V V S L A V A D L L V A T L V M P W V V Y L E V T G G V W N F S R I C C D V F V T 108
D4 V C V S V A T E R A L Q T – P T N S F I V S L A A A D L L L A L L V L P L F V Y S E V Q G G A W L L S P R L C D A L M A 113
D1 V C A A V I R F R H L R S K V T N F F V I S L A V S D L L V A V L V M P W K A V A E I A G – F W P F G – S F C N I WV A 101
D5 V C A A I V R S R H L R A N M T N V F I V S L A V S D L F V A L L V M P W K A V A E V A G – Y W P F G – A F C D V WV A 118

* * : : : * : : * * : : : * * * : * * : : * * * : * * : * * : * : : :
TM3 TM4

D2L L D V M M C T A S I L N L C A I S I D R Y T A V A MP M L Y N – – T R Y S S K R R V T V M I S I V W V L S F T I S C P L 170
D2S L D V M M C T A S I L N L C A I S I D R Y T A V A MP M L Y N – – T R Y S S K R R V T V M I S I V W V L S F T I S C P L 170

D3 L D V M M C T A S I L N L C A I S I D R Y T A V V MP V H Y Q H G T G Q S S C R R V A L M I T A V W V L A F A V S C P L 168
D4 M D V M L C T A S I F N L C A I S V D R F V A V A V P L R Y N – – – R Q G G S R R Q L L L I G A T W L L S A A V A A P V 170
D1 F D I M C S T A S I L N L C V I S V D R Y WA I S S P F R Y E – – – R K M T P K A A F I L I S V A W T L S V L I S F I P 158
D5 F D I M C S T A S I L N L C V I S V D R Y WA I S R P F R Y K – – – R K M T Q R MA L V M V G L A W T L S I L I S F I P 175

: * : * • * * * * : * * * • * * : * * : * : * • * : : : : : • * * : : :
TM5

D2L L F G – – – – – – – – – – – – – – – – – – – – – – – – – – – – L N N – – – A D Q N E C I I A N P A F V V Y S S I V S F Y 199
D2S L F G – – – – – – – – – – – – – – – – – – – – – – – – – – – – L N N – – – A D Q N E C I I A N P A F V V Y S S I V S F Y 199
D3 L F G – – – – – – – – – – – – – – – – – – – – – – – – – – – – F N T T – – G D P T V C S I S N P D F V I Y S S V V S F Y 198
D4 L C G – – – – – – – – – – – – – – – – – – – – – – – – – – – – L N D V R G R D P A V C R L E D R D Y V V Y S S V C S F F 202
D1 V Q L S W H K A K P T S – – – – – – – – – – – – – – P S D G N A T S L A E T I D N C D S S L S R T Y A I S S S V I S F Y 204
D5 V Q L N W H R D Q A A S W G G L D L P N N L A N WT P W E E D F WE P D V N A E N C D S S L N R T Y A I S S S L I S F Y 235

: • : : * * : * * :

D2L V P F I V T L L V Y I K I Y I V L R – – – – R R R K R V N T K R S S R A F R A H L R A P L K G N C T H P E D MK L C T V 255
D2S V P F I V T L L V Y I K I Y I V L R – – – – R R R K R V N T K R S S R A F R A H L R A P L K – – – – – – – – – – – – – – 241
D3 L P F G V T V L V Y A R I Y V V L K Q – – – R R R K R I L T R Q N S Q C N – – – – – – – – – – – – – – – – – – – – – – – 232
D4 L P C P L ML L L Y WA T F R G L Q R W E V A R R A K L H G R A P R R P S G P G P P S P – – – – – – – – – – – – – – – – 246
D1 I P V A I MI V T Y T R I Y R I A Q K Q – – I R R I A A L E R A A V H A K N C Q T T T G N G K – – – – – – – – – – – – – 249
D5 I P V A I MI V T Y T R I Y R I A Q V Q – – I R R I S S L E R A A E H A Q S C R S S – – – – – – – – – – – – – – – – – – 275

: * : : : * : : * * : :

D2L I MK S N G S F P V N R R R V E A A R R A Q E L E ME M L S S T S P P E R T R Y S P I P P S H H Q L T L P D P S H H G L 315
D2S – – – – – – – – – – – – – – – E A A R R A Q E L E ME M L S S T S P P E R T R Y S P I P P S H H Q L T L P D P S H H G L 286
D3 – – – – – – – – – – – – – – – – – S V R P G F P Q Q T L S P D P A H L E L K R Y Y S I – – – C Q D T A L G G P G F Q E R 272
D4 – – – – – – – – – – – – – – – – T P P A P R L P Q D P C G P D C A P P A P G – – L P R G P C G P D C A P A A P S L P Q D 288
D1 – – – – – – – – P V E C S Q P E S S F K MS F K R E T K Y L K T L S V I M G V F V C C WL P F F I N N C I L P F C G S G 301
D5 – – – – – – – – – – A A C A P D T S L R A S I K K E T K V L K T L S V I M G V F V C C WL P F F I L N C M V P F C S G H 325

• • • *

D2L H S T P – – – – D S P A K P E K N G H A K D H P K I A K I F E I Q T M P N G K T R T S L K T MS R R – K L S Q Q K E K K 370
D2S H S T P – – – – D S P A K P E K N G H A K D H P K I A K I F E I Q T M P N G K T R T S L K T MS R R – K L S Q Q K E K K 341

D3 G G E L – – – – K R E E K T R N S L S P T I A P K L S – – L E V R K L S N G R L S T S L K L G P L Q P R G V P L R E K K 326
D4 P C G P – – – – D C A P – P A P G L P P D P C G S N C A P P D A V R A A A L P P Q T P P Q T R R R R R A K I T G R E R K 343
D1 E T Q P – – – – F C I D S N T F D V F V WF G WA N S S L N P I I Y A F N A D F R K A F S T L L G C Y R L C P A T N N A 357
D5 P E G P P A G F P C V S E T T F D V F V WF G WA N S S L N P V I Y A F N A D F Q K V F A Q L L G C S H F C S R T – – P 383

• • •
TM6 TM7

D2L A T Q M L A I V L G V F I I C WL P F F I T H I L N I H C D – C N I P P V L Y S A F T WL G – – – – – – – – – – – – – – 415
D2S A T Q M L A I V L G V F I I C WL P F F I T H I L N I H C D – C N I P P V L Y S A F T WL G – – – – – – – – – – – – – – 386
D3 A T Q M V A I V L G A F I V C WL P F F L T H V L N T H C Q T C H V S P E L Y S A T T WL G – – – – – – – – – – – – – – 372
D4 A MR V L P V V V G A F L L C WT P F F V V H I T Q A L C P A C S V P P R L V S A V T WL G – – – – – – – – – – – – – – 389
D1 I E T V S I N N N G A A M F S S H H E P R G S I S K E C N L V Y L I P H A V G S – S E D L K K E E A A G – – – – – – – I 409
D5 V E T V N I S N – – – E L I S Y N D Q I V F H K E I A A A Y I H MM P N A V T P G N R E V D N D E E E G P F D R MF Q I 444

: : • • : • : • :

D2L – Y V N S A V N P I I Y T T F N I E F R – – K A F L K I L H C – – – – – – – – 313
D2S – Y V N S A V N P I I Y T T F N I E F R – – K A F L K I L H C – – – – – – – – 414
D3 – Y V N S A L N P V I Y T T F N I E F R – – K A F L K I L S C – – – – – – – – 400
D4 – Y V N S A L N P V I Y T V F N A E F R – – N V F R K A L R A C C – – – – – – 419
D1 A R P L E K L S P A L S V I L D Y D T D – – V S L E K I Q P I T P Q N G H P T 446
D5 Y Q T S P D G D P V A E S V W E L D C E G E I S L D K I T P F T P N G F H – – 477

• * : : * : *
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Figure 5. Protein sequence alignment of human dopamine receptor subtypes. (A). Produced by 
ClustalW, of five human dopamine receptor subtypes, identified by Genbank accession number (D1: 
AC#: NP_000785; D2Long: AC#: AAB26274; D2Short: NP_057658; D3 : NP_000787; D4: NP_000788; 
D5:NP_00789). Seven transmembrane regions (TM1-TM7) are indicated. Key: Single letters: amino 
acids. "*": identical in all sequences; ":": amino acids in similar group; ".": semi-conserved substitution 
(similar shapes). Grey background: amino acids conserved in D1 and D5; Orange background: amino 
acids conserved in D2Long, D2 Short, D3 and D4 receptor sequences. Amino acid numbers are shown at the 
right. (B). A cladogram depicting the hypothesized branching order of dopamine receptor subtypes (D1-
D5) sequences. 
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Table 1. Differences between D1-like and D2-like dopamine receptors in the CNS 

 

 D1-Like Receptors 

(Intronless) 
D2-Like Receptors 

(Introns) 
D1 D5 D2 D3 D4 

G protein Gαs, Golf Gαs, Golf Gαi/o Gαi/o Gαi/o 
Synaptic 
location 
 
AC activity 
 
PLC 

Post- 
synaptic 
 
Increase 
 
Gq, ↑Ca2+ 

Post-synaptic 
 
 
Increase 
 
Gq,↑Ca2+ 

Post- and 
presynaptic 
 
Decrease 

Post- and 
presynaptic 
 
Decrease 

Post- and 
presynaptic 
 
Decrease 
 
 

Selective agonistsҗ 
 

SKF83822 
SKF38393 
Dihydrexidin
e 

KF83822 
SKF38393 
Dihydrexi-
dine 

(+)PHNO 
Ropinirol 
Pramipexole 

(+)-PD128907 PD168077 

Selective 
antagonists♠ 

SKF83566 
SCH23390 

SKF83566 
SCH23390 

Raclopride, 
L-41626 

GR103691 
NGB2904 

L741742 
U101958 

Coding region 
 
 
Intracytosolic loop 
 
C-terminal 
 
Isomers 

Intron 
-less 
 
Short 
 
Long 

Intron 
-less 
 
Short 
 
Long 
 

Introns 
 
 
Long 
 
Short 
 
D2L & D2S 

Introns 
 
 
Long 
 
Short 

Introns 
 
 
Long 
 
Short 
 
 

Homology 
with D1 

 
100 

 
82 

 
44 

 
44 

 
42 

Homology with D2S  44 49 100 76 52 
Both D2L & D2S inhibit adenylyl cyclase (AC) by distinct Gαi proteins. Information has been adapted 
from references [35-36].  

 
 

4. DOPAMINE-MEDIATED SIGNALING 
 
Dopamine-mediated signaling activity depends on availability of pre-and-postsynaptic 

dopamine receptors, homomers formation between dopamine receptor subtypes, and 
heteromers formation between dopamine and other GPCRs, such as adenosineA2A, A1, subtype 
5 metabotropic glutamate (mGluR5), N-methyl-d-aspartate (NMDA), γ-aminobutryic acid 
(GABA)-A, and α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) [42]. D1-
like receptor signaling is linked with mobilization of intracellular calcium (Ca2+)i via 
phospholipase C (PLC) enzyme coupled to Gq protein [43]. D1-like receptor is 
pharmacologically distinct from the classic D1 receptor that is coupled to Gαs protein. D2-like 
receptor signaling is also linked with mobilization of intracellular calcium (Ca2+)i, via PLC 
enzyme coupled to Gq protein and cAMP/PKA cascade through heteromer (A2A-D2) 
formation. The phosphorylation and dephosphorylation of a cAMP-regulated phosphoprotein, 
molecular mass 32 kDa (DARPP-32), a dual function protein kinase/phosphatase inhibitor, 
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integrates information arriving at dopaminoceptive neurons (expressing dopamine receptor) 
in brain through a variety of neurotransmitters, neuromodulators, and neuropeptides [44-45]. 
Based on the sensitivity to a receptor antagonist (SCH23390) in striatonigral neurons, D1-
like receptors are coupled to three signaling cascades: (1) SCH23390-sensitive 
Gs/olf/AC/PKA, (2) SCH23390-insensitive adenosineA2A receptor-dependent Gs/olf/AC/PKA, 
and (3) Gq/PLC signaling (Kuroiwa et al., 2008). In SCH23390-sensitive Gs/olf/AC/PKA 
cascade, stimulation of D1-like receptors activates AC that increases cAMP formation. The 
increased activity of PKA phosphorylates DARPP-32 on a single threonine residue, Thr34, 
and converts it into a potent inhibitor of protein phosphatase-1 (PP-1). In SCH23390-
insensitive adenosineA2A receptor-dependent Gs/olf/AC/PKA cascade, D1-like dopamine 
receptors require interaction with adenosine A2A receptors to induce the phosphorylation of 
DARPP-32 at Thr34 [46]. In Gq/PLC signaling cascade, activation of Gq-coupled D1-like 
receptors stimulate PLC signaling, resulting in the suppression of DARPP-32 Thr34 
phosphorylation. However, the interaction of Gq/PLC signaling with SCH23390-sensitive 
Gs/olf/AC/PKA through phosphorylation at Thr-75 by Cdk5 inhibits Gs/olf/AC/PKA signaling 
[46].  

In D2-like receptor signaling, dopamine receptors are coupled to G proteins (Gαi/Gαo) and 
inhibit AC activity. These receptors can also be coupled with multiple effector systems, 
including calcium channels, potassium channels, phospholipases, protein kinases, and 
tyrosine kinases, through specific G-proteins. In striatopallidal neurons, the stimulation of 
D2-like receptor induces dephosphorylation of DARPP-32 [44-45]. Phosphorylation of 
DARPP-32 is also modulated by adenosineA2A receptors, which are predominantly expressed 
in enkephalin-expressing GABAergic striatopallidal neurons. Adenosine acts for A2A 
receptors induces phosphorylation of DARPP-32 at Thr34, opposing dopamine D2 receptor 
signaling [47]. This suggests that A2A receptors interact structurally with D2 receptor and 
form receptor heteromers that exhibit reciprocal antagonistic effect by triggering the cAMP-
PKA signaling cascade. This allows basal ganglia to regulate movement, motor learning, 
motivation and reward. A2A receptors also act as pre-and/or postsynaptic modulators of 
glutamatergic synapses, including D2 receptors and group I metabotropic mGlu5 glutamate 
receptors. Adenosine A2A and dopamine D2 receptors associate in homo- and heteromeric 
complexes in the striatum, suggesting differential alteration in A2A/D2 receptor 
oligomerization after long-term drug exposure [48]. Dissociation of an actin binding protein, 
spinophilin, from actin filaments results in its phosphorylation. Both PP-2A and PP-1 play a 
role in dephosphorylation of spinophilin at serine (Ser94) in response to activation of both D2 
and NMDA receptors [49]. DARPP-32 is regulated by several other modulatory 
neurotransmitters, such as serotonin, adenosin, GABA, and glutamate.  

The term signalplex, an assembly of G protein coupled receptors into signaling complex, 
represents the primary mechanism for establishing and maintaining receptor-mediated 
signaling [50]. In the the dopamine D2 receptor signalplex within the brain, D2 receptor is 
coupled with a variety of proteins and forms a complex. This signaling is regulated by 
dopamine receptor interacting proteins (DRIPs) such as calcyon and neuronal Ca2+ sensor 1 
(NCS-1) that participate in Ca2+ homeostasis [51], cytoskeleton proteins including 
neurofilament-M (NF-M) and postsynaptic density-95 (PSD-95) that interact with receptor 
and regulate its expression [52], adaptors or chaperones such as calnexin that is involved in 



The Molecular and Genetic Basis of Parkinson Disease 189 

protein folding or DRiP78 that regulates receptor transport [52], and sodium pump (Na+-K+-
ATPase) that regulates cellular ion balance [53] (Table 2). Collectively, intramembrane 
dopamine receptor interactions are important in the information handling in the basal ganglia. 
Therefore, unraveling the interaction of DRIPs with each dopamine receptor subtype may 
help in understanding the molecular mechanisms underlying neurological and 
neuropsychiatric diseases.  

 
Table 2. Dopamine receptor interacting proteins involved in dopamine signaling 

 

Receptor DRIPs Role 

D1 NF-M Modification of receptor expression and regulation 
D1 γ-COP Receptor trafficking 
D1 PSD-95 Regulates G protein coupling to the receptor 
D1 DRiP78 Receptor transport from ER to the PM 
D1 and D2 Calnexin Glycoprotein folding and ER quality control 
D1 Calveolin-1 Receptor internalization 
D1 Arrestin Receptor desensitization 
D1 and D5 NSF Post-endocytic recycling of receptor back to PM  
D5 SNX-1 Targets receptor to lysosomal degradation 
D1 and D2 α1 subunit of Na+, K+-

ATPase 
Modulation of receptor function in the presence or in the 
absence of ligand  

D1  D2 D1- D2 receptor heterooligomer activates PLC, ↑ Ca2+ 
signaling 

D1  Adenosine A1 Heteromerization  
D1 NMDA Direct protein-protein interaction facilitates the functional 

interaction 
D5 GABA Direct protein-protein interaction facilitates the functional 

interaction 
D2L Zinc finger protein 491, 

Calumenin, α1 subunit of 

Na+
,
 K+ ATPase, ubiquitin 

b, mono carboxylic acid 
transporter, & kinesin 
family member 11 

Several proteins have been identified by mass 
spectroscopy, which co-immunoprecipitated with D2L 
dopamine receptor in HEK293 T cells transfected with rat 
FLAG-D2L receptor 

Dopamine receptor interacting proteins (DRIPs); Neurofilament protein (NF-M); γ subunit of the coatomer 

protein complex (γ-COP); Postsynaptic density-95 (PSD-95); N-ethylmaieimide-sensitive factor (NSF) and 
sorting nexin 1(SNX-1); Endoplasmic reticulum (ER); Plasma membrane (PM), N-methyl-D-aspartic acid 
(NMDA); γ-Aminobutyric acid A (GABA). Information is summarized from [52-53].  

 
 
5. LOCALIZATION AND FUNCTIONAL IMPLICATIONS OF 

DOPAMINE RECEPTOR SUBTYPES 
 
A wide range of behavioral functions mediated by dopamine receptor subtypes in the 

CNS suggest that along with motor programming dopamine modulates non-motor activities 
(Table 3). D1-like dopamine receptors (D1, D5) have been located in the cerebral cortex, 
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limbic and niagrostriatal systems. In the prefrontal cortex, D1 is enriched in spines and D5 in 
dendrites with considerable overlap in their distribution within neuronal compartments [54]. 
Within the striatum, D5 receptor is expressed predominantly in cholinergic interneurons, 
whereas D1 receptor is expressed predominately in GABAergic neurons [55-56]. D1 and D5 
receptors cannot be pharmacologically distinguished, but have important functional 
differences. Unlike the D1 receptor, D5 receptor does not form functional complexes with A1 
adenosine receptors [57]. Recent study in D5 receptor knockout mice has demonstrated that 
dopamine and D1-like receptor agonists produce a complete loss of the ability in inducing 
inositol phosphate accumulation or diacylglycerol production in brain tissues, suggesting that 
D5 subtype is required for inducing PLC-mediated phosphoinositide signaling [58]. D1-like  
(D1, D5) dopamine receptors are generally postsynaptic and regulate locomotion, and the 
expression of activity-dependent synaptic plasticity at corticostriatal synapses [56].  

 
Table 3. Localization and functional implications of dopamine receptor subtypes in 

human brain 

 

Brain regions Subtypes Neural pathways Dopamine-mediated 

functions 

Caudate putamen, nucleus 
accumbens, ofactory tubercle, 
hypothalamus, thalamus, frontal 
cortex 

D1, RD4, MD5 Nigrostriatal Motor function 

Caudate Putamen, nucleus 
accumbens, ofactory tubercle, 
Thalamus, cerebral cortex (low) 

D2 Nigrostriatal Motor function 

Nucleus accumbens, olfactory 
tubercle, cerebral cortex (low), 
islands of calleja 

D3  Mesocortical  Cognition, reward and 
reinforcement  

Hippocampus, hypothalamus, 
frontal cortex, mid brain, 
amygdala, retina  

D4 Mesocortical Cognition, reward and 
reinforcement  

Hippocampus, thalamus, 
Cerebral cortex, lateral memory 
nucleus 

D5 Mesocortical Cognition, reward, and 
reinforcement  

Caudate putamen, dorsal striatum; RD4 = D4 mRNA expression at extremely low levels has been 
reported in rat striatum, but its expression is a controversial issue in the human striatum; MD5 = D5 
receptor mRNA expression at low levels in the old-world monkey striatum. Nigrostriatal pathway 
(connects the substantia nigra with striatum) is particularly involved in the production of movement, 
therefore any disturbance in nigrostriatal dopamine function has been implicated in PD. The mesolimbic 
dopamine system originates in the ventral tegmental area and projects to several forebrain regions, 
including the nucleus accumbens. Mesocortical pathway connects the ventral tegmentum to the cerebral 
cortex, particularly the frontal lobes. Mesocortical dopamine system is essential for the normal 
cognitive function, motivational and emotional responses. Thus, disturbances in mesocortical dopamine 
functions have been implicated in both neuropsychiatric and neurodegenerative diseases. 
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In the nigrostriatal pathway, cooperativity between D1 and D2 receptor subtypes is 
involved for the autoregulation of dopamine [59]. In response to high dopamine efflux, 
stimulation of striatal D1 receptors contributes to the negative feedback regulation of 
dopamine release from nigrostriatal neurons [59-62], which may be due to activation of an 
inhibitory long loop pathway. At basal dopamine concentrations, presynaptic D2 receptors 
reduce the functioning of DA-ergic neurons by three mechanisms: (1) dopamine synthesis, 
(2) reduction in impulse generation, and (3) dopamine release [63-65]. Furthermore, 
somatodendritically released dopamine binds with D2 receptors on presynaptic DA-ergic 
neurons in the substantia nigra that results in reduction of dopamine neuronal activity and 
subsequent dopamine release in the striatum [66].  

Postsynaptic D2 receptors are present in DA-ergic projection areas, such as the striatum, 
limbic areas (nucleus accumbens, olfactory tubercle), hypothalamus and pituitary (Table 3). 
D2 receptors are also present presynaptically in the substantia nigra, ventral tegmental area 
and striatum. Bromocriptine has been proven to be efficacious in treating PD because of its 
D2 agonist activity, whereas, D2 antagonists (e.g. haloperidol and chlorpromazine) are 
commonly used in the treatment of psychiatric illness. The D3 and D4 dopamine receptors are 
differently distributed, and are much less abundant than the D2 subtype. D3 receptors are 
primarily expressed in limbic regions in mammals with low density in the striatum [67-68]. 
The selective D3 receptor antagonists (SB-277011 and NGB-2904) block cocaine- or 
nicotine-enhanced brain stimulation reward, implicating their role in drug dependence and 
addiction [67,69]. A necessary role for D3 receptor has been suggested for ethanol 
sensitization but not amphetamine sensitization [70]. Some evidence links D3 function with 
PD and schizophrenia [71]. D4 receptors are found in the frontal cortex, amygdala, mid-brain 
and medulla, but their functions are not known [36]. Collectively, the understanding of 
location and molecular pharmacology of dopamine receptor subtypes may offer clues 
regarding potential therapies of PD.  

 
 

6. DOPAMINE-MEDIATED OXIDATIVE STRESS AND 

NEUROINFLAMMATION IN PD 
 
PD is a progressive neurodegenerative disorder of nigrostriatal DA-ergic system. It is 

characterized by the loss of DA-ergic neurons in the substantia nigra pars compacta (SNpC) 
that control muscle movement [72], 50-70% loss of striatal dopamine, presence of Lewy 
bodies (intracytoplasmic protein aggregates mainly composed of α-synuclein in the midbrain 
[73], and mitochondrial complex I deficiency in the SNpc [74-76]. Although, molecular 
mechanism associated with the pathogenesis of PD is not fully understood. However, 
involvement of oxidative stress, inflammation, excitotoxicity, cytokine activation, 
mitochondrial dysfunction, and ubiquitin-proteasomal impairment has been suggested in PD 
[77-81]. In this review, I will emphasize the involvement of oxidative stress and 
neuroinflammation, because these processes have recently taken center stage for 
neurodegeneration in PD (Figure 6).  
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Figure 6. Possible ROS/RNS-mediated oxidative stress pathways implicating neurodegeneration of DA-
ergic neurons in Parkinson disease: (1) mitochondrial dysfunction, (2) nicotinamide adenine 
dinucleotide phosphate-oxidase (NADPH oxidase), (3) increase in nitric oxide (NO.) formation, (4) 
Ubiquitin-proteasome system (UPS) dysfunction. NADPH oxidase is comprised of cytoplasmic 
subunits (p47phox, p67phox, and p40phox) and upon phosphorylation by specific protein kinases, these 
subunits can form a complex and translocate to the plasma membrane to dock with the plasma 
membrane subunits (p91phox, p22phox, and Rac2). Catalysis of NADPH oxidase occurs in the 
p91phox subunit, and is initiated by transferring of electrons from molecular oxygen through redox 
coupling with NADPH, FAD, and heme, producing superoxide. diacylglycerol (DAG); nitric oxide 
synthase (NOS); (ONOO); (O2-); (InP3); (PtdIns-4,5-P2). 

Oxidative stress is caused by a disturbance in the cellular prooxidant/antioxidant ratio. In 
this phenomenon, antioxidant mechanisms are overwhelmed by reactive oxygen species 
(ROS), which include (superoxide, hydroxyl, peroxyl, and hydroperoxyl radicals) and 
nonradical oxidizing agents, such as hydrogen peroxide, that can produce hydroxyl radicals 
[82]. Dopamine receptors are coupled with enzymes of phospholipid catabolism via G-
proteins. These enzymes include phospholipase A2 (PLA2) and phospholipase C (PLC) 
(Figure 6). Activation of dopamine receptors leads to the stimulation of PLA2 and PLC, 
resulting in the production of arachidonic acid, AA (Figure 6). DA-ergic nigrostriatal neurons 
are also rich in glutamate receptors, which may contribute to excitotoxicity in PD [83]. 
Hyperstimulation of glutamate receptors results in extensive influx of Ca2+ that again 
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activates PLA2, resulting in production of AA from neural membrane glycerophospholipids. 
Glutamate-mediated release of AA also involves participation of PLC/diacylglycerol lipase 
pathway (Figure 6). Enzymic oxidation of AA through cyclooxygenase results in the 
production of eicosanoids that promote inflammation. Non-enzymic oxidation of AA 
produces ROS that activates NF-ĸB, a key regulator of neuronal death (Figure 6). ROS 
interacts with p50 and p65 subunits of NF-ĸB and promotes the translocation of NF-ĸB from 

the cytoplasm to the nucleus [84]. In the nucleus, NF-ĸB promotes transcription of genes that 
encode number of proteins, including many enzymes (cyclooxygenase-2 (COX-2), inducible 
nitric oxide synthase (iNOS), superoxide dismutase (SOD), soluble phospholipase A2 
(sPLA2), matrix metalloprotease (MMP), vascular cell adhesion molecule-1 (VCAM-1), and 
cytokines, such as TNF-α, IL-6, & IL-10. These mediators not only contribute to oxidative 
stress, but also induce neuroinflammation that may harm DA-ergic neurons.  

In addition, different nicotinamide adenine dinucleotide phosphate oxidase (NADPH 
oxidase) isoforms are present in neurons and glial cells. NADPH oxidase is a complex that 
consists of two membrane-bound and three cytosolic components, plus rac 1 or rac 2 (Figure 
6). Its activation involves the phosphorylation of one of the cytosolic components. In the 
presence of O2 and NADPH, this enzyme catalyzes the production of superoxide (O2

•-), 
implicating its role in altering synaptic plasticity [85]. In astrocytes and microglial cells, ROS 
are mainly produced by NADPH oxidase. Thus, mitochondrial dysfunction and NADPH 
oxidase produce ROS, which result in an imbalance in the cellular oxidative status (Figure 6). 
Similarly, activation of iNOS generates NO·, which reacts with O2

•- and generates 
peroxynitrite (ONOO-, a potent oxidant). ONOO--mediated protein nitration has been 
reported in PD [86]. ONOO- not only interacts with proteins and DNA but also reduces 
mitochondrial respiration, inhibits membrane pumps, and depletes cellular glutathione levels 
[87], contributing to death of DA-ergic neurons. The ubiquitin–proteasomal system (UPS) is 
responsible for homeostatic degradation of intact protein substrates as well as the elimination 
of damaged or misfolded proteins. ROS impair the UPS, which exacerbates protein 
aggregation, resulting in the formation of Lewy bodies (Figure 6). Collectively, ROS/RNS-
mediated processes lead to oxidative and/or nitrosative damage to cellular proteins, lipids and 
DNA, implicating their major role in the neurodegeneration of dopaminergic neurons in PD. 

 
 
7. DOPAMINE-MEDIATED LEARNING, AGING AND PD 

 
Sequential learning, involved with the processing of a variety of cognitive functions, 

such as linguistic expression, semantic sequencing, working memory, and procedural 
memory, is an important aspect of cognitive processing [88]. Sequential learning is impaired 
in PD patients, suggesting that altered dopamine neurotransmission may be responsible for 
serial reaction time learning deficits associated with this disease [89-90]. In animal studies, 
following neurotoxin, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-mediated 
unilateral lesions in the striatum to deplete dopamine unilaterally in the striatum, show loss in 
learning sequential tasks [91-92]. Recent study using molecular imaging supports the notion 
that striatal dopamine is critical for motor sequential learning [88].  



Tahira Farooqui 194 

In aging, the deficiency of dopamine in the prefrontal cortex results in the deficit in 
working memory, whereas, in acute stress, excessive dopamine neurotransmission leads to 
impairment in working memory. These impairments can be attenuated by D1 receptor agonist 
and antagonist treatment, respectively [93-94]. Age-related loss of dopamine synthesis has 
been reported in the striatum as well as in the extrastriatal regions except midbrain in the 
postmortem brain [95]. Age-related loss of D2 and D3 receptors has been observed in the 
striatal and several extrastriatal regions in normal human brain [96]. Age-related decline in 
brain performance, including learning, is due to deterioration of synaptic contact and changes 
in neurotransmitters/neuromodulators concentrations [93-94,97].  

In PD, there is a decline in some forms of memory while leaving others relatively intact 
[98-99]. These patients suffer from impaired working memory and have problems in 
organizing and using new materials as well as applying strategies. Evidence indicates that 
these problems are probably due to dysregulation in prefrontal cortex as a result of decreased 
subcortical input into the frontal cortex [100-101]. In the prefrontal cortex, D1 and D5 
receptors play an essential role in mediating working memory functions, whereas less is 
known about the importance of other dopamine receptor subtypes (D2, D3, D4) in the 
prefrontal cortex [94]. D1-like antagonists that inhibit D1 and D5 receptors (but not D2 
receptors) suppress prefrontal cortex, disrupting working memory, whereas prefrontal 
infusion of low levels of D1 agonists (but not D2 agonists) improves working memory. 
Interestingly, D4 receptors, are also abundantly expressed in the prefrontal cortex, and seem 
to be involved with working memory of rats [102]. Moreover, patients with schizophrenia 
show a variety of impairments in cognitive and executive functions subserved by the 
prefrontal cortex, which may be due to alterations in mesocortical dopamine activity in the 
prefrontal cortex, impairement in prefrontal calcium signaling, and altered D1 receptor 
signaling within prefrontal cortex [103-104]. Collectively, dopamine dysregulation disrupts 
synaptic plasticity that leads to deficits in working memory. 

 
 
8. MITOCHONDRIAL ELECTRON TRANSPORT CHAIN AND 

OXIDATIVE STRESS IN PD 
 
Mitochondria are primary organelles responsible for ATP generation for cellular 

activities. The mitochondrial generation of energy is regulated by five electron transport 
chain complexes located in the inner mitochondrial membrane. The redox energy from 
reduced electron carriers, nicotinamide adenine dinucleotide (NADH) and flavin adenine 
dinucleotide (FADH2), is transferred to O2 (terminal electron acceptor in the chain) to 
produce H2O via four respiratory chain complexes. The establishment of a proton gradient 
across the inner mitochondrial membrane forms the basis of the inner mitochondrial 
transmembrane potential (ΔΨm). The energy released from the proton gradient is used to 
drive ATP synthesis via fifth complex in the electron transport chain.  

Inner mitochondrial membrane contains five electron transport chain complexes and two 
mobile carriers, coenzyme Q and cytochrome c (Figure 7). Complex I is NADH 
dehydrogenase that transfers one electron from NADH to coenzyme Q and two protons to the 
mitochondrial intermembrane space. Complex II is succinate dehydrogenase that catalyzes 
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oxidation of succinate to fumarate, reducing FAD to FADH2, allowing electron flow from 
succinate to coenzyme Q. No proton transport occurs in this complex. Complex III is 
coenzyme Q-cytocrome c reductase that drives proton transport through Q cycle where 
reduced coenzyme QH2 passes its electrons to cytochrome c. Complex IV is cytochrome c 
oxidase that accepts electrons from cyt c and directs them to two electron reduction of O2 to 
form H2O. Complex V is ATP synthase that uses the energy of proton gradient to synthesize 
ATP from ADP and Pi in the matrix (Figure 7).  

Deficiencies in mitochondrial electron transport chain underlie defects in energy 
metabolism and have been implicated in the neurodegenerative process. A reduction in 
complex I activity in PD is thought to cause bioenergetic dysfunction with subsequent loss of 
DA-ergic neurons [105]. Experimental evidence also points the involvement of certain genes, 
such as SNCA, Parkin, DJ-1, PINK1, GSTO1, LRRK2, and HTRA2 that encode corresponding 
proteins, including α-synuclein, E3 ubiquitin-protein ligase (parkin), transcriptional co-
activator DJ-1, phosphatase and tensin homolog (PTEN)-induced kinase 1 (PINK-1), 
glutathione S-transferase omega 1 (GSTO1), leucine-rich repeat kinase 2 (LRRK2), and 
serine protease (HTRA2), in the pathogenesis of PD (Table 4).  

 
 

8.1. α-Synuclein 

 
α-Synuclein is a small 140 amino acid presynaptic protein especially abundant in the 

brain. This protein is characterized by repetitive imperfect repeats (KTKEGV) throughout 
most of the amino-terminal half of the polypeptide, a hydrophobic middle region, and acidic 
carboxy-terminal region [106]. It is found in both cytosolic and membrane bound forms, but 
mainly located in the cytoplasm (Figure 7). α-Synuclein is a major constituent of Lewy 
bodies [73]. An important property of -Synuclein's is that in the presence of specific 

phospholipids conformational changes occur in this protein [107-108]. Aggregation of α-
synuclein is toxic to vulnerable neurons (Table 4), as observed in the brains of patients with 
PD. When expressed in nM concentration, α-synuclein protects neurons against cellular stress 
through the phosphatidylinositol 3-kinase (PI3K)/Akt (protein kinase B) signaling pathway, 
whereas its overexpression (μM concentration) exerts cytotoxic effect [109]. These data 
suggest dual roles of α-synuclein (neuroprotection and neurotoxicity) depending on its 
expression levels. In MN9D cells (an immortalized dopamine-containing neuronal hybrid cell 
line) transfected with wild-type or A53T mutant gene, overexpression does not alter TH 
protein levels but markedly reduces TH activity, suggesting that α-synuclein regulates 
dopamine biosynthesis [110].  

Mutations in α-synuclein gene are associated with mitochondrial abnormalities and cell 
death due to increased susceptibility to oxidative stress [111-112]. Furthermore, the 
overexpression of α-synuclein in human embryonic kidney (HEK) cells results in increased 
mitochondrial susceptibility to rotenone-induced toxicity compared to control HEK cells 
[113]. A significant reduction in intracellular ATP levels in response to subtoxic 
concentrations of rotenone observed in human embryonic kidney (HEK) cells overexpressing 
α-synuclein suggests that at high concentration this protein is translocated from cytoplasm to 
mitochondria, causing enhanced toxicity. It is associated with an increased rate of neuronal 
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cell death when gene is either in its mutant or highly expressed form. The exact cellular 
function of α-synuclein remains unclear, but it may regulate synaptic plasticity. 

 

 

Figure 7. Schematic diagram of a mitochondrion showing the electron transport chain and location of 
selected proteins involved in oxidative stress. IMM, intermitochondrial membrane; OMM, outer 
mitochondrial membrane; IMS, inner matrix surface; ☼, ROS; Suc, succinate; Fum, Fumurate, DOPAL, 
3,4-dihydroxyphenyl- acetaldehyde; mito. DNA, mitochondrial DNA; DA, dopamine; MAO, 
monoamine oxidase. PINK1, PTEN-induced kinase 1; LRKK2, Leucine-rich repeat kinase 2 ; DJ-1, 
mitochondrial antioxidant protein; HTRA2, high temperature requirement protein A2; GST, glutathione 
S-transferase; parkin, E3 ubiquitin-protein ligase; α-synuclin, a presynaptic protein. Auto-oxidation of 
dopamine produces dopamine quinones, and deficiency of glutathione results in cellular toxicity.  

 
8.2. Parkin 

 
Parkin is a 465-amino acid protein that has E3 ubiquitin-protein ligase activity [114]. 

Parkin is mainly located in the cytoplasm and in the outer mitochondrial membrane (Figure 
7). It is involved in the UPS to clear misfolded proteins and other target molecules. In PD, 
death of nigrostriatal DA-ergic neurons is accompanied by the accumulation of a wide range 
of poorly degraded proteins and formation of Lewy bodies, implicating that mutation in 
parkin gene causes impairment in protein clearance (Table 4). A wide variety of mutations, 
such as exon deletions and duplications as well as point mutations in the parkin gene result in 
the autosomal recessive early-onset parkinsonism [115-118]. Mutations in genes of two 
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enzymes in the ubiquitin-proteasome system (parkin and ubiquitin C-terminal hydrolase) are 
associated with neurodegeneration in some familial forms of PD, supporting the notion that 
failure of the UPS may contribute to neurodegeneration and formation of Lewy bodies in PD 
[119]. Parkin serves as a neuroprotective role by forming polyubiquitin chains in substrate 
proteins that target them for proteasomal degradation [120]. Two of its subsrates are 
glycoslyated form of -synuclein and synphilin-1 (α-synuclein interacting protein), thus 
parkin may be involved in modulating the turnover and function of these presynaptic 
proteins.  

 
Table 4. Genes involved in Parkinson Disease (PD) 

 

Gene Role Gene mutation- linked 

to diseases 

Reference 

SNCA  Binding with lipids promotes 
formation of oligomers, ↑ 

sensitivity 
to oxidative stress  

An inherited form of PD  [188, 107-108] 

Parkin E3-ubiquitin ligase controls 
protein degradation via UPS, & 
improves mitochondrial 
dysfunction 

Autosomal recessive PD 
of early onset. Selective 
neural cell death without 
forming Lewy bodies 

[137] 

DJ-1  A neuroprotective 
transcriptional co-activator that 
blocks oxidative stress, and 
maintains mitochondrial 
function 

Early onset autosomal 
recessive form of  
PD 

[127, 134, 137] 

PINK1 Mitochondrial protein kinase 
has a neuroprotective role 
in the mitochondria against 
oxidative stress  

Autosomal recessive 
form of PD  
 

[140-141] 

HTRA2 Serine protease maintains 
mitochondrial integrity  

Autosomal recessive 
form of PD  

[168-169]  

LRRK2 The increased kinase activity in 
mutants, but its function not 
clearly elucidated 

Familial and sporadic 
PD 

[151-152, 156]  
 

GSTO1 Post-translational modification 
of IL-1β protects against 
inflammation   

Linked to PD [173-174] 

 
Inactivation of the parkin gene in mice may cause motor and cognitive deficits, inhibition 

of amphetamine-induced dopamine release and inhibition of glutamate neurotransmission, 
suggesting that parkin facilitates dopaminergic neurotransmission [121]. This finding is 
supported by a study reporting that parkin-expressed substantia nigra in mice shows a 
significant increase in the survival of tyrosine hydroxylase-positive neurons [122]. 
Intracellular oxidation of dopamine plays a critical role in the degeneration of DA-ergic 
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neurons [123]. The overexpression of parkin results in reduction of DOPAC levels, produced 

during dopamine oxidation by MAO, further supporting a stimulatory role of parkin for the 
presynaptic dopamine neurotransmission. Parkin suppresses the expression of monoamine 
oxidases [124]. Overexpression of parkin has been reported to protect human dopamine 
neuroblastoma (SH-SY5Y) cells against dopamine-induced apoptosis by decreasing ROS 
produced during dopamine metabolism [125]. Thus, parkin may limit the production of ROS 
generated by MAO during dopamine oxidation, suggesting its protective role for the survival 
of DA-ergic neurons. 

 
 

8.3. DJ-1 

 
DJ-1 is a putative mitochondrial antioxidant protein of 189 amino acids. DJ-1 acts as a 

H2O2 sensor [126]. It is found in a variety of tissues, including brain, and partially localized 
to the mitochondrial matrix and intermembrane space (Figure 7). Homodimerization of DJ-1 
is critical for its catalytic activity, therefore, absence or inactivation of DJ-1 may result in PD 
[127-128]. A number of missense mutations in DJ-1, such as L166P, disrupt 
homodimerization resulting in a poorly folded protein, and other mutations A104T, E163K, 
and M26I subtly perturb DJ-1 structure and reduce thermal stability, implicating rare forms of 
familial PD [129].  

The downregulation of DJ-1 increases ROS-mediated cell death in neuronal cell lines 
[130]. DJ-1-deficient mice have normal number of DA-ergic neurons in the substantia nigra, 
but evoked dopamine overflow in the striatum is significantly reduced primarily due to 
increased reuptake [131]. Nigral neurons lacking DJ-1 are also less sensitive to the inhibitory 
response of presynaptic D2 dopamine receptor stimulation. Nigrostriatal DA-ergic 
dysfunction, motor deficits, and hypersensitivity to MPTP in DJ-1-deficient mice suggest an 
essential role for DJ-1 in dopaminergic neurotransmission [131-132]. Another independent 
study showing age-dependent progression of motor deficits and DA-ergic dysfunction in 
nigrostriatal pathway in DJ-1 null mice supports the importance of DJ-1 in the pathogenesis 
of PD [133]. In Drosophila melanogaster, inhibition of DJ-1a (a homolog of the human DJ-1) 
results in cellular accumulation of ROS, hypersensitivity to oxidative stress and degeneration 
of DAergic neurons [134]. Furthermore, DJ-1A RNAi flies show reduction in Akt 
phosphorylation causing impairment in PI3K/Akt signaling, implicating that DJ-1 promotes 
neuronal survival [134]. Double knockout flies for DJ-1α and DJ-1β display selective 

sensitivity to other toxins, paraquat and rotenone, further confirming its protective role 
against oxidative stress [135]. Collective findings suggest that DJ-1 plays an important player 
(Table 4) in cellular defense against oxidative stress and maintains mitochondrial function 
[127,135-137]. Therefore, loss of DJ-1 may lead to PD by conferring hypersensitivity to 
dopaminergic insults. 
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8.4. PINK1 

 
PTEN-induced kinase 1 (PINK1) protein is a serine-threonine kinase, which is localized 

in mitochondria. It is not yet clear whether PINK1 is selectively localized (Figure 7) within 
the outer or the inner mitochondrial membrane [138]. PINK1 protects cells from stress-
induced mitochondrial dysfunction and is required for long-term survival of DA-ergic 
neurons [139-141].  

Mutations in PINK1 gene (Table 4) cause autosomal recessive early-onset in PD [142]. 
Some missense mutations in PINK1 are associated with down-regulation of the protein 
serine/threonine kinase activity [143-144]. Drosophila bearing null mutation for dPINK1 
show fragmented cristae, loss of outer membrane, and ATP depletion accompanied with DA-
ergic neuronal degeneration, supporting that PINK1 plays functional and structural roles in 
mitochondria [145-146]. PINK1 knockout mice have been reported to show impairment in 
evoked dopamine release without any alteration in number of DA-ergic neurons, DA-ergic 
receptors or dopamine synthesis [147]. Direct activation of appropriate postsynaptic DA-
ergic receptors compensates for a presynaptic defect in dopamine release, suggesting that 
impaired presynaptic release of dopamine may be a common pathophysiological mechanism 
in PD [147]. In contrast to PINK1 knockout fly, mitochndria in PINK1 knockout mice appear 
to be structurally intact and preserved in total number, however, mitochondrial key function 
is impaired [138]. There is a possibility that mitochondrial functional defect in PINK1 
knockout mice may be a causal and early pathogenic event of PD. Loss-of-function 
mutations, including degeneration of DA-ergic neuronal, locomotor defects and 
mitochondrial defects, in Drosophila PINK1 model system reproduce some aspects of PD. 
Collectively, PINK1 is a neuroprotective protein and therefore loss of PINK1 function causes 
PD.  

 
 

8.5. LRRK2 

 
Leucine-rich repeat kinase 2 (LRRK2) is a multidomain protein kinase with 

autophosphorylation activity. It is an extraordinarily large complex of proteins that contains 
multiple domains, including a leucine-rich repeat (LRR), serine-threonine kinase mitogen-
activated protein kinase kinase kinase (MAPKKK), Ras of complex proteins (ROC) that may 
act as GTPase (ROC-GTPase), and WD40 domain [148-149]. Each domain of this complex is 
targeted by pathogenic mutations in familial PD. Although, most of LRRK2 is localized in 
the cytosol, but ~ 10% is associated with the mitochondrial outer membrane (Figure 7). ROC 
domain dimer may act as a GTPase to regulate its LRRK2 kinase activity [150]. GTPase can 
be activated independently, but LRRK2 kinase activity strictly requires activation of GTPase 
[151]. PD-associated LRRK2 is a dimer that undergoes intramolecular autophosphorylation, 
and its intact C terminus is required for autophosphorylation activity [152].  

Dominant missense mutations in LRRK2 gene are the most common genetic cause of PD, 
but the mechanisms by which these mutations disrupt neuronal function causing loss of DA-
ergic neurons remain poorly understood. It is the most common cause of familial autosomal 
dominant and also sporadic forms of PD [153-155]. Mutations in LRKK2 
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(autophosphorylation and the phosphorylation of a generic substrate) augment kinase activity 
[156]. Thus, mutations increase in kinase activity (Table 4) that may be associated with 
apoptotic cell death in dopaminergic cell lines and primary neurons [151].  

In primary neuronal culture, mutated LRRK2-mediated neurodegeneration is prevented 
by the functional inhibition of Fas-associated protein with death domain (FADD) or depletion 
of caspase-8, two key elements of the extrinsic cell death pathway. This finding suggests that 
mutated LRRK2 may induce death signaling by interacting with FADD and caspase-8, which 
establishes a direct link between a mutant LRRK2 gene and programmed cell death [157]. 
Furthermore, heat shock protein 90 (Hsp90) has been reported to interact with LRRK2. This 
interaction is critical for maintaining the stability of LRRK2. Therefore, any disruption in the 
association between Hsp90 and LRK2 results in proteasomal degradation of LRRK2 [158]. 
Destabilization of mutated LRRK2 (by blocking Hsp90-mediated chaperone activity) may be 
a novel way to limit its detrimental effects. These new findings of LRRK2 research warrant 
further investigation.  

 
 

8.6. HTRA2 

 
High temperature requirement protein A2, (HTRA2), is a mitochondrial serine protease 

that is released from mitochondria to the cytoplasm and inhibits the function of X 
chromosome-linked inhibitor of apoptosis (XIAP) [159]. A monomeric structure of HTRA2 
consists a trimerization motif, a C-terminal PDZ domain, and a central serine protease 
domain that contains the His-198, Asp 228, and Ser-306 in its active site HTRA2 protein 
contains a central serine protease domain and a C-terminal PDZ domain [160-162]. HTRA2 
is localized in intermembrane space within the mitochondria (Figure 7). HTRA2 is released 
into the cytosol in response to apoptotic stimuli, where it can induce apoptosis in a caspase 
dependent or independent manner [163-164].  

Mutational analysis reveals that the phenylalanine 149 in HTRA2 at the 
homotrimerization motif is crucial for the formation of homotrimeric assembly of HTRA2 
[165]. In the absence of this assembly, HTRA2 monomeric form abolishes its autoproteolytic 
activity and proteolytic activity against XIAP, a mammalian inhibitor of apoptosis protein 
having caspase inhibitory activity, suggesting that the homotrimeric structure of protein is 
required for executing its serine protease activity. The missense mutation of the HTRA2 
protease domain (substitution of cysteine for serine at residue 276) in mice exhibits 
progressive loss of striatal neurons, leading to motor dysfunction [166]. Another missense 
mutation (substitution of serine for glycine at residue 399) is rare in individuals with PD, but 
absent in healthy humans [167]. HTRA2 phosphorylation decreases in brain tissues of 
parkinsonian patients carrying PINK1 mutations, suggesting that HTRA2 protease activity is 
regulated by PD-associated PINK1 [168]. Similarly, HTRA2 mutants share some phenotypic 
similarities with Parkin and PINK1 mutants in fruit fly [169]. Taken together, HTRA2 plays 
an important role in maintaining the mitochondrial homeostasis. 
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8.7. GSTs 

 
The glutathione-S-transferases (GSTs) gene family encodes cytosolic proteins (Figure 7), 

which are involved in detoxification of toxic chemical compounds, drugs, oxidized 
metabolites of catecholamines, and environmental pollutants, through conjugation of reduced 
glutathione. Human cytosolic GST genes (GSTO1, GSTM1, GSTM3, GSTP1, GSTT1, and 
GSTZ1) are polymorphic. The encoded proteins in GST family may vary in their substrate 
specificity and tissue distribution, and to some extent may even show some overlap. GSTs are 
a family of inducible phase II enzymes and possess detoxification and antioxidative 
functions. Various mechanisms have been implicated in the pathogenesis of PD. Among 
them, oxidative toxicity (excessive formation ROS and/or absence of detoxification of ROS) 
is suggested to play an important role. In the DA-ergic system, oxidation of dopamine to o-
quinone, its subsequent product, aminochrome (2,3dihydroindole-5,6-dione), may elicit redox 
cycling, toxicity and apoptosis [170-171].  

Omega class of cytosolic GST possesses dehydroascorbate reductase and thioltransferase 
activities and also catalyzes the reduction of monomethylarsonate, an intermediate in the 
pathway of arsenic biotransformation. There are two functional Omega class glutathione 
transferase genes in humans: GSTO1 and GSTO2. GSTO1 encodes glutathione S-transferase 
omega 1 protein family (GSTO1). GSTO1 modulates ryanodine receptors (a class of 
intracellular calcium channels in the endoplasmic reticulum of various cells, including 
neurons), and interacts with cytokine release inhibitory drugs [172-173]. GSTO1 modifies the 
age-at-onset of PD [173]. It is involved in the post-translational modification of the 
inflammatory cytokine IL-1β, a proinflammatory cytokine that is overexpressed in the brains 
of parkinsonian patients (Table 4), suggesting its protective role against inflammation [173-
174]. GSTO1 uses glutathione in the process of the biotransformation of drugs, xenobiotics 
and oxidative stress, therefore mutation in GSTO1 is linked to PD. Biological function of 
GSTO2 is not known, but it is suggested to protect against oxidative stress by recycling 
ascorbate [175], implicating its role in influencing the age-at-onset of PD. Association of 
GSTM1 null polymorphism with PD is reported to be strongest in the earlier age range [176]. 
Under physiological conditions, this enzyme catalyzes the conjugation reaction between 
glutathione and quinones [177-178]. The deficiency/absence of GSTM1 influences an 
individual‘s risk to PD. 

Collectively, GSTs protect DA-ergic neurons in PD through their direct antioxidant 
activity, and facilitate the elimination of endogenous toxins from the cell. In general, they 
have cytoprotective properties and are hypothesized to protect against neurodegeneration.  

 
 
9. PHARMACOGENETICS/PHARMACOGENOMICS IN THE 

TREATMENT OF PD 
 
Pharmacogenetics, deals with the influence of genetic factors on drug response based on 

interindividual differences considering one or few candidate genes while pharmacogenomics 
considers the entire genome using genomic technologies to develop new drugs as well as to 
characterize older drugs. For example, a large interindividual variability occurs in response to 
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anti-PD drugs, such as L-DOPA, with respect to adverse effects. Some PD patients exhibit L-
DOPA- induced dyskinesias, whereas, others remain free despite treatment with L-DOPA. 
This may be due to changes in neuroplasticity among patients depending on their age and 
genetics [179]. In fact, genetic variability among individuals may affect differences in the 
expression of drug-metabolizing enzymes, receptors, and signaling proteins involved in the 
signal transduction pathways, resulting variability in drug responses [180]. The role of 
pharmacogenetics in the treatment of PD is relatively unexplored. Well-recognized drug-
related complications (dopamine dysregulation syndrome) include hallucinations and 
psychosis [181]. The etiology of these complications is not clearly dose related, while the 
management can be difficult and needs to be tailored to the individualized therapy. 
Cholinergic and DA-ergic drugs may both influence cognitive function. Therefore, use of 
pharmacogenetics may improve the therapeutic ratio of medical approaches to PD in future 
[181]. Pharmacogenetics aims at identifying genetic markers (polymorphic genes) associated 
with drug response. Thus, the primary goal of future research should be to gain knowledge on 
genetic variability of polymorphic genes (genes encoding drug-metabolizing enzymes, drug 
receptors and proteins involved in dopamine signaling pathway) to determine interindividual 
variability in drug response.  

Pharmacogenomics aims to improve the therapeutic efficacy of a drug based on the 
genetic profile of a patient. Pharmacogenomic, genomic, proteomics and bioinformatic 
analyses can identify genes whose expression is associated with the pathology of a specific 
disease. In addition, microarrays have also emerged as key analytical tools in the field of 
pharmacogenomics. Extensive validation studies performed in parallel with drug 
development are crucial for the selection of appropriate target genes. Advances in 
neuroimaging and pharmacogenomics may help in early detection of sporadic PD in patients 
that may extend the quality of life of PD patients due to availability of in-time and selective 
gene therapy. Early intervention may likely spare more DA-ergic neurons. Furthermore, the 
successful integration of genomic technologies into the drug discovery will provide the 
promise of increased efficiency from pharmaceutical industries as well as improved efficacy 
and fewer side-effects of anti-PD drugs that will be beneficial for the patients. It is hoped that 
rapid advances in dopamine research at the pharmacogenetic/pharmacogenomic and 
behavioral pharmacology level may help in developing more selective drugs for treating PD. 

 
 
10. CONCLUSION AND DIRECTION FOR FUTURE STUDIES 
 

Dopamine, a major modulatory transmitter in the CNS, plays a crucial role in controlling 
multiple brain functions, including voluntary movement and a broad array of behavioral 
processes. DA-ergic neurons in the substantia nigra pars compacta are the main source of 
dopamine in the brain, and the selective loss of these neurons in this region leads to PD. This 
condition results in impairment in multiple motor and nonmotor features that significantly 
affect the quality of life. Current pharmacological treatments for PD are limited because they 
only offer symptomatic relief, but do not provide a cure. Therefore, these drugs are only 
effective in early stage of the disease. However, as disease progresses then complications 
predominate because current drugs do not prevent the continuing degeneration of DA-ergic 



The Molecular and Genetic Basis of Parkinson Disease 203 

neurons in the substantia nigra. Therefore, understanding of the exact molecular mechanism 
underlying the neurodegeneration of DA-ergic neurons in PD will promote the development 
of therapies that may cure the disease without involving any severe side effects.  

With progress in molecular biology and application of pharmacogenetics/ 
pharmacogenomics in medicine, scientists may provide new strategies to understand the 
underlying molecular mechanisms for PD that may shed the light in optimizing drug 
development with higher efficacy and fewer side effects. In situ studies, the microglia, as 
well as PD microroglia, are immunoreactive for D1-D4 but not D5 dopamine receptors, 
suggesting that activated microglia play a role in the selective vulnerability of dopamine 
neurons in PD [182]. Due to increased physiological significance of dopamine in our mental 
and physical health, it is very important to develop subtype selective agonists and antagonists 
for its receptor subtypes to improve the efficacy and safety of a drug for therapeutic purpose 
of treating various dopamine-related disorders. Dopamine signaling can be regulated via 
DRIPs. Therefore, unraveling the involvement of DRIPs in dopamine-mediated signaling 
may also help in understanding the molecular mechanisms of DA-ergic system, which may 
help in identifying novel therapeutic targets.  

Therapies for PD largely rely on long-term dopamine receptor stimulation with L-DOPA 
to compensate for the loss of striatal DA-ergic neurons and are often accompanied with 
dyskinesias. A2A antagonists also have recently been applied with reduced L-DOPA doses in 
clinical studies and are shown to prevent and alleviate L-DOPA-induced dyskinesias [183-
184]. The precised molecular mechanism underlying this adjunctive therapy is lacking, but 
long-term L-DOPA treatment may be involved in altering A2A and D2 homo- and 
heteromerization in striatal neurons [185]. The D2 agonist-induced decrease in A2A/D2 
heteromers relative to A2A homomers may alleviate the constitutive D2 antagonism of A2A 
signaling. Such increase in A2A signaling may sensitize A2A-mediated cAMP accumulation 
after D2 receptor activation [186].  

Mitochondrial dysfunction is believed to stimulate the production of ROS with 
subsequent induction of neuronal cell death. Advances in genetics have demonstrated a 
prominent role for mitochondrial dysfunction in the pathogenesis of the PD. Several proteins 
associated with PD are localized in the mitochondria, implicating oxidative stress a major 
culprit for the degeneration of DA-ergic neurons. Mutations in several genes, including 
PINK1, PARKIN, and DJ-1, cause autosomal recessive forms of PD [138,187-188], 
suggesting that mitochondria can be considered as a promising target for the development of 
PD biomarkers. However, the protein complex of these three genes (PINK1, PARKIN, and 
DJ-1) in the cytosol may or may not be related to the regulation of oxidative stress in vivo. 

Point mutations, duplications and triplications in the SNPCA gene cause a rare dominant form 
of PD in families. Whereas, mutations in LRRK2 and HTRA2 genes cause a most common 
dominant form of PD in families, showing association with prominent intracellular protein 
inclusions [188]. Mitochondrial localization of the products of several PD-associated genes,  
mitochondrial dysfunction causing oxidative stress, its integral role in the apoptotic cell 
death, and oxidative stress leading to neuronal loss, suggest a direct molecular link between 
mitochondria and the pathogenesis of PD. Thus, the future gene therapy to mitigate oxidative 
stress and neuroinflammation holds significant promise for the treatment of PD. 
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Collective studies have also pointed out a large interindividual variability in response to 
anti-PD drugs with respect to both drug efficacy and toxicity [180]. Therefore, future 
research should be dealt with candidate genes that encode dopamine-metabolizing enzymes, 
dopamine receptors signaling proteins involved in DA-ergic pathway, and mitochondrial 
neuroprotective proteins. Their interindividual variability should be determined so that in 
future each individual suffering from PD can be treated for their motor and mental 
complications with an effective dose according to their profile. 

 
 

REFERENCES 
 

[1] Erixon-Lindroth N, Farde L, Wahlin TB, Sovago J, Halldin C, Backman L. The role of 
the striatal dopamine transporter in cognitive aging. Psychiatry Research, 2005;138:1-
12. 

[2] Kaasinen V, Nagren K, Hietala J, Oikonen V, Vilkman H, Farde L, Rinne J. 
Extrastriatal dopamine D2 and D3 receptors in early and advanced Parkinson. 
Neurology, 2000;54:1482-1487. 

[3] Suhara T, Fukuda H, Inoue O, Itoh T, Suzuki K, Yamasaki T, Tateno Y. Age-related 
changes in human D1 dopamine receptors measured by positron emission tomography. 
Psychopharmacology (Berl), 1991;103:41-45. 

[4] Bäckman L, Nyberg L, Lindenberger, U, Li SC, Farde L. The correlative triad among 
aging, dopamine, and cognition: current status and future prospects. Neuroscience and 

Biobehavioral Reviews, 2006;30:791–807. 
[5] Dreher JC, Meyer-Lindenberg A, Kohn P, Berman KF. Age-related changes in 

midbrain DA-ergic regulation of the human reward system. Proceedings of the 

National Academy of Sciences of the United States of America, 2008;105:15106-15111.  
[6] Nagel IE, Chicherio C, Li C, von Oertzen T, Sander T, Villringer A, Heekeren HR, 

Bäckman L, Lindenberger U. Human aging magnifies genetic effects on executive 
functioning and working memory. Frontiers in Human Neuroscience, 2008;2:1. 

[7] Volkow ND, Wang GJ, Fowler JS, Ding YS, Gur RC, Gatley J, Logan J, Moberg PJ, 
Hitzemann R, Smith G, Pappas N. Parallel loss of presynaptic and postsynaptic 
dopamine markers in normal aging. Annals of Neurology, 1998;44:143-147. 

[8] Bäckman L, Ginovart N, Dixon RA, Wahlin TB, Wahlin A, Halldin C, Farde L. Age-
related cognitive deficits mediated by changes in the striatal dopamine system. 
American Journal of Psychiatry, 2000;157:635-637. 

[9] Tanner CM, Hubble JP, Chan P. Epidemiology and genetics of Parkinson. In: Watt RL. 
Koller W. Movement Disorders: Neurologic Principles and Practice. NY: McGraw 
Hill, NY; 1997; 135-152.  

[10] Prabhakara JPR, Feist G, Thomasson S, Thompson A, Schommer E, Othman G. 
Differential effects of 24-hydroxycholesterol and 27-hydroxycholesterol on tyrosine 
hydroxylase and α-synuclein in human neuroblastoma SH-SY5Y cells. Journal of 

Neurochemistry, 2008;107:1722-1729. 
[11] Gross RE, Lozano M. Advances in neurostimulation for movement disorders. 

Neurological Research, 2000;22:247-258. 



The Molecular and Genetic Basis of Parkinson Disease 205 

[12] Farooqui, T. Interaction of permanentlycharged DA-ergic agonists and antagonists 

with D2 dopamine receptors. Ph.D. thesis, The Ohio State University; 1992. 
[13] Cooper JR, Bloom FE, Roth RH. Dopamine. In The Biochemical Basis of 

Neuropharmacology, Oxford, UK: Oxford University Press; 2003; 225-270. 
[14] Koeltzow TE, Xu M, Cooper DC, Hu X-T, Tonegawa S, Wolf ME, White FJ. 

Alterations in dopamine release but not dopamine autoreceptor function in dopamine 

D3 receptor mutant mice. The Journal of Neuroscience, 1998;18:2231-2238. 
[15] Carlsson M, Carlsson A. Interactions between glutamatergic and monoaminergic 

systems within the basal ganglia-implications for schizophrenia and Parkinson's 
disease. Trends in Neuroscience, 1990;13:272-276. 

[16] Strafella AP, Paus T, Barrett J, Dagher A. Repetitive transcranial magnetic stimulation 
of the human prefrontal cortex induces dopamine release in the caudate nucleus. 
Journal of Neuroscience, 2001;21:RC157. 

[17] Strafella AP, Paus T, Fraraccio M, Dagher A. Striatal dopamine release induced by 
repetitive transcranial magnetic stimulation of the human motor cortex. Brain, 2003;16: 
2609-2615. 

[18] Strafella AP, Ko JH, Grant J, Fraraccio M, Monchi O. Corticostriatal functional 
interactions in Parkinson's disease: a rTMS/[11C]raclopride PET study. European 

Journal of Neuroscience, 2005;22:2946-2952. 
[19] Iversen LL. Uptake processes for biogenic amines: In Iversen LL, Iversen SD, Snyder 

SH (Eds.) Handbook of Psycopharmacology. Vol. 3, New York: Plenum Press; 
1975;381-442. 

[20] Iversen LL. The discovery of monoamine transporters and their role in CNS drug 
discovery. Brain Research Bulletin, 1999;50:379. 

[21] Chen N, Reith ME. Structure and function of the dopamine transporter. European 

Journal of Pharmacology, 2000;405:329-339. 
[22] Reith ME, Xu C, Chen NH. Pharmacology and regulation of the neuronal dopamine 

transporter. European Journal of Pharmacology, 1997;324:1-10. 
[23] Giros B, Caron MG. Molecular characterization of the dopamine transporter. Trends in 

Pharmacological Sciences, 1993;14:43-49. 
[24] Miller GW, Gainetdinov RR, Levey AI, Caron MG. Dopamine transporters and 

neuronal injury. Trends in Pharmacological Sciences, 1999;20:424-429.  
[25] Stoof JC, Thieme RE, Vrijmoed-de Vries MC, Mulder AH. In vitro acetylcholine 

release from rat caudate nucleus as a new model for testing drugs with dopamine-
receptor activity. Naunyn-Schmiedeberg's Archives of Pharmacology, 1979;309: 119-
124. 

[26] Cubeddu LX, Hoffmann IS, James MK. Frequency-dependent effects of neuronal 
uptake inhibitors on the autoreceptor-mediated modulation of dopamine and 
acetylcholine release from the rabbit striatum. Journal of Pharmacology and 
Experimental Therapeutics, 1983;226:88-94.  

[27] Farooqui T, Wallace RA, Miller DD, Uretsky NJ. Effect of the inhibition of dopamine 
uptake on the dopamine- and dimethyldopamine-induced-inhibition of the potassium-
evoked release of [3H]acetylcholine from striatal slices. General Pharmacology, 

1989;20:731-736. 



Tahira Farooqui 206 

[28] Wallace RA, Farooqui T, Wallace L, Ares J, Chang YA, Miller D, Uretsky N. 
Interaction of permanently charged analogs of dopamine with the D-2 DA-ergic 
receptor. Biochemical Pharmacolology, 1987;36:3903-3910. 

[29] Sabol B, Boldry R, Farooqui T, Chang YA, Miller D, Uretsky N. Effect of permanently 
charged and uncharged DA-ergic agonists on the potassium-induced release of 
[3H]acetylcholine from striatal slices. Biochemical Pharmacology, 1987;36:1679 -
1685. 

[30] Uretsky NJ, Schoenfeld RI. Effect of L-dopa on the locomotor activity of rats 
pretreated with 6-hydroxydopamine. Nature- New Biology, 1971;234:157–159. 

[31] Kebabian JW, Calne DB. Multiple receptors for dopamine. Nature, 1979;277:93-96.  
[32] Spano PF, Govoni S, Trabucchi M. Studies on the pharmacological properties of 

dopamine receptors in various areas of the central nervous system. Advances in 

Biochemical Psychopharmacology, 1978;19:155-165. 
[33] Sibley DR, Monsma FJ Jr. Molecular biology of dopamine receptors. Trends in 

Pharmacological Sciences, 1992;13:61-69. 
[34] Neve KA, Seamans JK, Trantham-Davidson H. Dopamine receptor signaling. Journal 

of receptor and Signal transduction research, 2004;24:165-205. 
[35] Alexander SPH, Mathie A, Peters JA. Dopamine receptors, in Guide to Receptors and 

Channels. British Journal of Pharmacology, 2004; 141: S25. 
[36] Marsden CA. Dopamine: the rewarding years. British Journal of Pharmacology, 

2006;147:S136–S144. 
[37] Dal Toso R, Sommer B, Ewert M, Herb A, Pritchett DB, Bach A, Shivers BD, Seeburg 

PH. The dopamine D2 receptor: two molecular forms generated by alternative splicing. 
EMBO Journal, 1989;8:4025-4034. 

[38] Giros B, Sokoloff P, Martres MP, Riou JF, Emorine LJ, Schwartz JC. Alternative 
splicing directs the expression of two D2 dopamine receptor isoforms. Nature, 

1989;342:923-926. 
[39] Senogles SE. The D2 dopamine receptor isoforms signal through distinct Giα alpha 

proteins to inhibit adenylyl cyclase. A study with site-directed mutant Giα proteins. 
Jourbal of Biological Chemistry, 1994;269:23120-23127. 

[40] Guiramand J, Montmayeur JP, Ceraline J, Bhatia M, Borrelli E. Alternative splicing of 
the dopamine D2 receptor directs specificity of coupling to G-proteins. Journal of 

Biological Chemistry, 1995;270:7354-7358. 
[41] Usiello A, Baik J-H, Rougé-Pont F, Picetti R, Dierich A, LeMeur M, Piazza PV, 

Borrelli E. Distinct functions of the two isoforms of dopamine D2 receptors. Nature, 

2000;408:199-203. 
[42] Agnati LF, Ferre S, Burioni R, Woods A, Genedani S, Franco R, Fuxe K. Existence 

and theoretical aspects of homomeric and heteromeric dopamine receptor complexes 
and their relevance for neurological diseases. Neuromolecular Medicine, 2005;7:61-78. 

[43] Undie AS, Weinstock J, Sarau HM, Friedman E. Evidence for a distinct D1-like 
dopamine receptor that couples to activation of phosphoinositide metabolism in brain. 
Journal of Neurochemistry, 1994;62:2045-2048. 

[44] Greengard P, Allen PB, Nairn AC. Beyond the dopamine receptor: the DARPP-
32/protein phosphatase-1 cascade. Neuron, 1999;23:435 447.  



The Molecular and Genetic Basis of Parkinson Disease 207 

[45] Svenningsson P, Nishi A, Fisone G, Girault JA, Nairn AC, Greengard P. DARPP-32: 
an integrator of neurotransmission. Annual Review of Pharmacologicaly and 

Toxicology, 2004;44:269 -296.  
[46] Kuroiwa M, Bateup HS, Shuto T, Higashi H, Tanaka M, Nishi A. Regulation of 

DARPP-32 phosphorylation by three distinct dopamine D1-like receptor 
phosphorylation by three distinct dopamine D1-like receptor phosphorylation by three 
distinct dopamine D1-like receptor signaling pathways in the neostriatum. Journal of 

Neurochemistry, 2008;107:1014-1026. 
[47] Schiffmann SN, Fisone G, Moresco R, Cunha RA, Ferré S. Adenosine A2A receptors 

and basal ganglia physiology. Progress in Neurobiology, 2007;83:277-292. 
[48] Vidi P, Chemel BR, Hu C-D, Watts VJ. Ligand-dependent oligomerization of 

dopamine D2 and adenosine A2A receptors in living neuronal cells. Molecular 

Pharmacology, 2008;74: 544-551.  
[49] Uematsu K, Futter M, Hsieh-Wilson LC, Higashi H, Maeda H, Nairn AC, Greengard P, 

Nishi A. Regulation of spinophilin Ser94 phosphorylation in neostriatal neurons 
involves both DARPP-32-dependent and independent pathways. Journal of 

Neurochemistry, 2005;95:1642-1652. 
[50] Kabbani N, Levenson R. A proteomic approach to receptor signaling: molecular 

mechanisms and therapeutic implications derived from discovery of the dopamine D2 
receptor signalplex. European Journal of Pharmacology, 2007;572:83-93. 

[51] Bergson C, Levenson R, Goldman-Rakic PS, Lidow MS. Dopamine receptor-
interacting proteins: the Ca2+ connection in dopamine signaling. Trends in 

Pharmacological Sciences, 2003;24, 486-492. 
[52] Wang M, Lee FJ. Dopamine receptor interacting proteins (DRIPs) of dopamine D1-like 

receptors in the central nervous system. Molecular Cell, 2008;25:149-157.  
[53] Hazelwood LA, Free RB, Cabrera DM, Skinbjerg M, Sibley DR. Reciprocal 

modulation of function between the D1 and D2 dopamine receptors and the Na+, K+-
ATPase. Journal of Biological Chemistry, 2008;283:36441-36453.  

[54] Bordelon-Glausier, JR, Khan ZU, Muly EC. Quantification of D1 and D5 dopamine 
receptor localization in layers I, III, and V of Macaca mulatta prefrontal cortical area 9: 
coexpression in dendritic spines and axon terminals. Journal of Comparative 

Neurology, 2008;508:893-905. 
[55] Rivera A, Alberti A, Martín AB, Narva´ez JA, de la Calle A, Moratalla R. Molecular 

phenotype of rat striatal neurons expressing the dopamine D5 receptor subtype. 
European Journal of Neuroscience, 2002;16:2049–2058. 

[56] Centonze D, Grande C, Saulle E, Martín AB, Gubellini P, Pavón N,. Distinct roles of 
D1 and D5 dopamine receptors in motor activity and striatal synaptic plasticity. The 

Journal of Neuroscience, 2003; 23:8506-8512. 
[57] Le Crom S, Prou D, Vernier P. Autocrine activation of adenosine A1 receptors blocks 

D1A but not D1B dopamine receptor desensitization. Journal of Neurochemistry, 
2002;82:1549–1552. 

[58] Sahu A, Tyeryar KR, Vongtau HO, Sibley DR, Undieh AS. D5 dopamine receptors are 
required for DA-ergic activation of phospholipase C. Molecular Pharmacology, 

2009;75:447-453. 



Tahira Farooqui 208 

[59] Shi W, Pun C, Smith PL, Bunney BS. Endogenous DA-mediated feedback inhibition of 
DA neurons: involvement of both D1- and D2-like receptors. Synapse, 2000;35:111–

119. 
[60] Shi W, Smith PL, Pun C, Millet B, Bunney BS. D1–D2 interaction in feedback control 

of midbrain dopamine neurons. Journal of Neuroscience, 1997;17:7988–7994. 
[61] Rahman S, McBride WJ. D1–D2 dopamine receptor interaction within the nucleus 

accumbens mediates long-loop negative feedback to the ventral tegmental area (VTA). 
Journal of Neurochemistry, 2001;77:1248–1255 

[62] Saklayen SS, Mabrouk OS, Pehek EA. Negative feedback regulation of nigrostriatal 
dopamine release: mediation by striatal D1 receptors. Journal of Pharmacology and 

Experimental Therapeutics, 2004;311:342-348.  
[63] Imperato A, Di Chiara G. Effects of locally applied D-1 and D-2 receptor agonists and 

antagonists studied with brain dialysis. European Journal of Pharmacology, 1988; 
156:385-393. 

[64] Westerink BH, de Vries JB. On the mechanism of neuroleptic induced increase in 
striatal dopamine release: brain dialysis provides direct evidence for mediation by 
autoreceptors localized on nerve terminals. Neuroscience Letters, 1989;99:197–202. 

[65] Santiago M, Westerink BH. Characterization and pharmacological responsiveness of 
dopamine release recorded by microdialysis in the substantia nigra of conscious rats. 
Journal of Neurochemistry, 1991;57:738-747. 

[66] Santiago M, Westerink BH. The regulation of dopamine release from nigrostriatal 
neurons in conscious rats: the role of somatodendritic autoreceptors. European Journal 

of Pharmacology, 1991;204:179-185. 
[67] Heidbreder CA, Gardner EL, Xi ZX, Thanos PK, Mugnaini M, Hagan JJ, Ashby CR Jr. 

The role of central dopamine D3 receptors in drug addiction: a review of 
pharmacological evidence. Brain Research Brain Research Reviews, 2005;49:77-105. 

[68] Hammad H, Wagner JJ. Dopamine-mediated disinhibition in the CA1 region of rat 
hippocampus via D3 receptor activation. Journal of Pharmacology and Experimental 

Therapeutics, 2006;316:113-120. 
[69] Spiller K, Xi ZX., Peng XO, Newman AH, Ashby CR Jr., Heidbreder C, Gaál J, 

Gardner EL. The selective dopamine D3 receptor antagonists SB-277011A and NGB 
2904 and the putative partial D3 receptor agonist BP-897 attenuate methamphetamine-
enhanced brain stimulation reward in rats. Psychopharmacology, 2008;196:533-542. 

[70] Harrison SJ, Nobrega JN. Differential susceptibility to ethanol and amphetamine 
sensitization in dopamine D3 receptor-deficient mice. Psychopharmacology, 

2009;204:49-59.  
[71] Luedtke RR, Mach RH. Progress in developing D3 dopamine receptor ligands as 

potential therapeutic agents for neurological and neuropsychiatrc disorders. Current 

Pharmaceutical Design, 2003;9:643–671. 
[72] Braak H, Ghebremedhin E, Rub U, Bratzke H, Del Tredici K. Stages in the 

development of Parkinson‘s disease-related pathology. Cell Tissue Research, 

2004;318:121–134. 
[73] Spillantini MG, Crowther RA, Jakes R, Hasegawa M, Goedert M. α- synuclein in 

filamentous inclusions of Lewy bodies from Parkinson‘s disease and dementia with 



The Molecular and Genetic Basis of Parkinson Disease 209 

lewy bodies. Proceedings of the National Academy of Sciences USA,1998; 95:6469–

6473. 
[74] Mizuno Y, Ohta S, Tanaka M, Takamiya S, Suzuki K, Sato T, Oya H, Ozawa T, 

Kagawa Y. Deficiencies in complex I subunits of the respiratory chain in Parkinson‘s 
disease. Biochemical and Biophysical Research Communications, 1989;163:1450–

1455. 
[75] Swerdlow RH, Parks JK, Miller SW, Tuttle JB, Trimmer PA, Sheehan JP, Bennett JP 

Jr, Davis RE, Parker WD Jr. Origin and functional consequences of the complex I 
defect in Parkinson‘s disease. Annals of Neurology, 1996;40: 663–671. 

[76] Schapira AH, Cooper JM, Dexter D, Clark JB, Jenner P, Marsden, CD. Mitochondrial 
complex I deficiency in Parkinson‘s disease. Journal Neurochemistry, 1990;54:823–

827. 
[77] Klegeris A, Pelech S, Giasson BI, Maguire J, Zhang H, McGeer EG, McGeer PL. 

Alpha-synuclein activates stress signaling protein kinases in THP-1 cells and microglia. 
Neurobiology of Aging, 2008;29:739-752.  

[78] Hald A, Lotharius J. Oxidative stress and inflammation in Parkinson's disease: is there 
a causal link? Experimental Neurology, 2005;193:279-290. 

[79] Hald A, Van Beek J, Lotharius J. Inflammation in Parkinson's disease: causative or 
epiphenomenal. Subcellular Biochemistry, 2007;42:249-279. 

[80] Schulz JB. Update on the pathogenesis of Parkinson's disease. Journal of Neurology, 
2008;255 (Suppl 5):3-7. 

[81] Zhao B. Natural antioxidants protect neurons in Alzheimer‘s dsease and Parkinson‘s 
disease. Neurochemical Research. 2009;36:630-638. 

[82] Farooqui T, Farooqui AA. Aging: an important factor for the pathogenesis of 
neurodegenerative diseases. Mechanisms of Ageing and Development, 2009;130: 203-
215. 

[83] Olanow CW, Tatton WG. Etiology and pathogenesis of Parkinson‘s disease. Annual 

Reviews in Neuroscience, 1999;22:123–144. 
[84] McInnis J, Wang C, Anastasio N, Hultman M, Ye Y, Salvemini D, Johnson KM. The 

role of superoxide and nuclear factor-kappaB signaling in N-methyl-D-aspartate-
induced necrosis and apoptosis. Journal of Pharmacology and Experimental 
Therapeutics, 2002;301:478-87. 

[85] Sun GY, Horrocks LA, Farooqui AA. The roles of NADPH oxidase and 
phospholipases A2 in oxidative and inflammatory responses in neurodegenerative 
diseases. Journal of Neurochemistry, 2007;103:1-16. 

[86] Good PF, Hsu A, Werner P, Perl DP, Olanow CW. Protein nitration in Parkinson's 
disease. Journal of Neuropathology and Experimental Neurology, 1998;57:338-342. 

[87] Beckman JS, Ischiropoulos H, Zhu L, van der Woerd M, Smith C, Chen J, Harrison J, 
Martin JC, Tsai M. Kinetics of superoxide dismutase-and iron-catalyzed nitration of 
phenolics by peroxynitrite. Archives of Biochemistry and Biophysics, 1992;298:438-
445. 

[88] Badgaiyan RD, Fischman AJ, Alpert NM. Striatal Dopamine Release in Sequential 
Learning. Neuroimage, 2007;38:549-556. 



Tahira Farooqui 210 

[89] Jackson GM, Jackson SR, Harrison J, Henderson L, Kennard C. Serial reaction time 
learning and Parkinson‘s disease: evidence for a procedural learning deficit. 
Neuropsychologia, 1995;33:577–593.  

[90] Carbon M, Ma Y, Barnes A, Dhawan V, Chaly T, Ghilardi MF, Eidelberg D. Caudate 
nucleus: influence of DA-ergic input on sequence learning and brain activation in 
Parkinsonism. Neuroimage, 2004;21:1497–1507. 

[91] Aosaki T, Graybiel AM, Kimura M. Effect of the nigrostriatal dopamine system on 
acquired neural responses in the striatum of behaving monkeys. Science. 

1994;265:412–45. 
[92] Matsumoto N, Hanakawa T, Maki S, Graybiel AM, Kimura M. Nigrostriatal Dopamine 

System in Learning to Perform Sequential Motor Tasks in a Predictive Manner. Journal 

of Neurophysiology, 1999;82:978-998. 
[93] Williams GV, Castner SA. Under the curve: Critical issues for elucidating D1 receptor 

function in working memory. Neuroscience, 2006;139:263–276. 
[94] Dash PK, Moore AN, Kobori N, Runyan JD. Molecular activity underlying working 

memory. Learning & memory, 2007;14:554–563. 
[95] Ota M, Yasuno F, Ito H, Seki C, Nozaki S, Asada T, Suhara T. Age-related decline of 

dopamine synthesis in the living human brain measured by positron emission. Life 

Science, 2006;79:730-736. 
[96] Kaasinen, V., Vilkman, H., Hietala, J., Nagren, K., Helenius, H., Olsson, H, Farde L, 

Rinne J. Age-related dopamine D2/D3 receptor loss in extrastriatal regions of the 
human brain. Neurobiology of Aging, 2008;21:683-688. 

[97] Nieto-Sampedro M, Nieto-Diaz M. Neural plasticity: changes with age. Journal of 
Neural Transmission, 2005;112:3-27. 

[98] Ohsawa I, Nishimaki K, MurakamiY, Suzuki Y, Ishikawa M, Ohta S. Age-dependent 
neurodegeneration accompanying memory loss in transgenic mice defective in 
mitochondrial aldehyde dehydrogenase 2 activity. Journal of Neuroscience, 

2008;28:6239-6249. 
[99] Hudson JM. Automatic memory processes in normal ageing and Alzheimer's disease. 

Cortex, 2008;44:345-349. 
[100] Mattay VS, Tessitore A, Callicott JH, Bertolino A, Goldberg TE, Chase TN, Hyde TM, 

Weinberger DR. Dopaminergic modulation of cortical function in patients with 
Parkinson‘s disease. Annals of Neurology, 2002;51:156–164. 

[101] Brooks DJ. Dopaminergic action beyond its effects on motor function: Imaging studies. 
Journal of Neurology, 253 Suppl: IV8-15.  

[102] Zhang K, Grady CJ, Tsapakis EM, Andersen SL, Tarazi FI, Baldessarini RJ. Regulation 
of working memory by dopamine D4 receptor in rats. Neuropsychopharmacology, 

2004;29:1648–1655 
[103] Pantelis C, Barber FZ., Barnes TR, Nelson HE, Owen AM, Robbins TW. Comparison 

of set-shifting ability in patients with chronic schizophrenia and frontal lobe damage. 
Schizophrenia Research, 1999;37:251–270. 

[104] Goldman-Rakic PS, Castner SA, Svensson TH, Siever LJ, Williams GV. Targeting the 
dopamine D1 receptor in schizophrenia: Insights for cognitive dysfunction. 
Psychopharmacology, 2004;174:3–16. 



The Molecular and Genetic Basis of Parkinson Disease 211 

[105] Pathak RU, Davey GP. Complex I and energy thresholds in the brain. Biochimica et 

Biophysica Acta, 2008;1777:777-782. 
[106] Eliezer D, Kutluay E, Bussell Jr. R, Browne G. Conformational properties of alpha-

synuclein in its free and lipid-associated states. Journal of Molecular Biology, 

2001;307:1061–1073. 
[107] Perrin RJ, Woods WS, Clayton DF, George JM. Interaction of human alpha-synuclein 

and Parkinson's disease variants with phospholipids. Structural analysis using site-
directed mutagenesis. Journal of Biological Chemistry, 2000;275:34393–34398.  

[108] Perrin RJ, Woods WS, Clayton DF, George JM. Exposure to long-chain 
polyunsaturated fatty acids triggers rapid multimerization of synucleins. Journal of 

Biological Chemistry, 2001;276:41958–41962.  
[109] Seo JH, Rah JC, Choi SH, Shin JK, Min K, Kim HS, Park CH, Kim S, Kim EM, Lee 

SH, Lee S, Suh SW, Suh YH. α-Synuclein regulates neuronal survival via Bcl-2 family 
expression and PI3/Akt kinase pathway. The FASEB Journal, 2002;16:1826-1828. 

[110] Perez RG, Waymire JC, Lin E, Liu JJ, Guo F, Zigmond MJ. A role for alpha-synuclein 
in the regulation of dopamine biosynthesis. Journal of Neuroscience, 2002;22:3090-
3099. 

[111] Ostrerova N, Petruceli L, Farrer M, Mehta N, Choi P, Hardy J, Wolozin B. α-Synuclein 
shares physical and functional homology with 14-3-3 proteins. Journal of 

Neuroscience, 1999;19:5782–5791 
[112] Sherer TB, Betarbet R, Stout AK, Lund S, Baptista M, Panov AV, Cookson MR, 

Greenamyre JT. An in vitro model of Parkinson's disease: linking mitochondrial 
impairment to altered α-synuclein metabolism and oxidative damage. Journal of 

Neuroscience, 2002;22:7006-7015. 
[113] Shavali S, Brown-Borg HM, Ebadi M, Porter J. Mitochondrial localization of α-

synuclein protein in α-synuclein overexpressing cells. Neuroscience Letters, 

2008;439:125-128. 
[114] Rankin CA, Joazeiro CAP, Floor E, Hunter T. E3 ubiquitin-protein ligase activity of 

parkin is dependent on cooperative interaction of RING finger (TRIAD) elements. 
Journal of Biomedical Science, 2001;8:421-429. 

[115] Periquet M, Lücking C, Vaughan J, Bonifati V, Dürr A, De Michele G, Horstink M, 
Farrer M, Illarioshkin SN, Pollak P, Borg M, Brefel-Courbon C, Denefle P, Meco G, 
Gasser T, Breteler MM, Wood N, Agid Y, Brice A, French Parkinson's Disease 
Genetics Study Group. The European Consortium on Genetic Susceptibility in 
Parkinson's Disease. Origin of the mutations in the parkin gene in Europe: exon 
rearrangements are independent recurrent events, whereas point mutations may result 
from Founder effects. The American Journal of Human Genetics,2001;68:617-626. 

[116] Hedrich K, Eskelson C, Wilmot B, Marder K, Harris J, Garrels J, Meija-Santana H, 
Vieregge P, Jacobs H, Bressman SB, Lang AE, Kann M, Abbruzzese G, Martinelli P, 
Schwinger E, Ozelius LJ, Pramstaller PP, Klein C, Kramer P. Distribution, type, and 
origin of Parkin mutations: review and case studies. Movement Disorders, 

2004;19:1146–1157. 



Tahira Farooqui 212 

[117] Kitada, T., Asakawa, S., Hattori, N., Matsumine, H., Yamamura, Y., Minoshima, S, 
Yokochi M, Mizuno Y, Shimizu N. Mutations in the parkin gene cause autosomal 
recessive juvenile parkinsonism. Nature, 1998;392:605–608. 

[118] Mata IF, Lockhart PJ, Farrer MJ. Parkin genetics: one model for Parkinson‘s disease. 
Human Molecular Genetics, 2004;13:R127–R133. 

[119] McNaught KS, Mytilineou C, Jnobaptiste R, Yabut J, Shashidharan P, Jennert P, 
Olanow CW. Impairment of the ubiquitin-proteasome system causes DA-ergic cell 
death and inclusion body formation in ventral mesencephalic cultures. Journal of 
Neurochemistry, 2002;81:301-306. 

[120] Liani E, Eyal A, Avraham E, Shemer R, Szargel R, Berg D. Ubiquitylation of 
synphilin-1 and α-synuclein by SIAH and its presence in cellular inclusions and Lewy 
bodies imply a role in Parkinson‘s disease. Proceedings of the National Academy of 

Sciences USA, 2004;101:5500-5505. 
[121] Itier JM, Ibanez P, Mena MA, Abbas N, Cohen-Salmon C, Bohme GA, Laville M, Pratt 

J, Corti O, Pradier L., Ret G, Joubert C, Periquet M, Araujo F, Negroni J., Casarejos 
MJ, Canals S, Solano R, Serrano A, Gallego E, Sanchez M, Denefle P, Benavides J, 
Tremp G, Rooney TA, Brice A, Garcia de Yebenes J. Parkin gene inactivation alters 
behaviour and dopamine neurotransmission in the mouse. Human Molecular Genetics, 
2003;12:2277–2291.  

[122] Paterna JC, Leng A, Weber E, Feldon J, Büeler H. DJ-1 and Parkin modulate 
dopamine-dependent behavior and inhibit MPTP-induced nigral dopamine neuron loss 
in mice. Molecular Therapy,2007;15:698-704.  

[123] Jenner P, Olanow CW. Oxidative stress and the pathogenesis of Parkinson's disease. 
Neurology, 1996;47:S161–S170. 

[124] Jiang H, Jiang Q, Liu W, Feng J. Parkin suppresses the expression of monoamine 
oxidases. Journal of Biological Chemistry, 2006;281:8591–8599.  

[125] Jiang H, Ren Y, Zhao J, Feng J. Parkin protects human dopaminergic neuroblastoma 
cells against dopamine-induced apoptosis. Human Molecular Genetics, 2004;13:1745-
1754. 

[126] Mitsumoto A, Nakagawa Y. DJ-1 is an indicator for endogenous reactive oxygen 
species elicited by endotoxin. Free Radical Research, 2001;35:885–893. 

[127] Bonifati V, Rizzu P, Squitieri F, Krieger E, Vanacore N, van Swieten JC, Brice A, van 
Duijn CM, Oostra B, Meco G, Heutink P. DJ-1( PARK7), a novel gene for autosomal 
recessive, early onset parkinsonism. Neurological Sciences, 2003;24:159-160. 

[128] Wilson MA, Collins JL, Hod Y, Ringe D, Petsko GA. The 1.1-A resolution crystal 
structure of DJ-1, the protein mutated in autosomal recessive early onset Parkinson's 
disease. Proceedings of the National Academy of Sciences USA, 2003;100:9256-9261. 

[129] Lakshminarasimhan M, Maldonado MT, Zhou W, Fink AL, Wilson MA. Structural 
Impact of Three Parkinsonism-Associated Missense Mutations on Human DJ-1. 

Biochemistry, 2008;47:1381-1392. 
[130] Yokota T, Sugawara K, Ito K, Takahashi R, Ariga H, Mizusawa H. Down regulation of 

DJ-1 enhances cell death by oxidative stress, ER stress, and proteasome inhibition. 
Biochemical and Biophysical Research Communications, 2003; 312:1342–1348.  



The Molecular and Genetic Basis of Parkinson Disease 213 

[131] Goldberg MS, Pisani A, Haburcak M, Vortherms TA, Kitada T, Costa C, Tong Y, 
Martella G, Tscherter A, Martins A, Bernardi G, Roth BL, Pothos EN, Calabresi P, 
Shen J. Nigrostriatal dopaminergic deficits and hypokinesia caused by inactivation of 
the familial Parkinsonism-linked gene DJ-1. Neuron, 2005;45:489-496. 

[132] Kim RH, Smith PD, Aleyasin H, Hayley S, Mount MP, Pownall S, Wakeham A, You-
Ten AJ, Kalia SK, Horne P, Westaway D, Lozano AM, Anisman H, Park DS, Mak TW. 
Hypersensitivity of DJ-1-deficient mice to 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyrindine (MPTP) and oxidative stress. Proceedings of the National 

Academy of Sciences USA, 2005;102:5215-5220. 
[133] Chen LN, Cagniard B, Mathews T, Jones S, Koh HC, Ding YM, Carvey PM, Ling ZD, 

Kang UJ, Zhuang XX. Age-dependent motor deficits and dopaminergic dysfunction in 
DJ-1 null mice. Journal of biological Chemistry, 2005;280:21418–21426.  

[134] Yang Y, Gehrke S, Haque ME, Imai Y, Kosek J, Yang L, Beal MF, Nishimura I, 
Wakamatsu K, Ito S, Takahashi R, Lu B. Inactivation of Drosophila DJ-1 leads to 
impairments of oxidative stress response and phosphatidylinositol 3-kinase/Akt 
signaling. Proceedings of the National Academy of Sciences USA, 2005;38: 13670-
13675. 

[135] Meulener MC, Graves CL, Sampathu DM, Armstrong-Gold CE, Bonini NM, Giasson 
BI. DJ-1 is present in a large molecular complex in human brain tissue and interacts 
with alpha-synuclein. Journal of Neurochemistry, 2005;93:1524-1532.  

[136] Meulener M, Whitworth AJ, Armstrong-Gold CE, Rizzu P, Heutink P, Wes, PD, 
Pallanck LJ, Bonini NM. Drosophila DJ-1 mutants are selectively sensitive to 
environmental toxins associated with Parkinson's disease. Current Biology, 

2005;15:1572-15777. 
[137] Biskup S, Gerlach M, Kupsch A, Reichmann H, Riederer P, Vieregge P, Wüllner U, 

Gasser T. Genes associated with Parkinson syndrome. Journal of Neurology, 2008;255: 
Suppl 5, 8-17. 

[138] Gautier CA, Kitada T, Shen J. Loss of PINK1 causes mitochondrial functional defects 
and increased sensitivity to oxidative stress. Proceedings of the National Academy of 

Sciences USA, 2008;105:13364-11369.  
[139] Marongiu R, Spencer B, Crews L, Adame A, Patrick C, Trejo M, Dallapiccola B, 

Valente EM, Masliah E. Mutant Pink1 induces mitochondrial dysfunction in a neuronal 
cell model of Parkinson's disease by disturbing calcium flux. Journal of 

Neurochemistry, 2009;108:1561-1574. 
[140] Exner N, Treske B, Paquet D, Holmström K, Schiesling C, Gispert S, Carballo-Carbajal 

I, Berg D, Hoepken HH, Gasser T, Krüger R, Winklhofer KF, Vogel F, Reichert AS, 
Auburger G, Kahle PJ, Schmid B, Haass C. Loss-of-function of human PINK1 results 
in mitochondrial pathology and can be rescued by parkin. Journal of Neuroscience, 

2007;27:12413-12418.  
[141] Wood-Kaczmar A, Gandhi S, Yao Z, Abramov AS, Miljan EA, Keen G, Stanyer L, 

Hargreaves I, Klupsch K, Deas E, Downward J, Mansfield L, Jat P, Taylor J, Heales S, 
Duchen MR, Latchman D, Tabrizi SJ, Wood NW. PINK1 Is Necessary for Long Term 
Survival and Mitochondrial Function in Human DA-ergic Neurons. PLoS ONE, 2008; 
3:e2455. 



Tahira Farooqui 214 

[142] Li Y, Tomiyama H, Sato K, Hatano Y, Yoshino H, Atsumi M, Kitaguchi M, Sasaki S, 
Kawaguchi S, Miyajima H, Toda T, Mizuno Y, Hattori N. Clinicogenetic study of 
PINK1 mutations in autosomal recessive early-onset parkinsonism. Neurology, 

2005;64:1955-1957. 
[143] Beilina A, Van Der Brug M, Ahmad R, Kesavapany S, Miller DW, Petsko GA, 

Cookson MR. Mutations in PTEN-induced putative kinase 1 associated with recessive 
parkinsonism have differential effects on protein stability. Proceedings of the National 

Academy of Sciences USA, 2005;102:5703–5708. 
[144] Sim CH, Lio DS, Mok SS, Masters CL, Hill AF, Culvenor JG, Cheng HC. C-terminal 

truncation and Parkinson's disease-associated mutations down-regulate the protein 
serine/threonine kinase activity of PTEN-induced kinase-1. Human Molecular 
Genetics, 2006;15:3251-3262.  

[145] Park J, Lee SB, Lee S, Kim Y, Song S, Kim S, Bae E, Kim J, Shong M, Kim JM, 
Chung J. Mitochondrial dysfunction in Drosophila PINK1 mutants is complemented by 
parkin. Nature, 2006;441:1157–1161. 

[146] Clark IE, Dodson MW, Jiang C, Cao JH, Huh JR, Seol JH, Yoo SJ, Hay BA, Guo M. 
Drosophila pink1 is required for mitochondrial function and interacts genetically with 
parkin. Nature, 2006;441:1162–1166. 

[147] Kitada, T., Pisani, A., Porter, D.R., Yamaguchi, H., Tscherter, A., Martella, G, Bonsi P, 
Zhang C, Pothos EN, Shen J. Impaired dopamine release and synaptic plasticity in the 
striatum of PINK1-deficient mice. Proceedings of the National Academy of Sciences 

USA, 2007;104:11441–11446. 
[148] Li C, Beal MF. Leucine-rich repeat kinase 2: a new player with a familiar theme for 

Parkinson's disease pathogenesis. Proceedings of the National Academy of Sciences 

USA, 2005;102:16535-16536. 
[149] Mata IF, Wedemeyer WJ, Farrer MJ, Taylor JP, Gallo KA. LRRK2 in Parkinson's 

disease: protein domains and functional insights. Trends in Neurosciences, 
2006;29:286-293  

[150] Deng J, Lewis PA, Greggio E, Sluch E, Beilina A, Cookson MR. Structure of the ROC 
domain from the Parkinson's disease-associated leucine-rich repeat kinase 2 reveals a 
dimeric GTPase. Proceedings of the National Academy of Sciences USA, 

2008;105:1499-1504. 
[151] Lu YW, Tan EK. Molecular biology changes associated with LRRK2 mutations in 

Parkinson's disease. Journal of Neuroscience Research, 2008;86:1895-18901. 
[152] Greggio, E., Zambrano, I., Kaganovich, A., Beilina, A., Taymans, J.M., Daniëls, V, 

Lewis P, Jain S, Ding J, Syed A, Thomas KJ, Baekelandt V, Cookson MR. The 
Parkinson disease-associated leucine-rich repeat kinase 2 (LRRK2) is a dimer that 
undergoes intramolecular autophosphorylation. Journal of Biological Chemistry, 

2008;283:16906-16914. 
[153] Paisán-Ruiz C, Jain S, Evans EW, Gilks WP, Simon J, van der Brug M, López de 

Munain A, Aparicio S, Gil AM, Khan N, Johnson J, Martinez JR, Nicholl D, Carrera 
IM, Pena AS, de Silva R, Lees A, Marti-Massó JF, Pérez-Tur J, Wood NW, Singleton 
AB. Cloning of the gene containing mutations that cause PARK8-linked Parkinson's 
disease. Neuron, 2004;44:595–600.  



The Molecular and Genetic Basis of Parkinson Disease 215 

[154] Farrer, M., Stone, J., Mata, I.F., Lincoln, S., Kachergus, J., Hulihan, M, Strain KJ, 
Maraganore DM. LRRK2 mutations in Parkinson disease. Neurology, 2005;65:738–

740. 
[155] Zimprich A, Biskup S, Leitner P, Lichtner P, Farrer M, Lincoln S, Kachergus J, 

Hulihan M, Uitti RJ, Calne DB, Stoessl AJ, Pfeiffer RF, Patenge N, Carbajal IC, 
Vieregge P, Asmus F, Müller-Myhsok B, Dickson DW, Meitinger T, Strom TM, 
Wszolek ZK, Gasser T. Mutations in LRRK2 cause autosomal-dominant parkinsonism 
with pleomorphic pathology. Neuron, 2004;44:601–607. 

[156] West AB, Moore DJ, Biskup S, Bugayenko A, Smith WW, Ross CA, Dawson VL, 
Dawson TM. Parkinson‘s disease-associated mutations in leucine-rich repeat kinase 2 
augment kinase activity. Proceedings of the National Academy of Sciences USA, 

2005;102: 16842–16847. 
[157] Ho CC, Rideout HJ, Ribe E, Troy CM, Dauer WT. The Parkinson disease protein 

leucine-rich repeat kinase 2 transduces death signals via Fas-associated protein with 
death domain and caspase-8 in a cellular model of neurodegeneration. Journal of 

Neuroscience, 2009;29:1011-1016. 
[158] Wang L, Xie C, Greggio E, Parisiadou L, Shim H, Sun L, Chandran J, Lin X, Lai C, 

Yang W-J, Moore DJ, Dawson TM, Dawson VL, Chiosis G, Cookson MR, Cai H. The 
chaperone activity of heat shock protein (Hsp)90 is critical for maintaining the stability 
of leucine-rich repeat kinase 2. Journal of Neuroscience, 2008;28:3384–3391. 

[159] Suzuki Y, Imai Y, Nakayama H, Takahashi K, Takio K, Takahashi RA. Serine 
protease, HtrA2, is released from the mitochondria and interacts with XIAP, inducing 
cell death. Molecular Cell, 2001;8:613-621. 

[160] Faccio L, Fusco C, Chen A, Martinotti S, Bonventre JV, Zervos AS. Characterization 
of a novel human serine protease that has extensive homology to bacterial heat shock 
endoprotease HtrA and is regulated by kidney ischemia. Journal of Biological 

Chemistry, 2000;275:2581-2588. 
[161] Gray CW, Ward RV, Karran E, Turconi S, Rowles A, Viglienghi D, Southan C, Barton 

A, Fantom KG, West A, Savopoulos J, Hassan NJ, Clinkenbeard H, Hanning C, 
Amegadzie B, Davis JB, Dingwall C, Livi GP, Creasy CL. Characterization of human 
HtrA2, a novel serine protease involved in the mammalian cellular stress response. 
European Journal of Biochemistry, 2000;267:5699-710. 

[162] Li W, Srinivasula SM, Chai J, Li P, Wu JW, Zhang Z, Alnemri ES, Shi Y. Structural 
insights into the pro-apoptotic function. of mitochondrial serine protease HtrA2/Omi. 
Nature Structural Biology, 2002;9:436-41. 

[163] Hegde R, Srinivasula SM, Zhang Z, Wassell R, Mukattash R, Cilenti L, DuBois G, 
Lazebnik Y, Zervos AS, Fernandes-Alnemri T, Alnemri ES. Identification of 
Omi/HtrA2 as a mitochondrial apoptotic serine protease that disrupts inhibitor of 
apoptosis protein-caspase interaction. Journal of Biological Chemistry, 2002;277:432-
438.  

[164] Suzuki Y, Takahashi-Niki K, Akagi T, Hashikawa T, Takahashi R. Mitochondrial 
protease Omi/HtrA2 enhances caspase activation through multiple pathways. Cell 

Death & Differentiation, 2004;11:208-216. 



Tahira Farooqui 216 

[165] Nam MK, Seong YM, Park HJ, Choi JY, Kang S, Rhim H. The homotrimeric structure 
of HtrA2 is indispensable for executing its serine protease activity. Experimental and 

Molecular Medicine, 2006;38:36-43.  
[166] Strauss KM, Martins LM, Plun-Favreau H, Marx FP, Kautzmann S, Berg D, Gasser T, 

Wszolek Z, Müller T, Bornemann A, Wolburg H, Downward J, Riess O, Schulz JB, 
Krüger R. Loss of function mutations in the gene encoding Omi/HtrA2 in Parkinson's 
disease. Human Molecular Genetics. 2005;14:2099-2111. 

[167] Martins LM, Morrison A, Klupsch K, Fedele V, Moisoi N, Teismann P, Abuin A, Grau 
E, Geppert M, Livi GP, Creasy CL, Martin A, Hargreaves I, Heales SJ, Okada H, 
Brandner S, Schulz JB, Mak T, Downward J. Neuroprotective role of the Reaper-
related serine protease HtrA2/Omi revealed by targeted deletion in mice. Molecular 

and Cellular Biology, 2004;24:9848-9862. 
[168] Plun-Favreau H, Klupsch K, Moisoi N, Gandhi S, Kjaer S, Frith D, Harvey K, Deas E, 

Harvey RJ, McDonald N, Wood NW, Martins LM, Downward J. The mitochondrial 
protease HtrA2 is regulated by Parkinson's disease-associated kinase PINK1. Nature 

Cell Biology, 2007;9:1243-1252. 
[169] Tain LS, Chowdhury RB, Tao RN, Plun-Favreau H, Moisoi N, Martins LM, Downward 

J, Whitworth AJ, Tapon N. Drosophila HtrA2 is dispensable for apoptosis but acts 
downstream of PINK1 independently from Parkin. Cell Death and Differentiation 2009 

(in press).  
[170] Baez S, Segura-Aguilar J, Widersten M, Johansson AS, Mannervik B. Glutathione 

transferases catalyse the detoxication of oxidized metabolites (o-quinones) of 
catecholamines and may serve as an antioxidant system preventing degenerative 
cellular processes. Biochemistry Journal, 1997;324:25-28.  

[171] Berman SB, Hastings TG. Dopamine oxidation alters mitochondrial respiration and 
induces permeability transition in brain mitochondria: implications for Parkinson's 
disease. Journal of Neurochemistry, 1999;73:1127-1137. 

[172] Whitbread AK, Masoumi A, Tetlow N, Schmuck E, Coggan M, Board PG. 
Characterization of the omega class of glutathione transferases. Methods of 

Enzymology, 2005;401:78-99. 
[173] Li YJ,Oliveira SA, Xu P, Martin ER, Stenger JE, Scherzer CR. Glutathione S-

transferase omega-1 modifies age-at-onset of Alzheimer disease and Parkinson disease. 
Human Molecular Genetics, 2003;12:3259-3267. 

[174] Li YJ, Scott WK, Zhang L Lin P-I, Oliveira SA., Skelly T, Doraiswamy MP, Welsh-
Bohmer KA, Martin ER, Haines JL, Pericak-Vance MA, Vance, JM. Revealing the role 
of glutathione S-transferase omega in age-at-onset of Alzheimer and Parkinson 
diseases. Neurobiology of Aging, 2006;27:1087-1093. 

[175] Schmuck EM, Board PG, Whitbread AK, Tetlow N, Cavanaugh JA., Blackburn, AC, 
Masoumi A. Characterization of the monomethylarsonate reductase and 
dehydroascorbate reductase activities of Omega class glutathione transferase variants: 
implications for arsenic metabolism and the age-at-onset of Alzheimer's and 
Parkinson's diseases. Pharmacogenetics and Genomics, 2005;15:493-501. 

[176] Perez-Pastene C, Graumann R, Díaz-Grez F, Miranda M, Venegas P, Godoy OT, 
Layson L, Villagra R, Matamala JM, Herrera L, Segura-Aguilar J. Association of GST 



The Molecular and Genetic Basis of Parkinson Disease 217 

M1 null polymorphism with Parkinson's disease in a Chilean population with a strong 
Amerindian genetic component. Neuroscience Letters, 2007;418:181-185.  

[177] Segura-Aguilar J, Baez S, Widersten M, Welch CJ, Mannervik B. Human class Mu 
glutathione transferases, in particular isoenzyme M2-2, catalyze detoxication of the 
dopamine metabolite aminochrome. Journal of Biological Chemistry, 1997;272:5727-
5731. 

[178] Dagnino-Subiabre A, Cassels BK, Baez S, Johansson AS, Mannervik B, Segura-
Aguilar J. Glutathione transferase M2-2 catalyzes conjugation of dopamine and dopa o-
quinones. Biochemical and Biophysical Research Communications, 2000;274:32-36. 

[179] Linazasoro G. New ideas on the origin of L-dopa-induced dyskinesias: age, genes and 
neural plasticity. Trends in Pharmacological Sciences, 2008;26:391-397. 

[180] Arbouw ME, van Vugt JP, Egberts TC, Guchelaar HJ. Pharmacogenetics of 
antiparkinsonian drug treatment: a systematic review. Pharmacogenomics, 2007;8:159-
176. 

[181] Burn DJ, Tröster AI. Neuropsychiatric complications of medical and surgical therapies 
for Parkinson's disease. Journal of Geriatric Psychiatry and Neurology, 2004;17:172-
180. 

[182] Mastroeni, D, Grover, A, Leonard B, Joyce JN, Coleman PD, Kozik B, Bellinger DL, 
Rogers J. Microglial responses to dopamine in a cell culture model of Parkinson's 
disease. Neurobiology of aging, 2008 (in press).  

[183] Schwarzschild MA, Agnati L, Fuxe K, Chen JF, Morelli M. Targeting adenosine A2A 
receptors in Parkinson. Trends in Neuroscience, 2006;29:647-654. 

[184] Morelli M, Di Paolo T, Wardas J, Calon F, Xiao D, Schwarzschild MA. Role of 
adenosine A2A receptors in parkinsonian motor impairment and l-DOPA-induced 
motor complications. Progress in Neurobiology, 2007;83:293-309. 

[185] Antonelli T, Fuxe K, Agnati L, Mazzoni E, Tanganelli S, Tomasini MC, Ferraro L. 
Experimental studies and theoretical aspects on A2A/D2 receptor interactions in a 
model of Parkinson. Relevance for L-dopa induced dyskinesias. Journal of 

Neurological Sciences, 2006;248:16-22. 
[186] Vortherms TA, Watts V.J. Sensitization of neuronal A2A adenosine receptors after 

persistent D2 dopamine receptor activation. Journal of Pharmacology and 

Experimental Therapeutics, 2004;308:221-227. 
[187] Henchcliffe C, Beal MF. Mitochondrial biology and oxidative stress in Parkinson 

disease pathogenesis. Nature Clinical Practice Neurology, 2008;4:600-609. 
[188] Bogaerts V, Theuns J, van Broeckhoven C. Genetic findings in Parkinson‘s disease and 

translation into treatment: a leading role for mitochondria? Genes, Brain and Behavior, 

2008;7:129–151. 
 





In: Biogenic Amines ISBN: 978-1-60876-625-3 
Editors: T. Farooqui, A. A. Farooqui © 2010 Nova Science Publishers, Inc. 

 
 
 
 
 
 
 

Chapter X 
 
 

MODULATION OF NEUROTRANSMISSION 

SIGNALING BY NEURAL MEMBRANE 

POLYUNSATURATED FATTY ACIDS 
 
 

Akhlaq A. Farooqui

 

The Ohio State University, Columbus, Ohio 43210, USA. 
 
 

ABSTRACT 
 

Neurotransmission is defined as an electrical movement within synapses mediated 
by a propagation of nerve impulses, which are essential for the propagation of signals. 
During neurotransmission, the released neurotransmitter (dopamine, glutamate, serotonin 
etc) from presynaptic neuron travels across the synaptic cleft and is taken up by post 
synaptic neuron where through their receptors, neurotransmitters initiate a cascade of 
neurochemical events involving signal transduction network that lead to the transfer of 
message from one neuron to another. In postsynaptic neural membranes, phospholipase 
A2, (PLA2), an enzyme that hydrolyzes fatty acid from sn-2 position of glycerol moiety 
of membrane glycerophospholipids, is linked to dopamine, glutamate, serotonin, P2-
purinergic, muscarinic, cytokine, and growth factor receptors through different coupling 
mechanisms. Dopamine and serotonin receptors are linked through G proteins, which 
mediate the release of arachidonic acid. In contrast, glutamate receptors are linked to the 
release of arachidonic acid and docosahexaenoic acid through G protein independent 
mechanism. Docosahexaenoic acid modulates dopaminergic and serotonergic 
neurotransmission in rat frontal cortex, and a chronic deficiency of docosahexaenoic acid 
changes dopamine metabolism by altering dopamine receptor and transporters in the 
nucleus accumbens. Dietary supplementation of docosahexaenoic acid not only changes 
the endogenous dopamine levels in frontal cortex, but also elevates binding of dopamine 
to the D2 receptors. Docosahexaenoic acid also modulates glutamatergic 

                                                        
  Correspondence concerning this article should be addressed to: Akhlaq A. Farooqui, Molecular Cellular 

Biochemistry, The Ohio State University, Columbus, Ohio 43210, U.S.A., Phone: (614-488-0361), E.mail: 
farooqui.1@osu.edu. 



Akhlaq A. Farooqui 220 

neurotransmission. It is a component of phosphatidylserine, a neural membrane 
phospholipid needed for maintenance of NMDA receptor mediated processes. In 
addition, docohexaenoic acid differentially modulates glutamate transporters (GLT1, 
GLAST, and EAAC1) through different mechanisms. Thus, docosahexaenoic acid 
stimulates GLT1 and EAAC1 through a mechanism that requires extracellular Ca2+, CaM 
kinase II, and protein kinase C but not protein kinase A. In contrast, the inhibitory effect 
of docosahexaenoic acid on GLAST does not require extracellular Ca2+ and does not 
involve CaM kinase II. In addition, arachidonic acid-derived prostaglandins and 2-
arachidonylglycerol-derived prostaglandin glycerylesters modulate excitatory and 
GABAergic neurotransmission. Collective evidence suggests that docosahexaenoic acid 
and arachidonic acid status not only improves neurotransmitter-mediated cognitive 
development and behavior, but also increases neuroplasticity of neural membranes.  
 

Keywords: Dopaminergic, glutamatergic, serotonergic, GABaergic neurotransmission, 
arachidonic and docosahexaenoic acids, phospholipase A2, phospholipase C, 
cyclooxygenase, and prostaglandins. 
 
 

ABBREVIATIONS 
 
Phospholipase A2 (PLA2) 
Phospholipase C (PLC) 
Phospholipase D (PLD) 
Docosahexaenoic acid (DHA)  
Arachidonic acid (ARA) 
a-Linolenic acid (ALA) 
Linoleic acid (LA) 
Blood brain barrier (BBB) 
Fatty acid-binding protein (FABP) 
Fatty acid-transport protein (FATP) 
Acyl-CoA binding protein (ACBP) 
Ethanolamine plasmalogen (PlsEtn) 
Phosphatidylserine (PtdSer) 
Phosphatidylcholine (PtdCho) 
Diacylglycerol (DAG) 
Phosphotidylinositol 4,5-bis phosphate (PtdIns(4,5)P2) 
Protein kinase C (PKC) 
Vesicular monoamine transporter (VMAT-2) 
Dopamine transporter (DAT) 
5-Hydroxyindole acetic acid (5-HIAA) 
Acetylcholine (ACh) 
Peroxisome proliferator activated receptors (PPAR) 
Sterol regulatory element binding protein (SREBP) 
Carbohydrate response element binding protein (ChREBP) 
2-Arachidonylglycerol (2-AG) 
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Mitogen-activated protein kinase (MAP kinase) 
1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) 
Alzheimer disease (AD) 
Parkinson disease (PD) 
5-Hydroxyindoleacetic acid (5-HIAA) 
Tryptophan hydroxylase (TPH) 
Monoamine oxidase A (MAOA) 
 
 

1. INTRODUCTION 
 
It is well known that the presynaptic neuron and the postsynaptic neuron are separated 

from each other by a small gap called synaptic cleft, which is a physical barrier for the 
electrical signal carried by one neuron to be transferred to another neuron. Neurotransmission 
is defined as communication between one neuron to another as accomplished by the 
movement of chemicals or electrical signals across a synapse. The function of 
neurotransmitter is to link the action potential of one neuron to another. Neurotransmission 
involves the release neurotransmitter, binding of neurotransmitter to its receptor and passage 
of message from one neuron to another. At the nerve terminal, neurotransmitter containing 
synaptic vesicle are docked at specific area of presynaptic plasma membrane called active 
zone. After maturation and priming, in response to action potential, neurotransmitter 
containing vesicles undergo Ca2+-triggered exocytotic fusion to release neurotransmitters [1]. 
The neurotransmitter release mediates communication among neurons and this 
communication underlies virtually all brain functions, from sensory perception to learning 
and memory. In order to avoid depletion of synaptic vesicles and interruption of 
neurotransmitter, vesicles are reinternalized through endocytosis, recycled, and refilled with 
neurotransmitters in a rapid and precise manner. At the molecular level, interactions of 
neurotransmitter with neurotransmitter receptors result in enhancement of 
glycerophospholipid metabolism, which not only regulates the activities of receptors, 
membrane bound enzymes, ion-channels, and transporters, but also modulates many 
physicochemical properties of neural membranes such as fluidity, lateral pressure profile, 
bilayer thickness, and permeability [2-5]. 

Most of these processes are mediated by polyunsaturated fatty acids, which are 
exclusively esterified at the sn-2 position of glycerol moiety in glycerophospholipids [4,6-7]. 
Two major families of polyunsaturated fatty acids, namely n-3 (docosahexaenoic acid, DHA) 
and n-6 (arachidonic acid, ARA) (Figure 1) are known to occur in neural membrane 
glycerophospholipids. Because humans do not possess desaturases that insert either the n-3 or 
the n-6 double bonds, these fatty acids are derived from diet. DHA can be obtained from fish 
or from the precursor α-linolenic acid (ALA), which is found in nuts. ARA is found in 
vegetable oils (corn, sunflower seeds, safflower seeds, cottonseed, and soybeans), and its 
common precursor is dietary linoleic acid (LA), which is found in plant sources. Changes in 
the fatty acid composition of neural membranes affect endocytosis, exocytosis, membrane 
fusion, neurotransmitter uptake and release, and the activities of membrane-associated 
enzymes [8]. The purpose of this article is to discuss the modulation of various 
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neurotransmitter receptors including, biogenic amine neurotransmitter receptors, by 
polyunsaturated fatty acids with the hope that this discussion would initiate more studies on 
modulation of neurotransmission by fatty acids, but also promote better understanding of 
therapeutic effects of n-3 fatty acids in neurodegenerative and neuropsychiatric disorders 
characterized by alterations in neurotransmitters and changes in neural membrane fatty acid 
composition. 
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Figure 1. Structures of arachidonic and docosahexaenoic acids and their precursors. 

 
2. TRANSPORT OF DIETARY FATTY ACIDS TO THE BRAIN 
 
Human diet is enriched in fats that are enriched in polyunsaturated fatty acids. They are 

present in diet as triacylglycerols, which are hydrolyzed by lipases in gastric and intestinal 
lumen. DHA is released more slowly than ARA. Its intestinal absorption is delayed but not 
decreased [9]. These fatty acids are incorporated in chylomicron glycerophospholipids and 
transported to liver, where they associate themselves either to albumin or lipoproteins. From 
liver, these fatty acids are transported in the blood either bound to albumin or in the form of 
triacylglycerol associated with lipoproteins. Little is known about the mechanism associated 
with fatty acid entry into the brain tissue. Understanding the mechanisms by which fatty acids 
cross the blood brain barrier (BBB) and their utilization by neurons and glial cells is critical 
for knowing their role in brain development and function [10]. The transport of ARA and 
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DHA across BBB and other non-neural cellular membranes most likely occurs through 
passive diffusion. In addition, ARA and DHA transport is also facilitated by a number of 
membrane-bound and cytoplasmic proteins. These include membrane proteins fatty acid 
translocase (FAT/CD36), plasma membrane fatty acid-binding protein (FABPpm) and fatty 
acid-transport protein (FATP) [11]. For net ARA or DHA influx, these fatty acids must be 
desorbed from the inner leaflet of the neural membrane and should bind with FATP/FABPpm 
/acyl-CoA binding protein (ACBP) to prevent their repartitioning back into the membrane. 
When these events do not occur, fatty acids are repartitioned back into the outer leaflet and 
are desorbed back to the plasma to bind once again with serum albumin. ARA and DHA are 
incorporated and released from neural membrane glycerophospholipids through 
deacylation/reacylation cycle (Land‘s cycle), which involves the participation of acyl-CoA 
synthase, acyl-CoA lysophospholipid acyltransferase, and phospholipase A2 [6]. 

 
 

3. METABOLISM OF POLYUNSATURATED FATTY ACIDS AND 

ITS EFFECT ON NEURAL MEMBRANES RECEPTORS 
 
In neural membranes DHA mainly incorporates in ethanolamine plasmalogen (PlsEtn) 

and phosphatidylserine (PtdSer), whereas majority of ARA incorporates into 
phosphatidylcholine (PtdCho). From PlsEtn and PtdSer, DHA is released by the action of 
plasmalogen-selective PLA2 and PtdSer hydrolyzing PLA2, respectively [12-15]. The 
released DHA is metabolized into resolvins and neuroprotectins by 15-lipoxygenase [16-18]. 
These mediators are collectively known as docosanoids. They have anti-inflammatory and 
antiapoptotic properties and are involved in neuroprotection. In addition, docosanoids have 
antithrombotic, antiarrhythmic, hypolipidemic, and vasodilatory effects [4,16-18]. In contrast, 
ARA is released from neural membrane PtdCho by cPLA2 and metabolized to prostaglandins, 
leukotrienes and thromboxanes. These metabolites are collectively known as eicosanoids. 
These metabolites have prothrombotic, proaggregatory, and proinflammatory properties. The 
levels of eicosanoids and docosanoids in neural and non-neural tissues are partly regulated by 
diet (see below).  

In brain tissue, neurotransmitters not only carry information from one brain cell to 
another, but also transfer information from plasma membrane to nucleus via cytoplasm. This 
process is facilitated by other non-nuclear subcellular organelles, such as mitochondria and 
endoplasmic reticulum. Neuronal and glial cell membrane contains a series of receptors, 
which interact with neurotransmitters. Interactions of neurotransmitters (biogenic amine, 
glutamate, and cannabinoid) with their receptors result in enrichment of neural membrane 
glycerophospholipid metabolism through the stimulation of PLA2 and PLC. Through cross 
talk between glutamate and biogenic amine receptors, the message is transferred from neural 
cell surface to the nucleus. This transfer of message is essential for maintaining neuronal and 
glial cell plasticity and growth. It should be noted that the products of one phospholipase 
modulate the activity of other phospholipase. Thus, the stimulation of PLC through biogenic 
amine receptor hydrolyzes PtdIns(4,5)P2 and generates diacylglycerol (DAG). DAG activates 
protein kinase C (PKC), which in turn activates PLA2 and PLD (Figure 2). PtdIns(4,5)P2 
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stimulates PLA2 and inhibits PLD [19-20]. Similarly, generation of ARA and eicosanoids 
activate PLD [21]. 
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Figure 2. Degradation of neural membrane glycerophospholipid by receptor mediated phospholipases 
A2 and C. Serotonin receptors (5HT2) are linked to the degradation of PtdIns-4,5-P2, dopamine (DA) 
receptors are linked to PLA2 through G protein, dopamine receptors are also linked to Adenylyl cyclase 
and glutamate (GLU) receptors are linked to PLA2 through G protein independent mechanisms. 
Phosphatidylinositol-4,5-bisphosphate (PtdIns-4,5-P2); inositol 1,4,5-trisphosphate (InsP3); 
phosphatidylcholine (PtdCho); phosphatidylethanolamine (PtdEtn); ethanolamine plasmalogen 
(PlsEtn); lyso-phosphatidylcholine (lyso-PtdCho); lyso-plasmalogen (lyso-PlsEtn); phospholipase C 
(PLC); cytosolic phospholipase A2 (cPLA2); plasmalogen-selective phospholipase A2 (PlsEtn-PLA2); 
Adenylyl cyclase (AC); protein kinase A (PKA); protein kinase C (PKC); arachidonic acid (ARA); 
diacylglycerol (DAG); monoacylglycerol (MAG); docosahexaenoic acid (DHA); reactive oxygen 
species (ROS); free fatty acid (FFA); cAMP response element binding protein (CREB); and cAMP-
regulated phosphoprotein of 32,000 kDa (DARPP-32). 

 
4. MODULATION OF NEUROTRANSMISSION BY 

DOCOSAHEXAENOIC ACID 
 
DHA modulates and facilitates neurotransmission through its effect on a variety of 

receptors including dopaminergic, noradrenergic, β-adrenergic glutamatergic, and 
serotonergic neurotransmitter receptors. In addition, DHA also modulates insulin, retinoid 
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and TGF-β receptors in nuclear and non-nuclear compartments (Table 1) [22-25]. DHA 
modulates dopaminergic and serotonergic neurotransmission in rat frontal cortex, and a 
chronic depletion of DHA changes dopamine metabolism by altering dopamine receptor and 
transporters in the nucleus accumbens [22-23,26]. Dietary supplementation of DHA 
modulates the endogenous dopamine levels in the frontal cortex, and elevates binding of 
dopamine to D2 receptors [23,26]. Free DHA is known to modulate PKC-mediated signal 
transduction pathways associated with synaptic plasticity [27-28]. During dopamine 
neurotransmission, increase in PKC activity not only alters D2 receptor G-protein coupling 
and trafficking [29-30], but also induces changes in dopamine transporter (DAT) activity and 
trafficking [31-33], and filamentous actin-dependent dopamine vesicular trafficking and 
release efficacy [34]. These observations suggest that alterations in synaptic membrane DHA 
may have a significant impact on dopamine synaptic neurotransmission and plasticity. In 
addition, effects of DHA deficiency on amphetamine-induced locomotor activity and 
sensitization in DBA/2J mice indicate that DHA deficiency and elevation in the AA:DHA 
ratio augment amphetamine-induced sensitization in DBA/2J mice. This augmented response 
is associated with selective alterations in the mesolimbic dopamine pathway [35]. 
Quantitative real time-PCR studies show an overexpression of dopamine receptor genes and 
their products in the postnatal rat brain following maternal n-3 fatty acid dietary deficiency 
[36]. Dietary deficiency of maternal linolenic acid (LNA) results not only in a decrease in 
tyrosine hydroxylase (4.5-fold), but also in a down-regulation (7.5-fold) of the vesicular 
monoamine transporter (VMAT-2) and a depletion of VMAT-associated vesicles in the 
hippocampus of deficient offspring compared with adequately fed controls [37]. LNA 
deficiency has no effect on dopamine transporter (DAT) suggesting not only an increase in 
DAT/VMAT-2 ratio, but enhancement in the risk of damage of the dopaminergic terminal. 
These studies also show a robust increase in dopamine receptors (D1 and D2) levels in the 
cortex and striatum possibly to compensate for the low levels of Dopamine in synaptic clefts. 
LNA deficiency also induces the activation of microglia and nuclear internalization of p65 
NFkappaB [37]. Similarly, studies on n-3 fatty acid deficiency on serotonin 
neurotransmission in the adult female rat brain indicate that perinatal DHA-deficient rats 
show significantly lower prefrontal cortex serotonin (PFC 5-HT) content, significant greater 
5-hydroxyindole acetic acid (5-HIAA) content and a significant greater 5-HIAA/5-HT ratio. 
Conversely, post-weaning DHA-deficient rats have significantly greater PFC 5-HT content, 
no change in 5-HIAA content, and a significantly smaller 5-HIAA/5-HT ratio (Mcnamara et 
al., 2008b). No alterations in PFC 5-HT or 5-HIAA content have been observed in post-
pubertal DHA-deficient and ovariectomized rats [35]. Perinatal DHA-deficient rats also 
exhibit a significant reduction in midbrain tryptophan hydroxylase-2 mRNA expression. 
These observations support the view that there is a link between perinatal n-3 fatty acid 
deficiency and reduced central serotonin synthesis in adult female rats, which is independent 
of ovarian hormones including estrogen [35].  

Studies on the effect of DHA deficiency on the central cholinergic neurotransmission 
system indicate that the cholinergic pathway is only modified in the hippocampus and not in 
the frontal cortex. The basal acetylcholine (ACh) release in the hippocampus of deficient rats 
is significantly higher than in controls compared to the KCl-mediated Ach release. The DHA 
deficiency also produces a 10% decrease in muscarinic receptor binding [38]. In contrast, 
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acetylcholinesterase activity and the vesicular ACh transporter in both brain regions are not 
affected. Thus, DHA-deficient diet modulates cholinergic neurotransmission, probably via 
changes in the glycerophospholipid polyunsaturated fatty acid composition [38].  

 
Table 1. Effect of docosahexaenoic acid deficiency on receptor activities in neural and 

non-neural tissues 

 

Receptor/transporters Effect Reference 

Dopamine receptor Downregulation [26] 
Serotonin receptor Downregulation [130] 
NMDA receptor Downregulation [98] 
TGF-  Downregulation [131] 
TP receptor Downregulation [131] 
GABA receptor Downregulation [132] 
Insulin receptor Downregulation [133] 
Nicotinic acetylcholine receptor Upregulation [134] 
Cholinergic receptor Upregulation [38] 
Retinoid receptor Upregulation [42] 
PPAR receptor Downregulated [47] 
Ca2+-transport proteins Stimulated [40] 
Carbohydrate response element Stimulated [46] 
Glucose transporter Decreased [45] 
GLT1 and EAAC1 Stimulated [40] 
GLAST Inhibited [40] 

 
DHA also regulates glutamatergic neurotransmission. It is esterified at the sn-2 position 

of PtdSer, a glycerophospholipid essential for the NMDA receptor mediated processes [39]. 
DHA differentially modulates glutamate transporters (GLT1, GLAST, and EAAC1) through 
different mechanisms [40]. Thus, DHA stimulates GLT1 and EAAC1 through a mechanism 
that requires extracellular Ca2+, CaM kinase II, and protein kinase C but not protein kinase A. 
In contrast, the inhibitory effect of DHA on GLAST does not require extracellular Ca2+, and 
does not involve CaM kinase II [40]. Collective evidence suggests that DHA improves 
neuroplasticity, and synaptic transmission. These processes are closely associated with 
cognitive and behavioral changes in the brain tissue.  

DHA is a ligand for receptors that are found in the nucleus. Thus, it modulates the 
retinoid X receptor (RXR) in brain [41-43]. RXR activation is closely associated with nuclear 
signaling and gene expression. RXR also serves as a fatty acid sensor in vivo. A number of 
proteins act as co-activators [44]. DHA supplementation not only modulates genes, but also 
mediates changes in the stability of the mRNA for several lipogenic enzymes. DHA deficit 
produces downregulation of brain glucose transporter expression, resulting in a decrease in 
glucose utilization in the cerebral cortex of DHA- deficient rats [45]. DHA also interacts with 
the peroxisome proliferator activated receptors (PPAR), sterol regulatory element binding 
protein (SREBP), and carbohydrate response element binding protein (ChREBP) [44, 46-47]. 
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In addition, DHA modulates expression of genes for cytokines and their receptors, cell 
adhesion molecules, cytoskeleton proteins, and hormone receptors. The effect of DHA is 
sustained as long as DHA remains in the diet. Thus, DHA acts like a hormone to control the 
activity of key transcription factors, and modulates a variety of neural cell functions [44, 48-
50]. Collective evidence suggests that DHA modulates the expression of a number of genes 
with such broad functions as DNA binding, transcriptional regulation, transport, cell 
adhesion, cell proliferation, raft formation, membrane protrusions and membrane localization. 
These effects, in turn, may significantly modify cell function, development and/or 
maturation. Collective evidence suggests that n-3 fatty acid-deficient diet through 
interactions with various neurotransmitter receptors produces symptoms of chronic locomotor 
hyperactivity, disturbance in melatonin rhythm, and striatal hyperdopaminergia. It is 
suggested that an n-3 fatty acid deficient diet lessens the melatonin rhythm, weakens 
endogenous functioning of the circadian clock, and plays a role in nocturnal sleep 
disturbances as occurs in attention deficit/hyperactivity disorder. 

 
 

5. INTERACTIONS BETWEEN DOPAMINERGIC AND 

GLUTAMATERGIC NEUROTRANSMISSION 
 
The prefrontal cortex mediates a range of neurotransmitter-mediated processes associated 

with planned behavior, which are controlled and directed according to shifting environmental 
demands. In prefrontal cortex, dopaminergic systems are modulated by glutamatergic 
neurotransmission, and this modulation is closely associated with the pathogenesis of 
schizophrenia [51]. Studies on the interaction between dopaminergic and glutamatergic 
neurotransmitter systems in prefrontal cortex indicate that application of the D4 receptor 
agonist, PD168077 produces a reversible decrease in the NMDA receptor-mediated current, 
and this effect can be blocked by selective D4 receptor antagonists [52]. Modulation of 
NMDA receptors in prefrontal cortex by dopamine D4 receptors is associated with the 
inhibition of protein kinase A, activation of protein phosphatase 1, and the ensuing inhibition 
of active Ca2+-calmodulin-dependent kinase II (CaMKII). Moreover, PD168077 not only 
inhibits the expression of NMDA receptor, but also triggers the internalization of NMDA 
receptor in a CaMKII-dependent manner. These studies identify a mechanistic link between 
D4 dopamine receptors and NMDA glutamate receptors in prefrontal cortex pyramidal 
neurons [52, 53].  

D4 receptor activation also produces a persistent suppression of AMPA receptor-
mediated synaptic transmission in prefrontal cortex interneurons. This effect of D4 receptors 
on AMPA receptor-excitatory postsynaptic currents (EPSC) is mediated by a mechanism that 
is dependent on actin/myosin V motor-based transport of AMPA receptors. This transport is 
regulated by cofilin, a major actin depolymerizing factor. It is also demonstrated that the 
major cofilin-specific phosphatase Slingshot, which is activated by calcineurin downstream 
of D4 signaling is necessary for the D4 receptor regulation of glutamatergic transmission [54]. 
Collective evidence suggests that D4 receptors, by using the unique 
calcineurin/Slingshot/cofilin signaling mechanism, regulate actin dynamics and AMPAR 
trafficking in PFC GABAergic interneurons. These observations provide a potential 



Akhlaq A. Farooqui 228 

mechanism for D4 receptors to control the excitatory synaptic strength in local-circuit neurons 
and GABAergic inhibition in the PFC network, which may be closely associated with the role 
of D4 receptors in normal cognitive processes and mental disorders [54].  

Modulation of the dopaminergic system by glutamatergic neurotransmission in 
schizophrenia is also supported through the involvement of neuregulin and dysbindin genes. 
These genes have an important impact in the glutamatergic system. Hypofunction of the 
glutamatergic system is mediated by NMDA receptor antagonism [55]. Kynurenic acid, an 
endogenous antagonist, not only blocks NMDA receptors, but also inhibits the nicotinergic 
acetylcholine receptor [51]. Thus, an increase in kynurenic acid induces cognitive 
deterioration due to the inhibition of NMDA receptor and also promotes psychotic symptoms 
because of the inhibition of nicotinergic acetylcholine receptor [51, 55].  

The glutamatergic system is also linked to the cholinergic neurotransmitter system 
resulting in formation of the glutamatergic/aspartatergic-cholinergic circuit. This circuit is not 
only modulates learning and memory but facilitates cognition [56]. 

The cognitive abnormalities in Alzheimer disease may be caused by the loss of neurons 
in the cholinergic and glutamatergic neural systems and by irregular functioning of the 
surviving neurons in these two systems [57]. Glutamate and acetylcholine are ligands for the 
glutamatergic/aspartatergic-cholinergic neurotransmitter systems. Interactions among 
glutamatergic, dopaminergic, and cholinergic neurotransmissions are critical to normal 
learning and memory. All the above neurotransmitter systems are modulated by neural 
membrane DHA levels. Deficiency of this fatty acid suppresses glutamatergic, serotonergic, 
and dopaminergic neurotransmission, and supplementation of DHA restores normal 
neurotransmission [26]. In addition, DHA induced modifications of physical properties of the 
neuronal membrane modulate activities of proteins (receptors, transporters) that are enclosed 
in the membranes. In addition, DHA-mediated gene expression and/or transcription also 
contribute not only to the modulation of neurotransmission, but to behavioral changes. These 
changes may be related to clinical finding in patients suffering from neurological and 
psychiatric disorders.  

 
 

6. MODULATION OF NEUROTRANSMISSION 

BY ARACHIDONIC ACID 
 
ARA and its enzymically oxidized products are associated with many physiological 

processes in the brain including synaptic signaling, neuronal firing, neurotransmitter release 
neuronal gene expression, cerebral blood flow, and sleep/wake cycle. As stated above, cPLA2 
releases ARA from glycerophospholipids. ARA is metabolized to prostaglandins, 
leukotrienes, and thromboxanes by cyclooxygenases, lipoxygenases, and epoxygenases [58]. 
ARA regulates glutamate uptake by astroglia. ARA also inhibits glutamate transport in 
several model systems. In the anterior uvea of the eye, another non-enzymically oxidized 
product of ARA, 8-isoprostane produces both excitatory and inhibitory effects on 
sympathetic neurotransmission in isolated mammalian iris ciliary bodies. Furthermore, 
stimulation of thromboxane receptors by isoprostane mediates the norepinephrine release 
from sympathetic nerves (4). In addition, other ARA containing endogenous molecules, such 
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as virodhamine (O-arachidonylethanolamine), noladin, arachidonyldopamine, 2-
arachidonylglycerol (2-AG) and arachidonylethanolamide (anandamide) have been reported 
to occur in brain. 2-AG and anandamide (Figure 3) are derived from the non-oxidative 
metabolism of ARA. 2-AG and anandamide are synthesized through two distinct pathways. 
Transfer of ARA from sn-1 position of 1,2-arachidonyl-PtdCho to the N-position of PtdEtn 
results in generation of 1-lyso-2-arachidonyl-PtdCho and N-arachidonyl-PtdEtn. This 
reaction is catalyzed by a Ca2+-dependent, membrane-associated N-acyltransferase. 1-Lyso-
arachidonyl-PtdCho is converted to 2-AG by PLC and N-arachidonyl-PtdEtn is transformed 
into anandamide by N-acylphosphatidylethanolamine specific PLD (NAPE-PLD), a member 
of the metallo-β-lactamase family, which specifically hydrolyzes N-
acylphosphatidylethanolamine among glycerophospholipids, and appears to be constitutively 
active [59-60] (Figure 4). The recombinant enzyme hydrolyzed various N-
acylphosphatidylethanolamines, including the anandamide precursor N-
arachidonoylphosphatidylethanolamine at similar rates, but is inactive with 
phosphatidylcholine and phosphatidylethanolamine. NAPE-PLD is expressed in 
hippocampus, cortex, thalamus, hypothalamus, but the intensity of immunostaining in these 
regions is weaker than in mossy fibers. It is suggested that NAPE-PLD is expressed by 
specific populations of neurons in the brain and targeted to axonal processes. NAEs 
generated by NAPE-PLD in axons may act as anterograde synaptic signaling molecules that 
regulate the activity of postsynaptic neurons [59-60]. 
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Figure 3. Structures of structures of some cannabinoid receptor agonists. Noladin ether (a); 2-
arachidonylglycerol (b); Anandamide (c); virodhamine (d); and docosatetraenoyl ethanolamide (e); 
Arachidonyl-2-‗chloroethylamide (f). 
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An alternative pathway for the generation of 2-AG involves the hydrolysis of 1,2-
arachidonyl-PtdCho by PLC, followed by the action of DAG-lipase on 1-acyl-2-
arachidonylglycerol. Unlike traditional neurotransmitters, ARA-derived endocannabinoids 
are not stored in vesicles. They are generated from ARA-containing glycerophospholipids 
within the neural membranes. Two types of cannabinoid receptor (CB1 and CB2) have been 
reported to occur in mammalian tissues. The CB1 receptors are abundantly expressed in the 
brain, whereas CB2 receptors are limited to lymphoid organs. 2-AG and anadamide 
nonselectively bind to both CB1 and CB2 receptors and act as neurotransmitter or 
neuromodulators in brain, immune and cardiovascular systems. Both receptors inhibit cAMP 
formation via Gi/o proteins, and activate mitogen-activated-protein kinase [61].  
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Figure 4. Pathway showing the generation of anandamide and 2-arachidonylglycerol in brain. 
Phosphatidylcholine (PtdCho); phosphatidylethanolamine (PtdEtn); protein kinase A (PKA); 
Cannabinoid receptor1 (CB1) N-methyl-D-aspartate receptor (NMDA-R); N-acyltransferase (1); 
phospholipase C (2); Adenylyl cyclase (3); diacylglycerol lipase (4); N-acylphosphatidylethanolamine-
specific phospholipase D (5); monoacylglycerol lipase (6); and amidase (7). Activation of receptors 
coupled to the phosphatidylinositol-specific phospholipase C and diacylglycerol lipase pathway leads to 
increases in 2-AG production. 

Cannabinoid receptors may activate the extracellular signal-regulated kinase cascade 
through ceramide signaling. In addition, endocannabinoids also mediate their effects that are 
independent of cannabinoid receptors. Thus, in pharmacologically relevant concentrations, 
endocannabinoids modulate the functional properties of voltage-gated ion channels including 
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P/Q-type Ca2+ channels, Na+ channels and inwardly rectifying K+ channels, and ligand-gated 
ion channels such as 5-HT3, and nicotinic ACh receptors [62]. Furthermore, functional 
modulations of ion-transporting membrane proteins such as transient potential receptor-class 
channels, gap junctions, and neurotransmitter transporters by endocannabinoids have also 
been demonstrated. Although the molecular mechanisms associated with these effects are 
unclear, but it is likely that these direct actions of endocannabinoids may be due to their 
lipophilic structures. It is proposed that additional molecular targets for endocannabinoids 
may also exist and that these targets represent important sites for cannabinoids to alter either 
the excitability of the neurons or the response of the neuronal systems [62]. Anandamide 
mediated signal is deactivated through a two step process, whereby the lipid mediator is 
transported into cells by a presently uncharacterized entity, and then degraded by the 
membrane-bound enzyme fatty acid amide hydrolase to produce ethanolamine and ARA [63-
64].  

A large body of preclinical data supports the view that either CB2-selective agonists or 
CB1 agonists acting at peripheral sites, or with limited CNS exposure, retard pain and 
neuroinflammation without side effects within the CNS [65]. CB1 receptors involve Gi/o 
protein participation and are coupled the signal transduction pathways in presynaptic nerve 
terminal. The G proteins are linked to the cannabinomimetic stimulation of MAP kinase and 
adenylate cyclase, thereby modulating the generation of cAMP. In the absence of 
cannabinoids, PKA phosphorylates potassium channel protein and decreases outward 
potassium current, whereas in the presence of cannabinoids, the phosphorylation of the 
potassium channel protein increases outward current. Furthermore, cannabinoids also mediate 
closing of sodium channels. These processes are closely associated with the regulation of 
neurotransmetter release [66]. In addition, anandamide also acts as a ligand for vanilloid or 
capsaicin receptor [67]. Direct modulation of NMDA receptor activity by 
arachidonylethanolamide has also been reported [68]. Cannabinoids also mediate emotional 
responses by interacting with μ- and δ-opioid receptors. These interactions may produce 
either anti- or pro-anxiety effects which can explain bi-directional action of cannabinoids on 
anxiety [69].  

Endocannabinoids not only mediate retrograde signaling, but also modulate synaptic 
transmission in various regions of the brain. Depolarization-mediated elevation of 
intracellular Ca2+ concentration causes endocannabinoid-mediated suppression of 
excitatory/inhibitory synaptic transmission. Activation of G(q/11)-coupled receptors 
including group I metabotropic glutamate receptors (mGluRs) also produces 
endocannabinoid-mediated suppression of synaptic transmission [70]. In the hippocampus, 
CB1 receptors are expressed on axon terminals of GABAergic inhibitory interneurons [71]. A 
well-known effect of cannabinoids is the impairment of cognitive processes, including short-
term memory formation, by altering hippocampal and neocortical functions reflected in 
network activity. Acting on presynaptically located G protein-coupled receptors in the 
hippocampus, cannabinoids modulate the release of neurotransmitter molecules. Activation 
of CB1 receptors reduces GABA release from presynaptic terminals, thereby increasing the 
excitability of principal cells [71]. The molecular mechanism associated with the inhibition of 
GABA release is not fully understood. However, in brain endogenous cannabinoid, 2-AG is 
metabolized by COX-2, which oxygenates 2-AG to generate prostaglandin glyceryl esters 
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(PGE2-G) and prostaglandin ethanolamides [72]. PGE2-G is the main COX-2 oxidative 
metabolite of 2-AG. It increases the frequency of miniature inhibitory postsynaptic currents 
(mIPSCs). Similarly, PGD2-G, PGF2 -G and PGD2-EA also increase the frequency of 
mIPSCs, but PGE2-EA and PGF2 -EA have no effect. PGE2-G also enhances hippocampal 
glutamatergic synaptic transmission and mediates neuronal injury/death through caspase-3 
activation. The actions of PGE2-G are not mediated via a cannabinoid receptor 1. This 
increase is not blocked by SR141716, a CB1 receptor antagonist suggesting other 
mechanisms are involved in this process. Detailed investigations indicate that PGE2-G 
mediates its effect through ERK, p38 mitogen-activated protein kinase, InsP3, and NF-κB 
signal transduction pathways. In addition, the PGE2-G-mediated neurotoxicity is attenuated 
by blockade of the NMDA receptors [72-73]. Thus, endocannabinoid-derived prostaglandin-
mediate responses are different from the corresponding arachidonic acid-derived 
prostaglandin. The effects of endocannabinoid-derived prostaglandins are not mediated 
through known prostaglandin receptors. It is also shown that the inhibition of COX-2 activity 
decreases inhibitory synaptic activity and augments depolarization-mediated suppression of 
inhibition (DSI), whereas the increase in COX-2 augments the synaptic transmission and 
abolishes DSI. Collectively, these studies suggest that COX-2-derived oxidative metabolites 
of cannabinoid exert opposite effects to ARA-derived prostaglandin on inhibitory synaptic 
transmission, and alterations in COX-2 activity may have significant impact on 
endocannabinoid signaling in hippocampal synaptic activity [73]. 

Activation of 5-HT2A receptor facilitates the formation and release of 2-AG. This release 
of 2-AG partially depends on PtdIns-specific phospholipase C activation (Parrish, & Nichols, 
2006). The production of DAG downstream of 5-HT2A receptor-mediated by phospholipase 
D or phosphatidylcholine-specific phospholipase C activation does not contribute to 2-AG 
formation in NIH3T3-5HT2A cells. DAG is hydrolyzed by diacylglycerol lipase to 2-AG, 
which may be further degraded by monoacylglycerol lipase to free ARA, a representative 
substrate of cyclooxygenase. 

It remains to be seen whether or not DAG derived from the PLD-mediated hydrolysis of 
PtdCho can be converted to 2-AG or only inositol phosphoglyceride derived DAG is used for 
the synthesis of 2-AG. These studies support the view that there is a functional relationship 
between serotonin and endocannabinoid receptor. Thus, serotonin may act as regulators of 
endocannabinoid tone at excitatory synapses through the activation of phospholipase C-
coupled G-protein coupled receptors [74].  

Recently another arachidonic acid containing metabolite, arachidonoyl-L-serine (ARA-S) 
has been isolated from brain [75]. In contrast to anandamide, ARA-S very weakly interacts 
with cannabinoid CB1 and CB2 or vanilloid TRPV1 (transient receptor potential vanilloid 1) 
receptors. It produces endothelium-dependent vasodilation of rat isolated mesenteric arteries 
and abdominal aorta and stimulates phosphorylation of p44/42 mitogen-activated protein 
(MAP) kinase and protein kinase B/Akt in cultured endothelial cells [75]. ARA-S also 
suppresses LPS-mediated secretion of TNF-α in a murine macrophage cell line and in wild-
type mice, as well as in mice deficient in CB1 or CB2 receptors. Many of these effects parallel 
to cannabidiol (Abn-CBD), a synthetic agonist of a putative novel cannabinoid-type receptor. 
Thus, ARA-S may be an endogenous agonist for this receptor [75]. In contrast, in non-neural 
cells, ARA-S directly activates large-conductance Ca2+- and voltage-activated K+ (BK(Ca) 
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channels). These interactions do not involve cannabinoid receptors or cytosolic factors, but 
depends on the presence of membrane cholesterol [76]. It is proposed that direct BK(Ca) 
channel activation probably contributes to the endothelium-independent component of ARA-
S-mediated mesenteric vasorelaxation [76].  

 
 

7. POLYUNSATURATED FATTY ACIDS, NEUROTRANSMISSION, 

AND NEURODEGNERATIVE DISEASES 
 
Alterations in the expression of neurotransmitter receptors and levels of 

neurotransmitters along with the deficiency of DHA have been reported to occur in several 
neurodegenerative diseases including Alzheimer disease (AD) and Parkinson disease (PD). 
Thus, decrease in NMDA and AMPA receptors, along with glutamate transporter activity 
occurs in several brain regions from AD patients compared to brain tissue from age-matched 
control subjects [77-80]. In addition, a marked reduction in the expression of NR2A and 
NR2B subunit mRNA occurs in the hippocampus and entorhinal cortex in brains from AD 
patients [81]. These processes may induce changes in glutamate homeostasis in AD that may 
cause a major disturbance in Ca2+ homeostasis [82-83], and the activity of Ca2+-dependent 
enzymes. Anomalous glutamatergic activity and changes in Ca2+ homeostasis leads to 
dementia and neuronal injury [56]. Similarly, marked alterations in dopamine levels have 
been reported to occur in PD. The abnormality in dopaminergic pathway in PD mainly occurs 
in the basal ganglia (caudate nucleus, putamen and globus pallidus). Degeneration of 
dopaminergic neurons takes place in substantia niagra, resulting in a marked depletion of 
nigrostriatal dopamine, changing striatal synaptic plasticity [84]. These neurons regulate 
body movement. Degeneration of dopaminergic neurons results in resting tremor, rigidity, 
bradykinesia, postural instability, and gait disturbances in PD patients. 

Determination of DHA levels in plasma and hippocampus of AD patients show that there 
is a significant decrease in DHA level in AD compared to age-matched control [85-88]. This 
decrease correlates with upregulation of PlsEtn-PLA2 [89], and a significant reduction in 
plasmalogen levels in AD patient [90-94]. Together these studies indicate that deficiency of 
DHA, decrease in plasmalogens, and alterations in glutamate homeostasis may not only result 
in the loss of synapses, but also impairment in memory and cognitive function in AD [95].  

Dietary DHA incorporates into neuronal membranes and restores neuronal functions 
[96]. Chronic pre-administration of DHA retards β-amyloid-mediated impairment of an 
avoidance ability-related memory function in a rat model of AD [97] and prevents synaptic 
loss and dendritic pathology in the mouse model of AD [98]. DHA and its metabolite 
neuroprotectin D1 inhibit apoptosis and β-amyloid secretion from aging brain cells [17, 99-
100]. Collectively, these studies indicate that DHA is beneficial in preventing learning 
deficiencies in animal AD models [100-102] Similarly, DHA protects against other types of 
dementia [103].  

In PD, Levodopa is commonly used for the treatment of PD. The effectiveness of 
levodopa therapy declines after years of treatment. So the long-term treatment of PD should 
be carefully managed. Long-term levodapa therapy results in dyskinesias (LIDs) [104]. DHA 
administration decreases the severity or delay the development of LIDs in a nonhuman 
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primate model of PD [105]. Determination of brain fatty acid profile in cerebral cortex of 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) model of monkeys indicates that 
levodopa increases ARA content, but reduces DHA concentration and total n-3:n-6 fatty 
acids ratio compared to drug-naive MPTP treated animals [106]. Similarly, PD patients who 
experienced motor complications to levodopa have higher ARA concentrations in the cortex 
compared to controls and to levodopa-treated PD patients devoid of motor complications. 
Collective evidence suggests that levodopa treatment produces changes in brain fatty acid 
concentrations not only in a non-human primate model of Parkinsonism, but also in PD 
patients [106]. Polyunsaturated fatty acids are precursors for endogenous cannabinoids that 
are associated with the control of movement through the modulation of dopaminergic activity 
in basal ganglia [107], supporting the view that the intake of polyunsaturated fatty acids 
influences the risk of PD. 

 
 
8. ALTERATIONS IN POLYUNSATURATED FATTY ACIDS, 

NEUROTRANSMISSION IN DEPRESSION 
 
Many neuropsychiatric disorders, including depression are characterized by 

dysregulation of dopaminergic, glutamatergic, serotonergic, cholinergic, and GABAergic 
neurotransmission at many different levels including the synthesis, storage, release, reuptake, 
and inactivation of neurotransmitters [108]. Major depression is accompanied by major 
alterations in neurotransmitters and a significant decrease in n-3 fatty acids and/or an increase 
of the n-6/n-3 ratio in brain and plasma and/or in the membranes of the red cells. The severity 
of depression is proportional to alterations in neurotransmetters (serotonin, norepinephrine 
and dopamine) levels in brain and low levels of n-3 fatty acids or the ratio n-3/n-6 fatty acids 
in plasma and red cell membranes.  

Chronic psychoemotional stress of social defeats produces development of experimental 
anxious depression in male mice similar to this disorder in humans. Studies on the 
determination of serotonin and 5-hydroxyindole acetic acid (5-HIAA) levels, tryptophan 
hydroxylase (TPH) and monoamine oxidase (MAO) A activities, 5-HT1A-receptors in 
different brain areas at different stages of development of experimental model of stress 
disorder indicate that in the initial stage (3 days of social stress) is accompanied by increase 
of serotonin level in some brain areas [109]. At the onset of depression (10 days of social 
stress), a decrease in 5-HIAA levels is observed in the hippocampus, amygdala and nucleus 
accumbens. At the pronounced depression stage (20 days of stress), no differences in 
serotonin and 5-HIAA levels are seen in various regions of brain except hypothalamus [109]. 
However, increase number of 5-HT1A-receptors, decrease affinity in amygdale, and decrease 
in TPH and MAOA activities in hippocampus have been reported in depressive mice. These 
finding suggest that depression is accompanied by hypofunction of serotonergic system. 
Similar changes in dopamine and its metabolites are also observed in dopaminergic system in 
mice brain. It is suggested that dynamic changes of brain monoaminergic activities are 
closely associated with the development of anxious depression in animals [109]. 
Supplementation of diet with polyunsaturated fatty acids modulates serotonin, and serotonin 
transporter in the brain [110]. Thus, feeding diet enriched either in high saturated fat, n-6 
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fatty acid enriched, n-3 fatty acid enriched or low fat (control) for eight weeks results in 
modulation of serotonin metabolism and serotonin receptor binding, however the most 
pronounced effects are seen when diets are compared with the low fat control group [110]. 
Serotonin (5-HT2A) receptor binding is increased in the caudate putamen, but reduced in the 
mammillary nucleus in high saturated fat and high n-6 fatty acid diet groups. Another 
serotonin receptor (5-HT2C) binding is reduced in the mamillary nucleus of saturated fat 
group and reduced in prefrontal cortex of the n-6 fatty acid and n-3 fatty acid fed groups and 
serotonin transport protein (5-HTT) binding is reduced in the hippocampus in the n-6 fatty 
acid fed group. Overall, the n-6 fatty acid diet exerts the most influence on serotonin receptor 
and transporter binding [110]. These results may explain the importance of n-6 fatty acids in 
depression and beneficial effects of n-3 fatty acid in depression [110]. 

In addition, there is evidence for the involvement of cannabinoids in depression. 
Cannabinoids block long-term potentiation in the hippocampus, a process that underlies 
memory formation at the cellular level. Studies on comparison of hippocampal synapses in 
CB1 knockout mice and wild-type controls indicate that CB1 knockout mice exhibit a half-
larger long-term potentiation than the controls indicating capacity for stronger synaptic 
connections related to memory formation. During two-trial recognition tests, CB1 knockout 
mice retained memory for at least 48 h, whereas spatial learning in rats can be impaired by 
agonizing cannabinoid receptors [111]. A significant decrease in 2-AG levels and CB1 
receptor protein is observed in hippocampus of rats subjected to 3 weeks of chronic 
unpredictable stress [112]. These rats also display an impairment of reversal learning in 
Morris water maze test, which can be corrected by treating animals with cannabinoid agonist 
HU210 supporting the view that this effect is mediated by endocannabinoid signaling [112].  

CB1 receptors are also involved in emotional behavior [113]. CB1 knock-out mice 
display more aggression, anxiety, and depressive like responses than wild-type mice when 
subjected to chronic and unpredictable stressors. Thus, compared to the wild-type controls, 
the CB1 Knockout mice respond more aggressively during the resident-intruder test, present 
an increase in anxiogenic behavior in the light/dark box, and show a higher sensitivity to 
exhibit depressive like responses in the chronic unpredictable mild stress procedure [114]. 
There is a relationship between dietary polyunsaturated fatty acids consumption and elevated 
cellular levels of corresponding N-acylethanolamine, which may act as endogenous 
cannabinoids. Enrichment of polyunsaturated fatty acids in diets results in the generation of 
several biologically active acylethanolamines. Thus, levels of arachidonylethanolamine are 
increased by 4-fold, whereas docosahexaenoylethanolamine levels are increased 9- to 10-fold 
[115]. This increase in acylethanolamine may be important neurochemically because 
acylethanolamine with at least 20 carbons and three double bonds are known to bind to CB1 
receptor and produce their effect on brain tissue. I speculate that diet enriched in ARA may 
increase the chances of depression and downing of mood because of the generation of 
arachidonylethanolamine and 2-AG, which bind to CB1 receptor with higher affinity than the 
docosahexaenoylethanolamine. DHA enriched diet, which facilitate the generation of 
docosahexaenoylethanolamine, may result in mood lifting thereby decreasing the risk of 
depression because it binds to CB1 receptor less tenaciously than arachidonylethanolamine. 

Beside depression beneficial effects of n-3 fatty acids, alterations in neurotransmitter 
levels are also observed in a variety of neuropsychiatric disorders, including schizophrenia, 
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bipolar disorders, and attention-deficit/hyperactivity disorder and they are described 
elsewhere in detail [116].  

 
 

9. CONCLUSION 
 
Levels of neurotransmitters are modulated by diet. Thus, serotonin and dopamine are 

derived from nutrient precursors. Serotonin is derived from the tryptophan while dopamine is 
derived from the tyrosine [117]. Similarly, fatty acid composition of neural membrane 
glycerophospholipids is regulated by diet. As stated earlier, ARA and DHA are enriched in 
human brain. However, despite their abundance, these fatty acids cannot be synthesized de 
novo by human brain. They, or their precursors, must be ingested from dietary sources and 
transported to the brain [118]. These days, our diet has a ratio of n-6 to n-3 fatty acids of 
about 20:1. The Paleolithic diet on which human beings evolved, and lived for most of their 
existence, had a ratio of 1:1with high antioxidants [119-123]. Changes in eating habits, 
natural versus processed food, and agriculture development within the past 100 years have 
resulted in changes in the n-6 to n-3 ratio. n-6 fatty acid enriched diet promotes not only the 
pathogenesis of cardiovascular disease, but also neurodegenerative and neuropsychiatric 
diseases. In contrast, diet enriched in n-3 fatty acids exerts cardioprotective, 
immunosuppressive, neuroprotective, and psychoprotective effects [120,123]. Although, 
changes in fatty acid composition occur throughout the body, but neural membranes are the 
most sensitive targets for fatty acid alterations. Thus, in neural membranes incorporation of 
DHA and EPA not only promotes and maintains synaptic plasicity and induces neurogenesis 
in the brain circuits, but also reduces oxidative stress and neuroinflammation through the 
generation of lipoxins, neuroprotectins, and resolvins [8,16-18,116,124]. In addition, DHA 
and EPA also facilitate optimal membrane fluidity, promote appropriate neurotrophic 
support, and inhibit production of cytokines and expression of adhesion molecules [8,125]. In 
contrast, ARA initiates the generation of cytokines, especially IL-1, the most potent 
proinflammatory cytokine that induces stress and anxiety-like behavior in rodents [126-127]. 
IL1 also stimulates neurotransmitter systems, thereby increasing the turnover of 
noradrenaline, serotonin, and dopamine [127-129]. ARA containing cannabinoids agonists 
through presynaptic mechanisms, modulate the release of several neurotransmitters 
implicated in the control of anxiety and depression. They not only suppress the outflow of 
glutamate in the hippocampus, but also in periaqueductal grey and amygdala. Cannabinoids 
mediate inhibitory effect on corticolimbic release of norepinephrine, dopamine, serotonin and 
anxiogenic neuropeptides corticotropin-releasing factor and cholecystokinin. They also 
interfere with GABAergic transmission in the amygdala, hippocampus and prefrontal cortex. 
Accumulating evidence suggests that n-3 and n-6 fatty acids play different role in the 
neuroendocrine-immune network, and the ratio of n-6 to n-3 fatty acid is an important dietary 
factor in reducing oxidative stress and inflammation and promoting neuroprotective and 
psychoprotective effects on human brain. These observations support the view that diet may 
also contribute to the etiology of neuropsychiatric and neurodegenerative diseases. 
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ABSTRACT 
 

Background: Prepulse inhibition (PPI) of the acoustic startle response is modulated 
by endocrine factors in both humans and rats. PPI is generally attenuated during periods 
of elevated estrogens, suggesting that these hormones might have a disruptive influence 
on sensorimotor gating. However, we recently demonstrated significant attenuation of 
PPI in the early postpartum period during which extremely low levels of circulating 
estrogens are present. One explanation for these apparently discrepant findings is that the 
precipitous postpartum decline in estrogen is preceded by substantially elevated levels 
present at the end of pregnancy. Thus, the observation of reduced PPI during the early 
postpartum period may be a consequence of high levels of circulating estrogen followed 
by its rapid withdrawal.  

Material and Methods: In the present study, we examined the effects of continuous 
7-day treatment with 17β estradiol, and its 4-day withdrawal, on PPI in ovariectomized 
female rats. As several studies have proposed an interaction between estrogen and 
forebrain dopamine systems, we also examined the effects of the dopamine agonist 
apomorphine on PPI, motor activity, and associated changes in forebrain dopamine 
function.  

Results: While estradiol exposure did not significantly alter baseline PPI, significant 
differences in the manner by which apomorphine disrupted PPI were observed. 
Specifically, in both estradiol and estradiol-withdrawn groups, apomorphine decreased 
PPI via an overall reduction in acoustic startle rather than a selective disruption of the 
inhibitory effect of the prepulse stimulus. In addition, while apomorphine significantly 
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decreased dopamine turnover in the nucleus accumbens of control animals, this effect 
was absent in estradiol and estradiol-withdrawn animals. Thus, estradiol exposure 
significantly altered the effects of apomorphine on PPI, a change which persists for up to 
four days of withdrawal.  

Conclusion: These findings suggest that estradiol may modulate sensorimotor gating 
mechanisms via a shift in the response of the nucleus accumbens dopamine system. 
 
 

INTRODUCTION 
 
Sensorimotor gating serves as a mechanism for filtering out non-essential stimuli [1-3]. It 

is hypothesized that impaired sensorimotor gating leads to information overload, cognitive 
fragmentation, and disordered thought [4,5]. Such disruptions are often observed in patients 
with schizophrenia [6], Huntington‘s disease [7], Tourette‘s syndrome [8], and obsessive-
compulsive disorder [9]. Accordingly, significant efforts have been made over the past two 
decades to measure sensorimotor gating, delineate its neural mechanisms, and characterize 
the underlying neuropathology of ―gating disorders.‖  

Prepulse inhibition (PPI) of the acoustic startle reflex (ASR) can be conveniently studied 
in the laboratory as an operational measure of sensorimotor gating [10,11]. The ASR is 
normally triggered by a strong auditory stimulus and is characterized by a rapid contraction 
of the skeletal muscles, eyelid closure, and initiation of the autonomic sympathetic flight 
response [2]. PPI of the ASR occurs when a non-startling, low intensity stimulus (often 
auditory) precedes the strong auditory stimulus [3]. Under these conditions, the magnitude of 
the ASR is dramatically suppressed. Due to its conservation and similarity across mammalian 
species, PPI of the ASR in rodents has been widely studied as a model for understanding the 
brain mechanisms of normal and deficient sensorimotor gating in humans [11,12].  

From a clinical perspective, studies have shown that PPI deficits can be ameliorated by 
administration of antipsychotic drugs in both humans [13-16] and rats [4]. These findings 
have led to intense efforts to elucidate the role of dopamine (DA) systems in PPI. To date, 
numerous studies have demonstrated regulation of PPI by DA [17-21]. For example, both 
direct and indirect DA agonists have been consistently shown to disrupt PPI [22-25]. In the 
rat, it is generally agreed that some of the disruptive effects of DA on PPI are mediated by 
DA D2-like receptors in the nucleus accumbens [26,27]. Additional studies have implicated 
the prefrontal cortex in the regulation of sensorimotor gating as infusion of DA agonists into 
this region has also been shown to disrupt PPI [28]. Thus, the mesolimbic and mesocortical 
dopamine systems both appear to regulate PPI. In aggregate, these studies provide evidence 
for the involvement of forebrain D2 receptor function in normal and deficient sensorimotor 
gating. 

In addition to the role of DA in sensorimotor gating, there is some evidence implicating 
estrogen as a possible mediator in the phenomenon. For example, differences in PPI across 
the menstrual cycle have been documented in women, with reduced PPI observed during the 
luteal phase, a period associated with elevated levels of both estrogen and progesterone 
[29,30]. Similar effects have been observed in rodents, with reduced PPI occurring during 
proestrus [31], the phase of the cycle associated with increased levels of estrogen. These 
studies suggest that high levels of circulating estrogen are associated with decreased PPI. 
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However, direct administration of estradiol to ovariectomized rats has been shown to either 
increase PPI [32] or have no effect on this measure [33]. Thus, the extent to which estrogen 
plays a role in modulating human sensorimotor gating remains unclear. 

Studies in animals have provided substantial evidence for an interaction between 
estradiol and DA in the forebrain regions involved in sensorimotor gating. For example, 
studies in female rats have observed increased density of DA receptors following chronic 
estradiol treatment [34-36]. In addition, acute estradiol administration has been shown to 
potentiate DA release [37,38] and DA-mediated behaviors, including rotation and stereotypy 
[39,40]. Therefore, it is possible that estrogen-mediated alterations in PPI may occur as a 
result of altered DA function in forebrain structures.  

In recent years, our laboratory has attempted to further characterize the interaction 
between ovarian hormones and DA in the modulation of PPI in female rats. Our initial studies 
observed a significant increase in apomorphine-induced disruption of PPI following 
ovariectomy with no corresponding change in baseline PPI [41]. These results suggest that 
the removal of ovarian hormones enhances DA receptor sensitivity resulting in increased 
disruption of PPI. We have also observed alterations in DA receptor sensitivity and reduced 
PPI during the early postpartum period [42]. As postpartum rats also have significantly 
reduced levels of estrogen, both of our findings would appear to be inconsistent with the 
suggestion that elevated estrogen levels are associated with PPI disruption. However, our 
paradigms essentially examined the effects of estrogen withdrawal, either following 
ovariectomy or during the natural decline in estrogens following parturition. The present 
study was designed to expand these initial findings and further define the effects of estradiol 
and estradiol withdrawal on PPI and forebrain DA function. For this study, ovariectomized 
virgin female rats were exposed to either 1) high circulating levels of estradiol, or 2) high 
circulating estradiol followed by complete withdrawal of the hormone. The effect of estradiol 
withdrawal on PPI and forebrain DA turnover was determined under basal conditions and 
following administration of apomorphine, the mixed D1/D2 receptor agonist. Two additional 
behavioral measures, locomotor activity and stereotypy, were also examined. Overall, the 
results indicate significant estradiol-DA interaction in the modulation of sensorimotor gating, 
an effect which appears to be related to decreased DA receptor sensitivity in the nucleus 
accumbens.  

 
 

METHODS 
 

Animals 

 
Fifty-seven female Sprague-Dawley rats (200-250 g) were purchased from Taconic 

(Hudson, NY). Animals were housed in the Animal Behavior Research Core facility at Tufts 
University School of Medicine. All animals were allowed to acclimate to facility for 7 days 
prior to baseline testing. Food and water were available ad libitum, and animals were 
maintained on a 12:12 hr reverse light cycle with all testing conducted under dark conditions. 
Animals were housed in polypropylene cages (35 x 25 x 20 cm) at a constant room 
temperature (21-25°C). All procedures were conducted according to guidelines set forth by 
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the Committee of Care and Use of Laboratory Animal Resources of the National Research 
Council. All procedures were approved by the Tufts-New England Medical Center 
Institutional Animal Care and Use Committee. 

 
 

Experimental Design and Procedures 

 
To ensure comparable levels of PPI across groups, baseline PPI testing was conducted on 

all animals prior to assignment to one of the three estradiol treatment groups; continuous 
estradiol (E2), estradiol withdrawal (E2/WD), or non-estradiol-exposed group (Control). The 
experimental design is presented in Table 1. On Experimental Day 1, animals were 
ovariectomized and implanted with either estradiol or blank (Control) silastic implants (2 mm 
in length). After 7 days, estradiol implants were removed from animals in the E2/WD group 
and replaced with a blank implant. At this time, E2 and Control groups underwent a sham 
surgery. Four days later, all animals underwent behavioral testing. For behavioral testing, 
animals were transferred to the testing room and weighed. Each animal was then 
administered 0.25 mg/kg of the D1/D2 receptor agonist apomorphine (Sigma, St. Louis, MO) 
or its vehicle (0.9% NaCl, 0.1% ascorbic acid) in a volume of 1 ml/kg, s.c. Ten minutes later, 
animals were placed in a startle chamber for acoustic startle and PPI testing. Total testing 
time was approximately 18 minutes. Following PPI testing (40 minutes post-drug or vehicle 
treatment), animals were placed in an open field and locomotor activity and stereotypy were 
monitored for 15 minutes. Following behavioral testing (55 minutes post-drug or vehicle 
treatment), animals were euthanized via CO2

 inhalation. Trunk blood was collected into 
heparinized tubes, and brains were rapidly removed and dissected on ice. Three brain regions 
were dissected bilaterally: the prefrontal cortex, nucleus accumbens, and dorsal striatum 
based on the atlas of Paxinos and Watson [43]. All tissue was stored at -80°C until processing 
for neurochemical analysis. Blood was centrifuged, and plasma was stored at -20°C until 
processing for estradiol content.  

 
Table 1. Experimental Design 

 

Group Day 1 Day 7 Day 11 n

Control OVX + Blank Sham Surgery Vehicle  
Apomorphine

11
8

E2 OVX + E2 Sham Surgery Vehicle 
Apomorphine

10
8

E2/WD OVX + E2 E2 Removal Vehicle  
Apomorphine

11
8

Treatment Day and Procedure
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Ovariectomy (OVX) and Estradiol (E2) Implantation 

 
All animals were bilaterally ovariectomized under isoflurane anesthesia using standard 

aseptic procedures. Immediately following ovariectomy (OVX), a 2 cm silastic implant was 
inserted under the skin between the scapulas. Implants for animals in the E2 and E2/WD 
group contained 17β estradiol (Sigma, St. Louis, MO), while those for the Control group 
were empty (blank). Seven days after implantation, estradiol implants were removed from 
animals in the E2/WD group and were replaced with a blank implant. To control for any 
confounds associated with this procedure, all other animals in the study underwent a sham 
procedure in which the incision used for the implant was re-opened and closed. 

 
 

Behavioral Measures 

 
Prepulse Inhibition: PPI was measured using the Startle Monitor System (SRM100; 

Hamilton-Kinder, Poway, CA). The startle chamber contained a speaker, a piezoelectric 
sensing platform, and a plexiglass ―holder‖ for the animal which was designed to restrain an 

animal on the sensing platform while allowing limited movement. Animals were exposed to 
70 dBA broad band (―white‖) background noise during a 5 min acclimation period and 
throughout each test session. Animals were then presented with 10 consecutive Pulse stimuli 
(below) for habituation prior to PPI testing. PPI was determined immediately following 
habituation and utilized two trial types: The Pulse stimulus trial (startle-eliciting 40 ms, 118 
dBA broad band noise stimulus); The Prepulse stimulus trial (40 ms, 76 dBA broad band 
noise stimulus preceding the Pulse stimulus by 100 ms). Whole-body startle responses were 
recorded in units of force (Newtons). For each testing session, animals received 51 stimuli 
presented in pseudo-random order and with a 15 s interstimulus interval. The percent of PPI 
expressed within each test session was calculated as follows: 100 – [(mean Prepulse 
response/mean Pulse response) x 100]. 

 
 

Locomotor Activity and Stereotypic Movements 

 

Following PPI testing, overall locomotor activity was assessed in individual animals for 
15 min in a novel open field environment. Locomotor activity was measured using the 
SmartFrame Activity System and MotorMoniter® software (Hamilton/Kinder, Poway, CA). 
The system consisted of individual PC-interfaced horizontal photobeam frames. Each frame 
contained 12 photobeams (8LX4W) which tracked movement of animals within standard 
plastic laboratory housing cages (40 cm X 20 cm X 18 cm). Data were collected in the form 
of photobeam breaks as an indication of activity. Repetitive breaking of individual 
photobeams was recorded as stereotypic movement.  
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Measurement of Dihydroxyphenylacetic Acid (DOPAC) and DA in Tissue 

Homogenates 

 
Frozen tissue obtained from one hemisphere was homogenized in HPLC mobile phase 

(MDTM-70-1332; ESA, Chelmsford, MA) consisting of the following: NaH2PO4 75 mM; 
EDTA 25 μM; octanesulfonic acid sodium salt 1.7 mM; triethylamine 100 μl/L; 10% 

acetonitrile; pH 3.0 with phosphoric acid. Homogenates were centrifuged and supernatants 
were analyzed for DA and DOPAC content using a DECADE Digital Electrochemical 
Amperometric Detector (Antec Leyden, Netherlands). Mobile phase was delivered to the 
detector at a rate of 0.2 ml/min using an LC1150 Solvent Delivery System (GBC Scientific 
Equipment, Victoria, Australia). Catecholamines were separated on a ThermoHypersil-
Keystone column (150 x 2.1 mm, pore size 5.0 μm). WinChrom Chromatography data 

management software (GBC Separations, Hubbardston, MA) was used for data analysis. 
Tissue protein content was determined using the Bradford method (Bio-Rad, Hercules, CA). 
DA and DOPAC (ng/mg protein) were determined based on comparison to an external 
standard curve. Turnover of DA for each brain region was calculated using the DOPAC/DA 
ratio. 

 
 

Plasma Estradiol Radioimmunoassay 

 
Plasma estradiol was assayed using a Coat-A-Count Kit for estradiol (Diagnostic 

Products Corporation, Los Angeles, CA). The procedure was carried out in accordance with 
the package insert. All samples were assayed in duplicate. Assay sensitivity was equivalent to 
1 pg/ml. All samples were measured in a single assay. Plasma E2 levels for ovariectomized 
rats are routinely < 2 pg/ml. 

 
 

Statistical Analysis 

 
For all behavioral, physiological, and neurochemical measures, two-way analyses of 

variance (ANOVA) were conducted with Treatment Group (Control, E2, E2/WD) and Drug 
(vehicle, apomorphine) as factors. All post hoc analyses were conducted using the Student-
Newman-Keuls method. Statistical significance was defined as p ≤ 0.05.  

 
 

RESULTS 
 

Plasma Estradiol and Body Weight 

 
Plasma estradiol and body weight data are illustrated in Figure 1. Separate two-way 

ANOVA indicated significant main effects of Treatment Group on both plasma estradiol 
(F[2,52] = 8.62, p < 0.01; Panel A) and body weight (F[2,56] = 13.22, p < 0.01; Panel B). As 
expected, animals in the E2 group had significantly elevated estradiol levels compared to 
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both E2/WD and Control groups (both p‘s <0.01). In addition to high circulating levels of 

estradiol, body weight was also reduced in the E2 group compared to both E2/WD and 
Control groups (both p‘s < 0.05). This finding is consistent with the previously reported 

anorexic effect of estradiol [44]. As expected no effect of apomorphine on estradiol levels or 
body weight was observed. 
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Figure 1. Effect of estradiol exposure on plasma concentration and body weight. Panel A: Data are 
mean (+SEM) plasma estradiol (pg/ml) for all experimental groups (n=8-11). Panel B: Data are mean 
(+SEM) body weight (g) for all experimental groups (n=8-11). * p < 0.05 vs. Control and E2/WD 
groups (collapsed across Drug condition). 

 
Prepulse Inhibition 

 
Two-way ANOVA revealed no effects of Treatment Group or Treatment Group X Drug 

interaction on percent PPI. However, there was a significant main effect of Drug (F[1,55] = 
21.53, p < 0.001) due to reduced PPI in apomorphine-treated animals when compared to 
vehicle-treated animals (Figure 2). This apomorphine-induced disruption of PPI was 
significant for Control and E2 treatment groups (both p‘s < 0.05), but did not attain 

significance in the E2/WD group (p = 0.11).  
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Figure 2. Effect of apomorphine on PPI in estradiol-exposed rats. Data are mean (+SEM) percent PPI 
for groups of 8-11 animals. * p < 0.05 vs. vehicle within Treatment Group. 
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Figure 3. Effect of apomorphine on startle amplitude in estradiol-exposed rats. Data are mean (+SEM) 
startle amplitude (Newtons) for Pulse (Panel A) and Prepulse (Panel B) stimulus trial types for groups 
of 8-11 animals. * p < 0.01 vs. E2 and E2/WD groups (collapsed across Drug condition).  
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Acoustic Startle Response 

 
When interpreting PPI data, it is important to consider the potential contribution of 

changes in startle amplitude (i.e. ASR to Pulse stimulus). In the current study, two-way 
ANOVA revealed a significant main effect of Treatment Group (F[2,55] = 4.33, p < 0.02) on 
startle amplitude in response to the Pulse stimulus (Figure 3, Panel A). Specifically, both the 
E2 and E2/WD groups demonstrated reduced startle amplitude when compared to the Control 
group (both p‘s < 0.03). Examination of Prepulse startle amplitude also suggests differential 

responses to apomorphine in Control and estradiol-treated groups (Figure 3, Panel B). While 
no significant effects were revealed, there was a trend toward a main effect of Treatment 
Group (F[2,55] = 2.84, p = 0.07) which is largely due to apomorphine-induced disruption in 
the ASR in the Control group compared to either the E2 or E2/WD groups. These findings 
suggest that while the magnitude of apomorphine-induced disruption of PPI is similar 
between experimental groups (Figure 2), the manner in which this occurs is altered by 
estradiol exposure. 

 
 

Locomotor Activity 

 
Two-Way ANOVA revealed no effects of Treatment Group or Treatment Group X Drug 

interaction on locomotor activity. However, there was a significant main effect of Drug 
(F[1,56] = 7.94, p < 0.01) due to reduced locomotion in apomorphine-treated animals when 
compared to vehicle-treated animals (Figure 4). This apomorphine-induced reduction of 
locomotion was significant for Control and E2/WD treatment groups (both p‘s < 0.07), but 

did not attain significance in the E2 group.  
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Figure 4. Effect of apomorphine on locomotor activity in estradiol-exposed rats. Data are mean (+SEM) 
photobeam breaks during 15 min of testing for groups of 8-11 animals. * p < 0.05 vs. vehicle within 
Treatment Group. 
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Stereotypy 

 
Two-way ANOVA revealed significant effects of both Treatment Group (F[2,56] = 4.55, 

p < 0.02) and Drug (F[1,56] = 8.28, p < 0.01) on stereotypic activity (Figure 5).  
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Figure 5. Effect of apomorphine on stereotypic movement in estradiol-exposed rats. Data are mean 
(+SEM) number stereotypic movements during 15 min of testing for groups of 8-11 animals. * p < 0.05 
vs. Control group (collapsed across Drug condition). ** p < 0.05 vs. vehicle within Treatment Group. 

Post hoc analyses indicate that stereotypic movements in the E2 group were reduced when 
compared to the Control group (p = 0.015), and to a lesser extent when compared to E2/WD 
group (p = 0.078). The effect of Drug was due to a significant apomorphine-induced 
reduction in stereotypic movement in the Control group (p = 0.01), with a trend toward an 
apomorphine effect in the E2/WD group (p = 0.075). 

 
 

DOPAC, DA, and DA Turnover 

 
Mean values and associated statistics for DOPAC and DA tissue concentrations (pg/mg 

protein) are presented in Table 2. Two-way ANOVA indicated no significant effects of 
Treatment Group, Drug, or their interaction on analyte content in the prefrontal cortex. 
However, a significant Treatment Group X Drug interaction was found for nucleus 
accumbens DA content. This effect was due to significantly decreased DA content in the E2 
group treated with apomorphine when compared to both the E2 group treated with vehicle 
and the Control group treated with apomorphine. Significant apomorphine effects were also 
observed in the striatum. Across all three treatment groups, apomorphine administration was 
associated with decreased striatal DOPAC and increased DA content. Post hoc analyses 
indicate that the effects of apomorphine on striatal DA content were significant in both the 
Control and E2/WD groups, but not in the E2 group. 

DA turnover (DOPAC/DA ratio) for all brain regions examined is illustrated in Figure 6.  
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Table 2. Forebrain DOPAC and DA 

 

DOPAC DA

Prefrontal Cortex Saline Apomorphine Saline Apomorphine

Control 43.6±10.8 41.9±7.7 45.1±19.7 33.4±13.4

E2 47.3±16.6 39.1±8.5 38.8±16.3 20.2±5.8

E2/WD 45.9±14.2 28.6±5.7 31.1±4.4 26.9±4.6

2-WAY ANOVA

Treatment F[2,44] = 0.29, p=0.74 F[2,44] = 0.73, p=0.49

Drug F[1,44] = 0.65, p=0.42 F[2,44] = 0.26, p=0.61

Interaction F[2,44] = 0.13, p=0.88 F[2,44] = 0.1, p=0.9

Nucleus Accumbens

Control 316.9±43.2 279.9±45.1 935.6±131.8 1425.7±237.9

E2 361.9±75.6 290.6±57.1 1355.1±332.6 785.9±145 *

E2/WD 287.8±90.2 284.3±39.7 910.4±156.31 1046.6±63.2

2-WAY ANOVA

Treatment F[2,44] = 0.22, p=0.79 F[2,44] = 0.56, p=0.57

Drug F[1,44] = 0.58, p=0.45 F[2,44] = 0.01, p=0.91

Interaction F[2,44] = 0.15, p=0.86 F[2,44] = 3.9, p=0.02

Dorsal Striatum

Control 289.2±27.6 223.4±22.2 279.0±48.2 488.3±92.2 **

E2 307.9±34.6 260.6±50.9 330.7±73.1 302.6±50.8

E2/WD 325.7±42.3 266.7±21.3 267.7±18.5 435.5±44.9 **

2-WAY ANOVA

Treatment F[2,44] = 0.73, p=0.48 F[2,44] = 0.66, p=0.52

Drug F[1,44] = 4.15, p=0.049 F[2,44] = 5.9, p=0.02

Interaction F[2,44] = 0.03, p=0.96 F[2,44] = 2.3, p=0.11

* p < 0.05 as compared to the apomorphine-treated control group and saline-treated E2 group.

** p < 0.05 saline-treated as compared to apomorphine-treated within treatment group.  
 
As above, two-way ANOVA indicated no significant effects of Treatment Group, Drug, 

or their interaction within the prefrontal cortex (Panel A). While no significant main effects 
or interactions were observed in the nucleus accumbens, it was clear that the groups were 
responding differently to apomorphine treatment (Panel B). Indeed, planned comparisons 
confirmed the expected reduction in DA turnover following apomorphine treatment in the 
Control group (t[14] = -2.12, p < 0.05), while no effect of apomorphine on DA turnover was 
observed in either the E2 or E2/WD groups (both p‘s > 0.7). However, apomorphine 

produced a robust and consistent decrease in striatal DA turnover (Panel C). This effect 
(F[1,43] = 12.63, p < 0.001) reached significance in both the Control and E2/WD groups 
(both p‘s < 0.05). 
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Figure 6. Effect of estradiol exposure and apomorphine treatment on forebrain DA turnover in rats. 
Data are mean (+SEM) DOPAC/dopamine ratio for prefrontal cortex (Panel A), nucleus accumbens 
(Panel B), and striatum (Panel C) for groups of 8-11 animals. * p < 0.05 vs. vehicle within Treatment 
Group. 

 
DISCUSSION 

 
The present study was undertaken to better understand the effects of estradiol and 

estradiol withdrawal on dopaminergic modulation of sensorimotor gating. Compared to 
controls, estradiol-exposed animals (E2 and E2/WD groups) showed no significant group 
differences in percent PPI following treatment with the DA agonist apomorphine or its 
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vehicle. However, separate analysis of raw acoustic startle data indicated a differential effect 
of estradiol treatment as a function of trial type (Pulse stimulus vs. Prepulse stimulus). As 
expected, apomorphine disrupted PPI in the Control group via dampening the effectiveness of 
the Prepulse stimulus. In contrast, the E2 group responded to apomorphine with an overall 
decrease in startle response to the Pulse stimulus, with no corresponding change in response 
to the Prepulse stimulus. This effect of estradiol exposure was similarly observed in the 
E2/WD group, suggesting persistence into the withdrawal period. Thus, it appears that 
estradiol exposure alters the underlying mechanism of DA receptor-mediated PPI disruption.  

In addition to estradiol effects on startle amplitude following apomorphine, differential 
effects on DA turnover within the nucleus accumbens were also observed. As expected, 
apomorphine significantly decreased DA turnover in the Control group, an effect 
conventionally attributed to autoinhibitory effects of forebrain presynaptic DA D2 receptor 
stimulation [45]. In contrast, no effect of apomorphine on nucleus accumbens DA turnover 
was observed in either estradiol treatment group. This finding supports the notion that 
apomorphine disruption of PPI in E2 and E2/WD groups is mediated by an altered 
dopaminergic mechanism, perhaps involving DA D2-like receptor subsensitivity in the 
nucleus accumbens.  

Several studies have demonstrated a critical role for DA D2-like receptors in DA-
mediated disruption of PPI [24,27,46]. Additional findings suggest that release-regulating 
autoreceptors within the nucleus accumbens underlie these effects [47]. Autoreceptor 
regulation of DA output is mediated via both decreased release and increased uptake [45]. Of 
relevance to the current findings, several studies have demonstrated an effect of estradiol on 
DA release and reuptake within the nucleus accumbens. Specifically, estradiol priming (i.e. 
prolonged exposure) has been shown to decrease K+-stimulated DA release [48], increase DA 
reuptake [49], and attenuate quinpirole-mediated potentiation of DA uptake [50]. These 
effects are in contrast to the acute effects of estradiol infusion which include potentiation of 
stimulated DA release [48,51] and decreased clearance [52]. Thus, the current findings are 
consistent with previous data demonstrating alterations in DA autoreceptor regulation 
following prolonged estradiol exposure. Furthermore, the present data suggest that these 
effects may be brain region specific and may persist even following estradiol withdrawal.  

In addition to the failure of apomorphine to disrupt PPI in E2 and E2/WD groups, the 
other major finding in the current chapter is the decreased ASR observed in these two groups. 
While there was no significant interaction between treatment group and drug, apomorphine 
tended to reduce startle amplitude in both the E2 and E2/WD groups when compared to 
controls. The mechanism underlying this effect is unclear. However, a previous study 
examining effects of chronic estradiol also reported a reduction in the ASR following 
apomorphine when compared to ovariectomized controls [33]. One possible explanation for 
this effect may be a preferential activation of DA receptors within the amygdala in estradiol 
exposed females. A previous study has shown that DA infusion directly into the amygdala 
disrupts PPI via an overall decrease in startle amplitude [53], findings which are consistent 
with those of the current report. Such a shift could be related to the effects of estradiol on 
arousal. Indeed, a recent fMRI study demonstrated decreased arousal-induced activation 
within the amygdala of women during the luteal phase of the menstrual cycle [54]. This 
finding suggests that elevated levels of estrogen may be related to attenuation of arousal 
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circuitry within this brain region. While an intriguing possibility, additional study is needed 
to determine whether the amygdala is a substrate for estradiol-DA interactions and their 
effects on the ASR.  

The effects of estradiol exposure on locomotor activity and stereotypy did not parallel the 
effects on the ASR and PPI. For these behaviors, the effects of apomorphine were similar in 
Control and E2/WD groups, with both groups demonstrating decreased locomotor and 
stereotypic responses. In contrast, animals in the E2 group appeared to be subsensitive to 
these effects of apomorphine. Moreover, animals in the E2 group also exhibited decreased 
stereotypy compared to Control and E2/WD groups, and this effect was observed regardless 
of drug treatment. Previous studies have observed apomorphine-induced hypolocomotion 
using doses similar to those used in current study [55]. Other work has demonstrated 
attenuated apomorphine-induced locomotor activity following acute estradiol administration 
[56]. Since stereotypy is defined here as repetitive beam breaks, it is difficult to interpret this 
decrease. However, it is possible that this reflects decreased self-grooming in the E2 group, 
an effect which would be consistent with prior observations of increased grooming following 
ovariectomy and its reversal by estradiol replacement [57]. Collectively these data indicate 
that, unlike regulation of the ASR and PPI, the effects of estradiol exposure on locomotor 
activity and stereotypy return to control levels following estradiol withdrawal.  

The effects of estradiol exposure on DA content and turnover were brain region specific 
and were similar to those reported previously in female rats [42]. There was no significant 
effect of apomorphine on DA turnover in the nucleus accumbens of E2 and E2/WD animals. 
However, examination of the treatment effects on DA content suggests that the decreased 
sensitivity to apomorphine in these two groups may be due to different mechanisms. In the 
E2 group, apomorphine administration resulted in a significant decrease in DA content within 
the nucleus accumbens, an effect not observed in either Control or E2/WD groups. The 
mechanism by which estradiol exposure leads to lower DA content following apomorphine is 
unclear. Since no significant changes in DOPAC content were observed, the apomorphine 
effect on nucleus accumbens DA is likely be related to altered DA synthesis or vesicular 
monoamine transport function.  

In the striatum, apomorphine administration significantly increased DA content in both 
the E2/WD and Control groups, while having no effect in the E2 group. All groups 
demonstrated the expected apomorphine-induced decrease in DOPAC within the striatum. No 
effects of either treatment group or drug were observed in the prefrontal cortex. Taken 
together these findings indicate that apomorphine-induced alterations in DA turnover are one 
consequence of chronic estradiol and that the persistence of this effect following estradiol 
withdrawal appears to be brain region specific.  

 
 

CONCLUSION 
 
The present findings indicate that high circulating estradiol can produce both a shift in 

arousal as well as an alteration in the neural mechanisms underlying sensorimotor gating. 
This notion is supported by the differential effects of apomorphine on the ASR and nucleus 
accumbens DA turnover during and following estradiol treatment. Further, the findings 
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suggest that these observed changes in sensorimotor gating and associated neurochemical 
alterations result from an underlying subsensitivity of D2 autoreceptors in the nucleus 
accumbens which does not recover during early estradiol withdrawal. The finding that 
estradiol treatment alters striatal DA receptor sensitivity and striatally-mediated behaviors is 
also intriguing given that these effects are normalized upon estradiol withdrawal. 
Collectively, the results of the present work have provided further elucidation of the role of 
estrogen-DA interactions in the regulation of sensorimotor gating and related dopaminergic 
behaviors.  
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ABSTRACT 
 

The study was initiated to examine the degree of stereoselectivity of enantiomers of 
norepinephrine in regulating the release of the transmitter mediated by prejunctional 
adrenoceptor (α2) in hypothalamus and vasa deferentia of rat. In vitro, Potassium (K+) 
was used as a tool to investigate the release of the tritium labelled transmitter from the 
tissues. The α2-adrenoceptors regulating norepinephrine (NE) release show 
stereoselectivity in favour of the (-)-enantiomer of NE in both tissues studied. The degree 
of stereoselectivity in both tissues is approximately 10-fold which perhaps reflects 
similar types of prejunctional α2-adrenoceptors in the central and the peripheral nervous 
system. However, as compared to the high stereoselectivity, greater than 250 fold at the 
post junctional α1-adrenoceptor mediated effects of the enantiomers on many organs 
including vasa deferentia, the selectivity at prejunctional α2-adrenoceptor is low. 
Molecular modelling of prejunctional α2A and the postjunctional α1A adrenoceptors with 
the enantiomers shows additional hydrogen bond formation between hydroxyl group of 
catechol ring of (-)-NE and CYS201 of α2A-AR as compared to α1A-AR. Hydrophobic 
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interactions between catechol ring of NE and TM VI of α1A-AR and α2A-AR differ by the 
presence of additional hydrophobic residue (Met292) in TM VI of α1A-AR. This 
additional hydrophobic interaction leads to favorable packing of (-)-NE in the binding 
pocket and may also explains higher binding affinity of (-)-NE for α1A-AR compared to 
α2A-AR. (-)-NE interactions are more favorable leading to higher potency, in both α1A-
AR and α2A-AR as compared to (+)-NE because of hydrogen bonding interactions β-OH 
of (-)-NE with the aspartate residue of TM III. The energetically unfavorable β-OH of 
(+)-NE lies in space towards hydrophobic pocket. Its low pharmacological potency is 
compared with dopamine which lacks the β-OH group.  
 
 

ABBREVIATIONS 
 
α1A-AR, Alpha1A adrenergic receptor; 
α2A-AR, Alpha2A adrenergic receptor; 
AR,  Adrenergic receptor/ Adrenoceptor; 
β2-AR, Beta 2 adrenergic receptor; 
β-OH, Beta hydroxy; 
NE,  Norepinephrine; 
TM, Transmembrane (helix). 
 
 

INTRODUCTION 
 
Extracellular potassium ions (K+) have been widely utilized as a tool to study 

neurotransmitter release from either peripheral or central neurons. Although neurotransmitter 
released by pulses of the potassium ions appears to have a more limited specificity than that 
achieved with electrical stimulation, the method is useful in circumstances in which the 
electrical stimulus may not be adequate. A simple method for the study in vitro of 3H-
norepinephrine released from several areas of the central nervous system of the rat has been 
known for a long time [1]. Under these experimental conditions, the metabolic pathway of the 
3H-neurotransmitter resembles that described for 3H-norepinephrine released under 
conditions of electrical stimulation in the peripheral nervous system. The involvement of 
neuronal α-adrenoreceptors in a negative feed-back mediated control of norepinephrine 
release elicited by electrical stimulation from the peripheral nerve endings has been well 
documented [2,3,4], however the molecular similarity and differences, if any, between the 
prejunctional receptors (α2) of the central and the peripheral organs remain to be elucidated. 
Enantiomers of norepinephrine were used to gain some insight into the prejunctional α-
Adrenoceptor of rat hypothalamus and the vas deferens. Molecular modeling of the 
prejunctional α2A-adrenoceptor as well as that of the well known postjunctional α1A-
adrenoceptor was used to examine the degree of the selectivity for the receptors. Although no 
x-ray structure of α1A and α2A-AR have been published yet, but recently published crystal 
structure of human beta-2 adrenoceptor (hβ2-AR) [5] combined with functional, structural 
and experimental data can produce reliable model of α1A and α2A-AR at atomic resolution. 
Atomic details of the receptors are needed to gain insight into conformational changes upon 
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receptor activation. In previous studies, it has been shown that agonist binding site is located 
between TM III, TM V and TM VI (Figure 1A and B) and movement of these TM helices 
with respect to each other leads to activation of the receptor [6-10]. Previously, it has been 
also argued that a rotation of TM V is likely to be involved in receptor activation [11,12]. 
Figure 1B shows SiteMap‘s predicted ligand binding site at AR. SiteMap (v2.2, Schrödinger, 
LLC, New York, NY, 2008) uses a novel algorithm for rapid binding site identification and 
evaluation. 

 

 

Figure 1. A. Representation of transmembrane helices of adrenoceptors (cartoon drawing of helices) 
and agonist binding pocket. Agoinst is represented as VWD form in the binding pocked formed by TM 
III, TM V and TM VI. B. SiteMap‘s predicted agonist binding pocket between TM III, TM V and TM 

VI. Yellow wireframe corresponds to hydrophobic pocket and red and blue wireframe corresponds to 
hydrogen bond acceptor and donor respectively.  

 
MATERIAL AND METHODS 

 
Experimental Methods 

 
The hypothalamus and vas deferens of the Sprague-Dawley male rat (190-300g) were 

used for central and peripheral noradrenergic neurons, respectively. For the isolation of the 
hypothalamus and the vasa deferentia, the rats were sacrificed. Tissue slices of approximately 
1 mm each were prepared and immediately transferred to the incubation medium in a 
cylindrical chamber, with a piece of nylon mesh fitted in the bottom as a small basket, as 
described by Farah et al [1]. The whole system was placed in a 10 ml beaker containing 
2.5ml of slightly modified Kreb‘s solution previously equilibrated with 95% and 5% CO2. 
The composition of the Kreb‘s solution was the following (millimolar concentrations): NaCl, 
118; KCl, 4.7; CaCl2, 2.5; MgCl2, 0.54; NaH2PO4, 1.0, NaHCO3, 25.0; glucose, 11.1; sodium 
ethylenediamine tetraacetic, 0.004 and ascorbic acid, 0.11. The temperature was maintained 
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at 37 0C in a Dubnoff incubator with moderate shaking and the solution was oxygenated 
through a tube fitted to the bottom of the basket. The nylon mesh of the incubation system 
allowed the free passage of the bathing solution contained in the beaker, without loss of the 
tissue slices placed on it. A 40-minute period of stabilization was allowed to elapse before 
starting the experiment. During this period the Kreb‘s solution was replaced every 10 min. 

Endogenous neuronal norepinephrine stores were labelled by incubating the tissues for 
30 min with 0.1 μM of (-)-[7, 8-3H (N)]-norepinephrine (New England Nuclear Corporation, 
Boston, Mass., specific activity 32.7 Ci/mmole. At the end of the incubation period, the tissue 
was washed eight times for 1 min each with fresh Kreb‘s solution. Subsequently, the Kreb‘s 

solution was replaced every 5 min during the following 60 min before the periods of 
stimulation by exposure to potassium began. 

Tissue slices were stimulated for 1 minute by exposure to potassium chloride. The 
optimum 25mM and 75mM concentration of K+ appears to be the best for the hypothalamus 
and the vas deferens, respectively. The interval between two consecutive stimulation periods 
was 26 minutes. Three 1-minute samples were collected before and after each period of the 
stimulation. The radioactivity was monitored by counting 2.0 ml aliquots of the bathing 
solution by a liquid scintillation (Kew scientific). 

At the end of the experiment the tissue was blotted on filter paper, weighed and 
homogenized with 5 ml of 0.4N perchloric acid. The homogenate was centrifuged at 7,000 
rpm for 15 min and an aliquot of the supernatant was taken for estimation of total 
radioactivity in the tissue. 

Overflow of radioactivity for each sample was expressed as ―fractional release,‖ i.e., the 

total nCi released divided by the total nCi remaining in the tissue at this time. The overflow 
of radioactivity elicited by potassium was calculated by subtracting the spontaneous outflow 
assumed to have occurred in each sample during and after the period of stimulation. The 
value of spontaneous outflow subtracted from these samples was the basal resting value 
obtained in the 1-min period immediately before exposure to potassium. The ―fractional 

release induced by exposure to potassium‖ was the sum of all increases above spontaneous 
levels induced by the period of K+-stimulation, and it represents the fraction of the 
radioactivity present in the tissue at the onset of stimulation released by exposure to 
potassium. 

Only total radioactivity was measured, and no attempt was made to estimate the amount 
of radioactivity collected as unmetabolized 3H-norepinephrine, since during 3H-transmitter 
release elicited by exposure to K+ from central neurons [1] or peripheral tissues [13] 
uncharged 3H-norepinephrine accounted for most of the increase in radioactivity. 
Additionally, when the stimulation is performed in the presence of an uptake inhibitor, 
practically all the radioactivity released is collected at unmetabolized 3H-transmitter [1]. 

Statistical evaluations of the results were made according to conventional procedures 
[14]. The following drugs were used: (-)-norepinephrine (+)-bitartatehydrate and (+)-
norepinephrine (+)-bitartate hydrate (Sterling-Winthrop Research Institute, Rensselaer, 
N.Y.), desmethylimipramine HCl (USV, Pharmaceutical Corporation, Tuckahoe, N.Y.), 
phentolamine HCl (Ciba Pharmaceutical Company, Summit, N.J.), phenoxybenzamine HCL 
(Smith Kine & French Labs., Philadelphia, PA), and clonidine (Boehringer Ingelheim, 
Germany). 
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Computational Methods 

 
Homology modeling of α1A (SWISS-PROT accession number P35348) and α2A (SWISS-

PROT accession number P08913) adrenergic receptors were done based on predicted active 
conformation model of human Beta-2 (hβ2) AR (template). Active hβ2 AR model was 
predicted based on 50ns NTP molecular dynamic simulation of crystal structure of hβ2 AR 
(PDBID: 2RH1) and endogenous ligand (-)-epinephrine (unpublished data). Set of initial 
protein models of the α1A and α2A were generated via MODELLER v9.2 [15]. Information on 
transmembrane helix residues were obtained from SWISS-PROT and alignment of 
transmebrane residues with template were done by Clustal W and manually (Figure 2). The 
backbone trace of the α1A and α2A models were kept with similar conformation to the hβ2 AR 
template, whereas the arrangement of the side chains of the binding-site residues were 
predominantly determined by available details about the interaction between protein and 
ligands. (-)-norepinephrine and (+)-norepinephrine were docked into the agonist binding sites 
by using AutoDock v4β [16]. The Lamarckian genetic algorithm (LGA) for ligand 
conformational searching was selected because it has enhanced performance relative to 
simulated annealing or the generic genetic algorithm [17]. Besides ligand being fully flexible, 
we allowed the side chains of ligand contacting residues to be flexible also, in order to 
simulate the binding process and the induced-fit effect. Energy minimization of the docked 
ligand and receptors were done using sander module of AMBER 9 [18]. 

 

Figure 2

 

Figure 2. Alignment of amino acid residues: Transmembrane helix regions of human α2A, α1A and β2 

adrenergic receptors are shown. Red box in TM III indicates highly conserved aspartate residue. Red 
box in TM V indicates conserved serine residues. A cystine residue in α2A corresponds to alanine 
residue in α1A and Serine residue in β2 adrenergic receptor. Red box in TM VI indicates difference in 
key residues in α2A (Tyrosine), α1A (Methonine) and β2 (Asparagine) adrenergic receptors. 

 
General Observations 

 
In both tissues K+ induced release of the labelled transmitter was enhanced by the 

competitive α-adrenoceptor blocker phentolamine (5μM, n=5) or the irreversible α-
adrenoceptor blocker phenoxybenzamine (5μM - 8.7μM) indicating that inhibitory 
prejunctional receptor mediated activity of the transmitter norepinephrine was blocked. 



Vandana Kumari, Miguel B. Farah, Salomon Z. Langer et al. 270 

Furthermore, in hypothalamus, the K+ evoked release was reduced nearly 50% by the 0.15μM 

of the potent prejunctional adrenoceptor agonist clonidine (n=4). These observations indicate 
that in both tissues, selection of K+ provided an essential tool to investigate the prejunctional 
receptor in the sympathetic nerve terminal. 

 
Effects of (-)-and (+)-norepinephrine on the K+-evoked release of 3H-

transmitter in rat vasa deferentia and hypothalamus 

 
(a) Vasa Deferentia 

Sixty-three minutes after the end of incubation of slices of the vasa deferentia with 3H-
norepinephrine, the fraction released spontaneously (0.36 ± 0.02%, n=15) represented a 
minor proportion of the total radioactivity retained in the tissue. There was a small, steady 
decline in the basal efflux of tritium as a function of time.  

In all experiments, desmethylimipramine (DMI) was used to inhibit the neuronal uptake 
of the released norepinephrine. In the absence of neuronal uptake inhibitor, the exposure of 
tissue slices to very low concentration of norepinephrine induces a marked increase in the 
spontaneous outflow of radioactive products [19,20]. 

Even in the presence of DMI, the two higher concentrations of either (-) or (+)-
norepinephrine increased the fraction of released spontaneously from vasa deferentia slices. 
The increase observed during exposure to norepinephrine (9μM) was slight and was 

approximately the same for both enantiomers. Perhaps norepinephrine displaces the labelled 
transmitter by neuronal membrane transport (uptake1) mechanism. It was evident that a 
stereoselective increase of spontaneous outflow occurred when a 3-fold higher concentration 
of both enantiomers was employed. The higher concentrations of norepinephrine enantiomers 
were also able to override the blockade of neuronal uptake when the concentration of DMI 
was increased up to 5 μM. Concentrations of DMI above 5 μM increased the basal efflux of 

radioactivity. The α-Adrenoceptor blockade occurred when a higher concentrations of DMI 
was used [21]. These minor technical difficulties were unavoidable. 

Concentrations of (-)-NE of 1 μM and higher inhibited the tritium overflow induced by 
exposure of tissue slices to K+. In separate experimental groups the inhibitory potency of (-)-
NE, 1 μM, on the release induced by K+ at two different times of stimulation were compared. 
There were no differences in the degree of inhibition when the tissue was exposed to (-)-NE 
during the second period of stimulation (S2: 38.5±8.0% of inhibition, n=4) consecutive to the 
first one performed in the absence of the drug, and its inhibitory effect during the fourth 
stimulus (S4: 35.1±3.2%, n=3), after the tissue was previously exposed to other 
concentrations of (-)-NE during the stimuli. 

In contrast to these results, there was no inhibition in 3H-transmitter overflow when the 
tissue slices were exposed to 1 μM of the corresponding (+)-enantiomer. It was necessary to 
increase the concentration of (+)-NE to 27 μM in order to reduce to approximately one half 

the fractional release elicited K+. 
 

(b) Hypothalamus:  

In the presence of DMI, the spontaneous release of radioactivity was a constant fraction 
of the tissue radioactivity from slices of the hypothalamus. Exposure of tissue slices to the 
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highest concentration of either (-) or (+)-NE induced a moderate increase in the spontaneous 
outflow. 

There was a small decline in the fractional release in four successive one-minute 
exposures to 25 mM K+. Increasing concentrations of (-)-NE dose-dependently reduced the 
overflow induced by K+. A concentration of 3 μM of the (-)-enantiomer was necessary to 
inhibit the fractional release by nearly 50%. (+)-NE was considerably less effective in 
inhibiting the K+-evoked secretion of tritiated transmitter. At the highest concentration of (+)-
NE, there was a significant degree of inhibition achieved. 

As shown in Figure 3, a similar picture emerged when the inhibitory effects of both 
norepinephrine enantiomers were compared in the two systems, with the values being 
corrected for the variation in the corresponding control stimulus. In the both hypothalamus 
and vasa deferentia, the same concentration of (-)-NE was necessary to inhibit the release by 
nearly 50% (3 μM: 46.9 ± 5.2% in hypothalamus and 46.9 ± 8.5% in vasa deferentia). It 

required a 9 fold higher concentration of (+)-isomer to achieve equivalent inhibition in the 
vasa deferentia, with comparable results for the hypothalamus. 

 

Figure 3

 

Figure 3. Comparison of the effect of (-) -and (+)-norepinephrine on 3H-transmitter release induced by 
K+ in central and peripheral neurons. Ordinates: fractional release induced by K+ expressed as a 
percentage of the first stimulus (S1). The values were corrected by the variation in the corresponding 
stimulus in the presence of DMI alone. The tissue slices were stimulated by 1- minute exposure to K+ , 
75 mM (vasa defernetia) or 25 mM (hypothalamus).Abscissa: (-)-or (+)-norepinephrine (NE) at the 
concentration which is indicated was added 8 min before stimulation with K+ . Each point represents the 
mean value of four to seven experiments. 
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Norepinephrine interactions with α1A- and α2A- AR:  

Asp106 (corresponding Asp113 of α2A AR) of TM III of α1A-AR is highly conserved 
residue among Adrenergic receptors (figure 2). It is involved in electrostatic as well as 
hydrogen bonding interactions with (-)-NE. The most important interaction is formed 
between positively charged amino group of NE and negatively charged Asp106 of TM III of 
both enantiomers. The β-OH group of (-)-NE forms hydrogen bond with the Asp106 and 
Asp113 of TM III of α1A- and α2A-AR respectively (Figure 4A, C), whereas this interaction of 
β-OH group of (+)-NE with aspartate residue of TM III can not take place (Figure 4B, D). 
Catechol ring of NE orients towards TM V of AR and make hydrogen bond network with 
Ser188 and Ser192 (corresponding Ser200 and Ser204 of α2A AR) of TM V. Hydrophobic 
pocket is mainly formed by residues of TM VI and TM III. Phe288, Phe289 and Met292 of 
TM VI make one side of hydrophobic pocket while Val104 forms other side of hydrophobic 
pocket of α1A-AR. These residues are involved in interaction with catechol ring of agonist. 
Phe390 and Phe391 of VI make one side of hydrophobic pocket while Val114 forms other 
side of hydrophobic pocket of α2A-AR. 

 

Figure 4

A B

C D

 

Figure 4. A. Interactions of (-)-NE with α1A. B. Interactions of (+)-NE with α1A. C. Interactions of (-)-
NE with α2A. D. Interactions of (+)-NE with α2A. Transmembrane helices are shown in cartoon drawing. 
Red dash line denotes electrostatic interactions and green dash line denotes hydrogen bonding 
interaction. Surface and CPK drawing of residues involved in hydrophobic interactions are shown. 
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Differences in agonist binding pockets of between α1A- and α2A-AR  

 
Transmembrane Helix V:  

The α2A-AR has a Cys201 residue in TM V whereas α1A has alanine residue at 
corresponding position in TM V (figure 2). In β2-AR receptors there are three conserved 
serine residues, which have been shown to be involved in hydrogen bond formation with 
hydroxyl of catechol ring. Our modeling and docking studies shows involvement of Cys201 
in hydrogen bond formation with meta-hydroxyl of catechol ring. It has been shown that 
Cys201 is exposed in the binding cavity [22], and is important for agonist binding. SH groups 
of Cys201 residues can form interactions over long distance than OH groups. Thus, Cys201 
of α2A-AR appears to play important role in binding with agonist NE. This type of interaction 
is missing in α1A-AR.  

 
Transmembrane helix VI:  

There are some differences in active site residues of TM VI involved in hydrophobic 
interactions with catechol ring of agonist in the α1A- and α2A-AR. In α1A, Met292 is highly 
involved in hydrophobic interaction with the catechol ring of NE. In contrast, Tyr394 is 
present in α2A at position equivalent to Met292 (α1A) (figure 2). Tyr361 does not show any 
favourable interaction with NE.  

 
 

DISCUSSION 
 
The inhibitory effect of extracellular norepinephrine in these experiments, in which 

pulses of elevated K+ have been used as stimulus, closely resemble those obtained in 
numerous peripheral tissues under experimental conditions in which electrical stimulation 
was used [19,20,23,24,25,26], In contrast to the inhibitory effects of exogenous (-)-
norepinephrine, an enhancement in transmitter release induced by electrical stimulation is 
observed when the presynaptic α-adrenoceptor are blocked by drugs [27,28,29].In the present 
experiments, both phentolamine and phenoxybenzamine enhanced the overflow of 
radioactivity elicited by K+ in the presence of DMI from slices of the rat vasa deferentia. 

The result obtained in the hypothalamus showed that in the same organ, under similar 
experimental conditions, a different ID50 can be obtained depending on the degree of 
depolarization and/or experimental conditions (i.e., presence of uptake inhibitor). The 
concentration of (-)-or (+)-norepinephrine required to inhibit the 3H-transmitter release 
induced by K+ by 50% in the vasa deferentia, however, are greater than the corresponding 
one obtained when the release was elicited by electrical stimulation in the same organ of the 
rat (unpublished). 

Our results show that the α-adrenoceptor involved in modulating evoked norepinephrine 
release exhibit stereoselectivity characteristics both in central and peripheral neurons. In the 
present study, the isomeric activity ratio for the inhibitory effects of the isomers is 
approximately 10. This is small as compared to the ratio for the binding of enantiomers to the 
postjunctional α-adrenoceptor related membrane fragments from rat brain [30]. On the other 
hand, a ratio of 10 was also obtained for the reduction in the body temperature of the cat 
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when the enantiomers were injected into the hypothalamus [31]. Although the relative 
importance of the pre- and postjunctional alpha receptor for the physiological regulation of 
the particular function in the central nervous system is yet to be clarified, the enantiomers and 
molecular modeling may aid in such an undertaking.  

 
 

The α1A- AR Agonist Binding and Differences from α2A- AR  

 
The agonist binding pocket of α1A and α2A are constituted by the electrostatic interaction 

of negatively charged Aspartate residue of TM III and positively charged amino group of 
norepinephrine. This Aspartate residue of TM III has been shown to form salt bridge with 
Lysine residue of TM VII. Initiation of activation process takes place by disruption of this 
salt bridge by the agonist [32], but this one site interaction does not account for the full 
activation of receptor. For full activation, ligand has to orient in a way that makes favourable 
interactions between catechol ring of agonist and Serine residues of TM V.  

Modeling and docking studies of α1A and α2A with enantiomers of NE showed hydrogen 
bond formation between hydroxyl group of catechol ring and Ser188 (corresponding Ser200 
of α2A) and Ser192 (corresponding Ser204 of α2A) of TM V of α1A-AR. In addition, Cys201 
residue (TM V) of α2A-AR also shows hydrogen bond formation with meta-hydroxyl of 
catechol ring. This third residue (Cys201), involved in hydrogen bond formation is missing in 
α1A. Ser204 in TM V of β2 is present at the corresponding Cys201 of α2A-AR. Ser204 of β2 
has been shown to be involved in hydrogen bond formation with catechol ring of 
catcholamines [33]. Our docking studies did not distinguish between two different 
orientations of ring. Agonist binding conformations were chosen on the following basis: (i) 
Conformation with lower energy and higher clustering. (ii) On the basis of previous 
mutagenesis studies [34]. Meta-hydroxyl of catechol shows interactions with Cys201 and 
Ser200 (corresponding Ser188 of α1A AR) of α2A-AR, para-hydroxy group of catechol shows 
interaction with Ser204 (corresponding Ser192 of α1A-AR) of α2A-AR. Phenylephrine 
(missing para-hydroxy), α1A adrenergic full agonist, shows interaction of meta-hydroxy with 
both Ser188 and Ser192 of TM V and this concludes that only two serine residues in TMV 
are necessary in activation process of alpha adrenergic receptor. In α1A, only two residues of 
TMV are involved in interaction with catechol hydroxyl group while α2A shows involvement 
of three residues of TMV. But this could not lead to higher affinity for endogenous ligands; 
Indeed α1A shows higher affinity than α2A for endogenous ligand. This could be explained by 
the orientation and packing of the catechol rings in the active site. Met292 of α1A makes 
energetically more favourable hydrophobic interactions with the catechol ring and involved 
in orienting ring favourable for activation.  

The β-OH of (-)-NE enantiomer forms hydrogen bond with the Asp106 and Asp113 of 
α1A and α2A respectively, whereas β-OH of (+)-NE enantiomer is not involved in such type of 
favourable interactions and this missing interaction could be important in stereoselectivity 
and receptor activation. In our previous communication when rhodopsin crystal structure 
template was used to study interactions of the enantiomers of epinephrine similar differences 
between two forms were noted [35]. The chiral β-OH of both enantiomers of epinephrine was 
thought to involve in interaction with Asp of TM III. Ligand binding and receptor activation 
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is a dynamic process, it could be hypothesized that the landing of ligand to the receptor 
occurs by stronger interactions i.e. binding of positively charged amino group and β-OH of 
catecholamines to aspartate of TM III. The β-OH of (+)-NE may not sustain the initial 
interactions during the global conformational change of receptor. Thus as compared to that of 
the (-)-NE, the missing β-OH interaction with Asp106 and missing meta- OH of catechole 
interaction with Cys201 of α1A-AR makes (+)-NE less effective for receptor activation. The 
orientation of catechol ring differs in both enantiomers; this could explain why there is more 
stereoselectivity at α1A-AR as compared to α2A-AR. This is consistent with the Ki value of 
two enantiomers [36]. The binding affinity of dopamine (no β-OH group) is also lower than (-
)-NE enantiomer. The β-OH interaction with aspartate of TM III is missing in dopamine. The 
order of pharmacological potency of these catecholamines on many organs is (-)-NE > (+)-
NE = dopamine. As predicted by Easson and Stedman hypothesis that (+)-NE acts like 
dopamine [37,38], the β-OH interaction is missing in both cases. In α1A AR, Met292, Phe288 
and Phe289 of TM VI makes one side of hydrophobic pocket, which are involved in 
hydrophobic interactions with the catechol ring of agonist. Val107 (TM III) makes other side 
of hydrophobic pocket for interaction of ring. To determine optimal binding and receptor 
activation, details of ligand binding pocket at atomic level is needed. The resulting difference 
at atomic level of ligand binding pocket of α1A- and α1A-AR will provide rational basis for the 
design of better α1A- and α1A-AR subtype selective agonists. 
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ABSTRACT 
 

The trace amines are a class of endogenous amines that are found in the central 
nervous system of all species so far examined. Although these compounds (typified by 2-
phenylethylamine, tryptamine and p-tyramine) have been established as 
neurotransmitters in invertebrate species, the available evidence suggests that trace 
amines do not act as traditional neurotransmitters in mammalian species. Trace amines 
are released from neurons, but not in an activity dependent manner. Further, 
administration of exogenous trace amines at doses approaching physiological 
concentrations, is not associated with changes in neuronal excitability. Rather, at 
physiological concentrations, trace amines regulate the responsivity of neurons to co-
applied neurotransmitters. Since trace amine synthesis appears to be regulated in 
response to monoamine neurotransmitter receptor activation, it has been proposed that, at 
least in mammals, trace amines serve a control function, maintaining neuronal 
responsivity within defined physiological limits. Such a divergence of trace amine 
functioning between species is also seen in recent genetic studies of trace amine-
associated receptors (TAAR). Vertebrate TAAR, although G-protein coupled, appear to 
have arisen independently of invertebrate TAAR. Further, mammalian TAAR appear to 
lack glycosylation sites required for membrane insertion. Additional evidence suggests 
that vertebrate TAAR are rapidly evolving, with a number of species specific variants 
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identified. On this basis it has been suggested that they are involved in species specific 
adaptive responses. Possibly related to this, sub-types of TAAR have been shown to act 
as olfactory receptors, being activated in part by urinary amines. Thus, there appear to be 
significant differences between invertebrates and vertebrates with respect to trace amine 
functioning. This chapter will review the recent developments in the field of vertebrate 
trace amine pharmacology, and discuss the evidence for trace amines being the prototype 
of a new class of endogenous molecule, acting to modulate neural responsivity, rather 
than directly causing signal transduction. 
 
 

INTRODUCTION 
 
The trace amines are a class of endogenous compounds showing close structural 

similarity to the monoamine neurotransmitters dopamine, noradrenaline, adrenaline and 5-
hydroxytryptamine (Figure 1) and sharing common metabolic pathways with these 
neurotransmitters [1]. Historically, the trace amines have been regarded as comprising the 
compounds 2-phenylethylamine (PE), p-tyramine (TA), octopamine, synephrine and 
tryptamine. As will be described below however, recent findings suggest that there may be 
additional members of this family, in particular some of the previously presumed inactive 
metabolites of monoamine neurotransmitters and thyroid hormone. Although found in all 
species so far examined [1], there is now considerable evidence that trace amines serve 
different functions in different species. In particular it is widely established that in 
invertebrates trace amines act as neurotransmitters, possibly serving the role of an 
invertebrate adrenergic system [2]. For vertebrates however, this appears not to be the case. 
Endogenous levels of trace amines are approximately 100-fold below those of the 
monoamine neurotransmitters in the central nervous system [1]. Further, there is no evidence 
of trace amines directly effecting neurotransmission at physiological levels, nor being 
released from nerve terminals in an activity dependent manner [1]. In 2001 a distinct family 
of G-protein coupled receptors was discovered, some of which were selectively activated by 
trace amines [3,4]. Prior to this vertebrate trace amines were regarded as little more than 
metabolic by-products. In the following sections, the physiology and pharmacology of trace 
amines and their associated receptors will be briefly reviewed. A number of reviews on trace 
amines have recently been published to which the reader is also referred for further details 
[1,5-8]. Here, we will focus primarily on some of the more recent developments in the field 
of vertebrate trace amine functioning.  

 
 

TRACE AMINE-ASSOCIATED RECEPTORS 
 
In 2001 two groups independently identified a family of novel G-protein coupled 

receptors some of which appeared to selectively respond to trace amines [3,4], thus providing 
a viable target for previously observed responses. As other members of this new receptor 
family were subsequently identified, a number of potential nomenclatures appeared in the 
literature. Recently, three proposals for a systematic naming system for this family of 
receptors have been provided [6,9,10]. The International Union of Pharmacology 
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nomenclature [10] has only officially named one of the receptors, TAAR1. The 
nomenclatures of Lindemann [6] and Hussain [9] vary only in that Hussain includes the 
recently identified large expansion of TAAR seen in teleosts. This inclusion resulted in a 
modification in the classification of TAAR sub-classes previously proposed by Lindemann 
and colleagues [6] (Table 1).  
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Figure 1. Structures of trace amines and the corresponding neurotransmitters. 
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Table 1. TAAR isoforms identified in vertebrate genomes and their sub-classifications 

 

TAAR Number of genes* Sub-class (Lindemann) [6] Sub-class (Hussain) [9] 

1 1 (TAAR1) 1 I 
2 1 (TAAR2) 1 II 
3 1 (TAAR3) 1 II 
4 3 (TAAR4, TAAR4a-b) 1 II 
5 1 (TAAR5) 2 II 
6 7 (TAAR6, TAAR6a-f) 3 II 
7 10 (TAAR7, TAAR7a-i) 3 II 
8 4 (TAAR8, TAAR8a-c) 3 II 
9 7 (TAAR9, TAAR9a-f) 3 II 
10 5 (TAAR10, TAAR10a-d) Not classified I 
11 1 (TAAR11) Not classified I 
12 13 (TAAR12a-m) Not classified II 
13 6 (TAAR13, TAAR13a-e) Not classified II 
14 12 (TAAR14a-l) Not classified III 
15 2 (TAAR15a-b) Not classified III 
16 7 (TAAR16a-g) Not classified III 
17 3 (TAAR17a-c) Not classified III 
18 11 (TAAR18a-k) Not classified III 
19 22 (TAAR19a-v) Not classified III 
20 31 (TAAR20, TAAR20a-z, TAAR20a1, 

TAAR20b1, TAAR20c1, TAAR20d1) 
Not classified III 

21 6 (TAAR21a-f) Not classified I 
22 7 (TAAR22, TAAR22a-f) Not classified III 
23 16 (TAAR23, TAAR23a-o) Not classified III 
24 4 (TAAR24, TAAR24a-c) Not classified III 
25 12 (TAAR25a-l) Not classified III 
26 28 (TAAR26a-z, TAAR26a1, TAAR26b1) Not classified III 
27 7 (TAAR27, TAAR27a-f) Not classified I 
28 8 (TAAR28a-h) Not classified III 

*Number of genes identifies the total number of genes, including pseudogenes, identified in all 
vertebrate species so far studied. The proposed nomenclature [9] for these isoforms is given in 
parentheses. Note that not all isoforms of a given receptor are necessarily present in all species, while 
some of the isoforms may be pseudogenes in some species but remain functional in others. For 
example, with TAAR7 there is a single TAAR7 pseudogene in the human and opossum genomes which 
is distinct from the TAAR7a-i variants found in rat and mouse genomes. TAAR7c is a pseudogene in 
mice, while TAAR7f and TAAR7i are pseudogenes in rat. There are no functional or pseudogene 
variants of TAAR7g-i in the mouse genome. 

 
Consistent with the apparent divergence of function between invertebrate and vertebrate 

trace amines, molecular phylogenetic analysis has revealed that vertebrate TAAR arose 
independently of invertebrate trace amine receptors [11]. Initially it was suggested that within 
mammalian and avian species there were three broad sub-classes of TAAR [6,12,13], with 
two additional sub-classes identified when teleost fish and amphibians were also included in 
phylogenetic analysis [12]. One of these additional sub-classes was only identified in teleosts, 
while the other was present in both teleosts and amphibians. In the amphibian and one avian 
species studied, there also appeared to be a lack of orthologs of class 3 TAAR [12,14]. A 
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more comprehensive phylogenetic analysis recently published consolidated TAAR into 3 
sub-classes, the third of which is restricted to teleosts [9]. This teleost specific sub-class has 
not been studied further, and will not be discussed in detail in this chapter. Here we will use 
this sub-classification scheme proposed by Hussain [9] since it is based on the most 
comprehensive phylogenetic analysis yet conducted.  

 
Table 2. TAAR gene numbers in vertebrate species 

 

 Functional TAAR Genes Pseudogenes 

Human 5 
6 

3 [11, 12] 
3 [6, 9] 

Chimpanzee 3 6 [6] 
Rat 17 

17 
2 [6, 9] 
1 [11] 

Mouse 15 
15 

1 [6, 9, 12] 
2 [11] 

Opossum 22 
22 
19 

0 [16] 
3 [12] 
0 [9] 

Dog 2 2 [16] 
Cow 17 

13 
9 [16] 
0 [9] 

Chicken 3 
3 

2 [12] 
0 [9, 14, 16] 

Platypus 4 1 [16] 
Frog 2 

6 
1 [9, 16] 
1 [12] 

Zebrafish 112 
109 
57 

4 [9] 
10 [12] 
40 [15] 

Medaka 25 
25 

7 [12] 
1 [9] 

Stickleback 49 
48 

15 [12] 
0 [9] 

Fugu 18 
13 
8 

0 [9] 
6 [12] 
7 [15] 

Pufferfish 17 NR [17] 
Tetraodon 18 0 [9] 
Elephant shark 2 0 [9] 

NR = not reported. 
 
Although we will focus here on mammalian TAAR, which have been more thoroughly 

studied, there are interesting differences between mammalian and non-mammalian vertebrate 
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TAAR, which warrant brief mention. With respect to mammalian species, all so far examined 
in detail appear to express at least one functional receptor from each of sub-classes I and II 
[6,7,9]. Interestingly there is a much greater divergence of TAAR between closely related 
species, than is seen with other G-protein coupled receptor families, with a number of 
pseudogenes present in various species (Table 2) [6,9,12-17]. This has formed part of the 
basis of suggestions that TAAR are a rapidly evolving family of receptors, that may be 
involved in species-specific adaptive responses [6,9,15]. As will be detailed later, recent 
functional studies also appear consistent with this hypothesis for at least some of the TAARs. 

The teleost specific sub-class III shows a very pronounced and remarkable expansion of 
TAAR isoforms [9,12], with upwards of 75% of teleost TAAR belonging to sub-class III [9]. 
For example, the zebrafish genome contains at least 97 [15] and possibly up to 119 [12] 
TAAR genes, of which between 57 and 112 [9,12,15] are thought to be functional; there are 
48-64 TAAR genes in the stickleback genome, of which at least 48 appear to be functional 
[9,12]. This compares to the 15 functional genes plus one pseudogene seen in the mouse 
genome [6,9,12]. The opossum genome contains the greatest number of genes of any 
mammalian species so far studied with 19-22 functional TAAR and 3 possible pseudogenes 
[9,12,16]. The human genome consists of 6 functional TAAR with an additional 3 
pseudogenes [6,9], although others only reported 5 functional TAAR [11,12]. Many of the 
additional TAAR genes found in teleosts appear to be species specific [9,17], and it has been 
hypothesized that these may form the basis of species-specific chemical communication, 
whether at the levels of reproductive pheromones or other social interactions [12,17]. Further, 
while TAAR are tightly clustered within an individual chromosome for mammalian and avian 
species [6,9,12,14], they are widely dispersed across multiple chromosomes in teleosts [9,12]. 
In addition, teleost sub-class III TAAR have seen multiple intron insertion and deletion 
events [9,12]. The complete coding sequence of all other TAAR is contained within a single 
exon with the exception of TAAR2, the gene for which contains one intron [6,12]. 

 
 

Sub-class I TAAR 

 
Sub-class I TAAR consist of TAAR1, 10, 11, 21 and 27 [9,12] and includes one of only 

two receptors (TAAR1) shown to respond to classical trace amines [3,4,6,18]. Consequently 
TAAR1 is by far the most fully characterised of the TAAR. Earlier classifications based only 
on TAAR1-9 included TAAR2-4 in the same sub-family as TAAR1 [6], but these have 
subsequently been moved into sub-class II [9].  

 
TAAR1 

Functional TAAR1 have been identified in all mammalian, avian and amphibian species 
so far examined [6,9,11,13]. Interestingly, while TAAR1 orthologs were found in the 
cartilaginous elephant shark and teleost zebrafish, the zebrafish gene was reported to be a 
pseudogene [9], and no TAAR1 orthologs have been identified in more evolutionarily recent 
teleost species [9,12]. This suggests that TAAR1 was present in the common ancestor of 
jawed vertebrates but has subsequently been lost during the evolution of teleost species. 
Consistent with this, the lamprey (a jawless vertebrate) genome was reported to contain no 
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TAAR genes [9]. TAAR1 appears to be coupled to the Gαs G-protein, with a stimulation of 
adenylate cyclase and accumulation of cAMP observed following receptor activation 
[3,4,6,19,20]. Interestingly TAAR1 does not appear to be membrane inserted in standard 
expression systems, with the expressed receptor remaining intracellular [3,4,6]. Although two 
N-terminal N-glycosylation sites have been identified [6], the lack of membrane insertion 
may relate to the absence of an additional consensus glycosylation site in the N-terminal 
region of the full length TAAR1 [21]. Thus, despite containing 7 putative transmembrane 
domains, TAAR1 appears to be primarily expressed in the cytosol.  

PE and TA are the most potent of the traditional trace amines as agonists at TAAR1, 
showing sub-micromolar EC50 values [3-6,22,23]. It should be noted that affinity at TAAR1 
shows species dependence, human and mouse TAAR1 showing higher affinity for PE than 
TA, whereas rat TAAR1 shows a higher affinity for TA [3,6,22,23]. Species dependence is 
also seen with the affinity of tryptamine, with considerably lower affinity seen at human 
TAAR1 than either the rat or mouse TAAR1 [3,6,22,23]. Octopamine, synephrine and 
dopamine generally show 50-100 fold lower affinity, while 5-HT has an approximately 1000-
fold lower affinity [3,6,22,23]. Interestingly, when N-terminal glycosylation sites were added 
to allow membrane insertion, the affinity of octopamine and tryptamine for human TAAR1 
was increased [21] compared to that seen in previous studies [3,6,23]. The affinity of TA 
however remained unchanged [3,6,21,23]. Whether this relates to the ability of ligands to 
cross cell membranes and interact with the intracellular receptor requires confirmation. It was 
previously reported that PE and TA release was dependent solely on tissue levels, and was 
not activity dependent [24,25]. This was taken as indicative of PE and TA crossing cell 
membranes by simple diffusion. Indeed PE and TA are the most lipophilic of the biogenic 
amines [26]. We have recently begun modelling the energetics of protonated PE (the 
physiologically relevant form) crossing sphingomyelin lipid bilayers. Our preliminary data 
suggests that relatively small amounts of PE will diffuse across this lipid bilayer [27]. If 
confirmed this low level of penetrance raises the possibility that transport processes other 
than simple diffusion, presumably some form of facilitated diffusion such as trace amine 
‗leak‘ channels, may be involved.  

A number of other endogenous compounds have also been shown to interact with high 
affinity with TAAR1. The O-methyl metabolites of dopamine, noradrenaline and adrenaline 
have all been shown to activate TAAR1 at low to sub-micromolar concentrations [4,22]. 
More recently TAAR1 has been shown to be potently activated by metabolites of thyroid 
hormone [20,28,29]. In particular, 3-iodothyronamine (Figure 1) has been shown to activate 
TAAR1 with an EC50 value of approximately 10-30nM [28,29], 10-fold more potent than 
either PE or TA. Further, the endogenous hallucinogen, N,N-dimethyltryptamine (DMT) 
(Figure 1) fully activates TAAR1 at a concentration of 1μM [4] which compares favourably 

with the recently described affinity of DMT for the ζ1-opioid receptor [30]. Thus, there is 
good functional evidence for the inclusion of such endogenous amines in the class of trace 
amines. As will be described later, a number of psychotomimetic drugs and drugs of abuse 
also show a high affinity for TAAR1.  

TAAR1 mRNA and protein have been localised throughout the brain in mice [3,31], rats 
[4], rhesus monkey [19,32] and human [3], primarily associated with catecholaminergic and 
serotonergic cell bodies and projection areas. In addition TAAR1 has been localised to a 
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number of peripheral tissues including heart [33], pancreas [4,34], leucocytes [35,36], 
gastrointestinal tract [3,37], liver, kidney, lung, spleen, prostate gland, skeletal muscle, and 
stomach [3]. TAAR1 is the only TAAR which appears not to function as an olfactory 
receptor in mammalian species [18] or in teleosts [9]. However, it was recently reported that 
adult, but not larval, Xenopus laevis express TAAR1 in both the olfactory organ and brain 
[38].  

A number of non-endogenous compounds have also been shown to interact potently with 
TAAR1. Of particular note is the agonist activity at TAAR1 of a number of drugs of abuse. 
Both d- and l- isomers of amphetamine and methamphetamine have been shown to activate 
TAAR1 with EC50 values in the low to sub-micromolar region [4,22,39,40]. Importantly, this 
concentration corresponds well with plasma levels seen following acute administration in 
humans [8]. Similarly, 3,4-methylenedioxymethamphetamine (MDMA; ‗ecstasy‘) [4,21], 

dihydroergotamine and LSD [4] are all agonists at TAAR1 with low micromolar potency. 
Thus, TAAR1 provides a novel site through which some of the effects of such drugs of abuse 
may be manifest. Given the observed in vivo effects of physiological concentrations of trace 
amines (see later) it is interesting to note that drugs of abuse have been reported to sensitize 
noradrenergic and serotonergic neurons independent of dopamine releasing effects [41]. 
TAAR would seem an attractive putative site for the mediation of such effects. In addition, 
this range of ligands has allowed the determination of receptor residues involved in ligand 
interactions at TAAR1 [29,42], and the subsequent site-directed synthesis of increased 
potency agonists, based on both PE and 3-iodothyronamine [29]. This group has also 
described the first putative antagonists of TAAR1 [29].  

Trace amines have long been implicated in a number of neuropsychiatric disorders [43]. 
This again received renewed interest following the discovery of TAAR. In humans all TAAR 
are located within a narrow region of chromosome 6q23 [3,4,6]. This is close to a well 
documented susceptibility locus for schizophrenia [44-48], which maps particularly close to 
the TAAR6 gene [6,7]. TAAR1 knockout mice have recently been developed [31,49] and 
proposed as a novel model for schizophrenia [49]. Such animals are largely normal in 
appearance and behaviour but show deficits in pre-pulse inhibition and increased sensitivity 
to d-amphetamine administration [8,31,49]. Such effects are regarded as indicative of an 
animal model of schizophrenia. There have however, been no reports directly linking TAAR1 
to schizophrenia. Putative metabolites of the anti-arrhythmia drug amiodarone were recently 
reported to be TAAR1 agonists [50], raising the possibility that TAAR1 may be involved in 
either the therapeutic or adverse effects of amiodarone. However, it has subsequently been 
reported that in contrast to rodent TAAR1, human TAAR1 is not activated by amiodarone 
metabolites [50a].  

 
TAAR10, 11, 21 and 27 

With the exception of one study identifying the presence of TAAR genes in various 
species, the other members of sub-class I TAAR have not been studied. TAAR10, TAAR10a-
d and TAAR11 gene expression have been identified in zebrafish, where they were all 
expressed in distinct neurons of the olfactory epithelium, with the exception of TAAR10c 
which was only identified in embryos [9]. The TAAR10 isoform may be a pseudogene in 
zebrafish [9]. TAAR21a-c and TAAR27 were identified in the stickleback genome, while the 
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medaka and fugu genomes contained TAAR21a-f [9]. The fugu genome also encoded 
TAAR27. In contrast the tetraodon genome contained a number of TAAR27 isoforms (a-f) 
along with TAAR21a-c [9].  

 
 

Sub-class II TAAR 

 
Sub-class II TAAR consist of the remaining mammalian TAAR (2-9) along with 

TAAR12 and 13 [9]. Besides TAAR1, TAAR4 is the only other receptor at which cognate 
ligands have been conclusively demonstrated. A variety of species specific paralogs of 
TAAR7 and TAAR8 have been identified [6]. In humans, there is no functional TAAR7 
gene, and a single functional TAAR8 [6]. Interestingly TAAR7, TAAR8 and TAAR9 are all 
pseudogenes in the chimpanzee [6]. 

 
TAAR2-4 

Neither TAAR2 nor TAAR3 have been studied in detail. While both are functionally 
expressed in rat, mouse and cow [3,6,9,12,13,18,36,51], TAAR3 is a pseudogene in human 
and non-human primates [6,9]. TAAR2 is also a pseudogene in the chimpanzee, but appears 
to be functional in humans [6,9]. The endogenous ligands at these two receptors are not 
known. A nonsense mutation in TAAR2 showing higher prevalence in patients with 
schizophrenia has been reported [52], although no replication studies appear to be present. A 
functional TAAR2 ortholog has also been identified in chicken [9,14] and frog [38]. In 
contrast, Hashiguchi and Nishida [12] failed to identify a TAAR2 gene in the frog genome. 
Similar to the situation with TAAR1, TAAR2 was also identified in the elephant shark [9] 
suggesting this is the evolutionary origin of other sub-class II TAAR in jawed vertebrates.  

Both TAAR2 and TAAR3 are expressed in distinct sub-sets of olfactory neurons in the 
mouse olfactory epithelium, co-expressed with Gαolf [12,18] and coupled to an accumulation 
of cAMP. TAAR2 is also expressed in low levels in olfactory neurons of the Grueneberg 
ganglion of embryonic, but not adult mice [51]. TAAR2 expression was reported in the 
olfactory organ of both larval and adult Xenopus laevis, while expression in the brain was 
only seen in adults [38]. TAAR2 and 3 expression have also been reported in mouse cardiac 
tissue [33] and B-cells [36]. TAAR3 was shown to be activated strongly by several primary 
amines, including isoamylamine, which is enriched in male versus female mouse urine, and 
has been suggested to act as a pheromone [18].  

As stated, TAAR4 is the only other receptor at which a cognate ligand has been 
conclusively demonstrated. Both rat and mouse TAAR4 have been shown to respond to PE 
[3,18] at low micromolar concentrations and tryptamine at approximately ten-fold higher 
concentrations [3]. As with TAAR1, TAAR4 appears to be coupled to cAMP accumulation 
via Gαs [3]. The human ortholog of TAAR4 is a pseudogene, previously identified as the 
5HT4 pseudogene [3,6]. A single, functional, TAAR4 gene has been identified in the cow 
genome [9]. Two isoforms of TAAR4 (TAAR4a and 4b) were reported to be present in the 
clawed frog (Xenopus tropicalis) genome [9], while Hashiguchi and Nishida [12] also 
identified multiple TAAR4 isoforms in the frog genome. Similar to TAAR2, TAAR4 has 
been shown to be expressed in distinct olfactory neurons of the olfactory epithelium [12,18], 
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in embryonic but not adult olfactory neurons of the Grueneberg ganglion [51], in cardiac 
tissue [33] and B-cells [36] of mice. Beyond expression in the olfactory system, the tissue 
distribution of TAAR2-4 has not been systematically determined. 

 
TAAR5 

TAAR5 was previously identified as the human PNR (Putative Neurotransmitter 
Receptor) gene [3,6]. In the initial description of the identification of this gene, RNA 
transcripts were identified primarily in skeletal muscle of humans, with lower levels found in 
the amygdala, hippocampus, caudate nucleus, thalamus and hypothalamus [53]. A weak 
signal was also identified in the substantia nigra [53]. Expression in the kidney has also been 
reported [3]. Thus, the distribution of TAAR5 in the brain has similarities to that of TAAR1. 
Although expression levels in mouse olfactory epithelium were lower than other TAAR, 
mouse TAAR5 was shown to be activated by sexually mature male mouse urine [18], 
suggesting that it may function as an olfactory receptor. Specifically, mouse TAAR5 appears 
to respond to tertiary amines (although not primary, secondary or quarternary), including 
trimethylamine [18] which is enriched in sexually mature, male mouse urine. In addition, a 
second tertiary amine, N-methylpiperidine, also activated TAAR5 [18]. In this respect it 
would be interesting to determine the affinity of the endogenous tertiary amine, N,N-
dimethyltryptamine for TAAR5. TAAR5 expression has also been observed in distinct 
neurons of embryonic although not adult Grueneberg ganglion [51]. Functional TAAR5 has 
also been reported in the rat [6,9], opossum [9,12], chicken [9,12,14] and bovine [9] 
genomes.  

 
TAAR6 

Human TAAR6 expression has been detected in the amygdala, hippocampus and kidney 
[3]. Particular interest has been paid to human TAAR6 as the SCZD5 schizophrenia 
susceptibility locus [44] was reported to correlate specifically with polymorphisms of 
TAAR6 [54]. Confirmatory linkages between TAAR6 and schizophrenia and possibly bipolar 
disorder have subsequently been reported [55-59], although others have reported marginal or 
no linkage [60-66]. The lack of a consistent replication of TAAR6 linkage to schizophrenia 
may be a function of one or more factors including disease heterogeneity, ethnic variation of 
populations studied and the apparent high mutation (rapidly evolving) rate of TAAR [66].  

TAAR6 has been reported to be prominently expressed in distinct neurons within the 
mouse olfactory epithelium [18,51] and Grueneberg ganglion [51]. Although TAAR6 
expression could be detected in both adult and embryonic Grueneberg ganglion cells, there 
was a pronounced reduction in the number of cells expressing TAAR6 during development 
[51]. Interestingly olfactory neuron dysfunction was recently reported to occur in 
schizophrenia [67]. TAAR6 would appear to provide a possible unifying explanation for the 
association of olfactory dysfunction with schizophrenia, although this requires specific 
investigation. Functional TAAR6 genes have been identified in a number of other 
mammalian species, with 6 isoforms present in the opossum genome, two in bovine genome 
and a single TAAR6 gene in the rat [9]. 
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TAAR7  

As previously stated, while TAAR7 appears to represent the major site of TAAR gene 
expansion in mammals, there is no functional human or chimpanzee variant [6,9]. It has been 
proposed that this may represent the decreased importance of olfactory cues in primates [12]. 
While there is a single TAAR7 pseudogene in the human and chimpanzee genomes, the rat 
genome contains 7 functional TAAR7 isoforms with a further 2 pseudogenes, and the mouse 
genome has 5 functional TAAR7 variants with an additional pseudogene [6,9,12]. 
Interestingly several of these isoforms appear to be species specific, with no murine form of 
the rat TAAR7g, TAAR7h or TAAR7i (pseudogene) variants present [6,9]. Further while 
TAAR7f is functional in mouse, it is a pseudogene in rat, while the reverse applies to the 
TAAR7c isoform [6,9]. In addition, the putative ligand binding properties of the TAAR7 
isoforms show pronounced differences between rat and mouse [6]. The human and 
chimpanzee TAAR7 pseudogenes appear to be most closely related to the rat TAAR7h [6]. 
Further, while other primate pseudogenes are relatively well conserved in comparison to their 
rodent orthologs, the TAAR7 pseudogene has largely degenerated [6]. Again, this would 
appear consistent with a decreased reliance on olfactory behavioural cues in primates in 
comparison to other species. Interestingly, the opossum genome, which contains an expanded 
TAAR6 gene repertoire, does not appear to contain either functional or pseudogene TAAR7 
variants [9]. TAAR7a-c genes were identified in the cow genome [9]. 

Hashiguchi and Nishida [12] reported that all mouse TAAR7 variants were expressed in 
the olfactory epithelium. Probes for TAAR7d, 7e and 7f were shown to hybridize to distinct 
neuronal populations in the olfactory epithelium [18], although as discussed by the authors 
the ability of these probes to maintain specificity for the closely related TAAR7 variants is 
questionable. This expression co-localised with Gαolf expression, again suggesting that these 
receptors function as olfactory receptors via coupling to cAMP accumulation [18]. 
Expression of TAAR7a and TAAR7d, but not other TAAR7 isoforms, has also been reported 
to occur in distinct populations of cells in the Grueneberg ganglion from both adult and 
embryonic mice [51]. As seen before, there was a pronounced decrease in expression during 
development to adulthood. The TAAR7f mouse isoform was shown to be activated by N-
methylpiperidine, although not by a second tertiary amine, trimethylamine [18].  

 
TAAR8 

Similar to TAAR7, isoforms of the TAAR8 receptor have been identified in rat, mouse 
and cow genomes [6,9,12]. Both rat and mouse genomes contain three functional TAAR8 
genes (TAAR8a, TAAR8b and TAAR8c) [6,9]. A single functional TAAR8 gene is present 
in the human genome, although similar to the situation with TAAR2, the chimpanzee TAAR8 
is a pseudogene [6]. As seen with TAAR7, the opossum genome does not contain any 
TAAR8 genes [9]. TAAR8a and 8b were identified in the cow genome [9]. Alternative start 
codons for the rat isoforms were reported with only the codon leading to the shorter transcript 
conserved in mice and humans [6]. The human TAAR8 was suggested to be most similar to 
mouse TAAR8b and rat TAAR8a [6], suggesting that it is a distinct isoform.  

While TAAR8 expression was observed in the olfactory epithelium [12,18], this was at a 
lower level than seen with other TAAR [18]. No expression of any TAAR8 isoform was 
detected in post-natal mouse Grueneberg ganglion [51]. TAAR8a expression was found to be 



Mark D. Berry, Jarrod Nickel and Bruno Tomberli 290 

the most abundant TAAR in rat cardiac tissue [33]. TAAR8 mRNAs were also found to be 
expressed in mouse B-cells [36]. Human TAAR8 mRNA was detected in the kidney [3], 
amygdala [3,5] and hippocampus [5]. There have been no ligands directly demonstrated to 
interact with any TAAR8 isoform at present, although it was suggested that the cardiac 
effects of 3-iodothyronamine were a function of an interaction with TAAR8a [68]. 

 
TAAR9 

A single functional TAAR9 gene has been identified in mouse, rat, cow and human 
genomes [6,7,9], although one study failed to identify a human TAAR9 gene [12]. The 
opossum genome contains 7 TAAR9 genes (TAAR9, TAAR9a-f) [9]. The chimpanzee 
TAAR9 gene however, is a pseudogene [6]. Thus, the human genome contains 3 sub-class II 
TAAR genes (TAAR2, 8 and 9) that are not functional in the chimpanzee. On this basis it has 
been suggested that these may represent loci for diseases that uniquely affect humans [7], 
possibly including cardiovascular disease and the major psychoses [69]. A single nucleotide 
mutation of TAAR9 resulting in premature termination and a presumed non-functional 
receptor has been identified in humans [70], though it is not associated with a disease 
phenotype, and the prevalence of the mutation was found to be the same among control, 
attention deficit disorder and bipolar populations.  

In humans TAAR9 was reported to be located particularly to the pituitary gland, 
although its expression could not be detected in a variety of other brain regions [70]. 
Peripherally, TAAR9 expression was only identified in skeletal muscle by one group [70] 
and only in kidney and no brain regions by another [3]. Nelson and co-workers [36] reported 
detection of TAAR9 mRNA in mouse B-cells. As with other sub-class II TAAR, TAAR9 was 
found in distinct neurons in the mouse olfactory epithelium where expression co-localises 
with Gαolf expression [18]. No expression of TAAR9 was found in cells of the Grueneberg 
ganglion [51]. At least one zebrafish TAAR9 ortholog has been reported, with expression 
predominant in the olfactory epithelium [18], although this was not detected by others [9,12]. 
As with TAAR8, no ligands for TAAR9 have yet been identified. 

 
TAAR12 and 13 

Beyond identification of their genes in zebrafish [9], there have been no studies 
concerning TAAR12 and 13. Thirteen TAAR12 isoforms were identified, all of which were 
expressed in the olfactory epithelium and brain with the exception of TAAR12i, TAAR12l 
and TAAR12m, which were only detected in the olfactory epithelium [9]. For TAAR13, 5 
isoforms were identified which were restricted to expression in the brain, with the exception 
of TAAR13d which was only found in embryos [9]. Zebrafish TAAR genes which appear 
consistent with sub-class II TAAR were also reported by Hashiguchi and Nishida [12]. It 
seems likely that these correlate with the subsequent TAAR12 and 13 designations. At least 
one of these was expressed in the olfactory organ [12].  
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Sub-class III TAAR 

 
Sub-class III TAAR have only been identified in teleost species and comprise 

approximately 75% of the teleost TAAR repertoire, consisting of TAAR14-20, TAAR22-26 
and TAAR28 [9]. It has been estimated that 82% of identified, putatively functional, teleost 
TAAR are species specific [17]. This species specific expression appears to represent a 
positive selection pressure and has been proposed to be a function of olfactory organ 
expression, possibly related to pheromone detection [9,17]. Further, as previously described, 
this sub-class has been associated with a number of intron insertion and deletion events 
[9,12]. 

TAAR14-20 appear to be zebrafish specific, with a number of isoforms of each identified 
(Table 1) [9]. All were found to be expressed in the olfactory epithelium, with the exception 
of TAAR14a and TAAR15b which were only detected in embryos, and TAAR19u and 
TAAR19v which were only detected in brain [9]. Many of the zebrafish sub-class III TAAR 
were detected in both the olfactory epithelium and the brain [9].  

At least one TAAR22 isoform has been identified in all teleosts with the exception of 
zebrafish, with again available evidence suggesting some of these variants may be species 
specific [9]. The medaka genome contains 15 TAAR23 and 3 TAAR24 genes [9], but only a 
single gene for each was identified in stickleback and none in either fugu or tetraodon [9]. A 
large number of TAAR25 (12) and TAAR26 (28) genes have been identified in the 
stickleback but in no other species studied [9]. TAAR28 genes were identified in both fugu (8 
genes) and tetraodon (3 genes) but no other species [9]. In the stickleback a number of the 
sub-class III TAAR were found to be expressed in the olfactory epithelium and lips, with 
fewer forms expressed in the brain [12].  

 
 

FUNCTIONAL RESPONSES 
 
There are few studies that have conclusively shown physiological responses that are 

mediated by one or more TAAR, and only TAAR1 has been directly studied. The following 
sections will briefly outline responses to endogenous TAAR ligands that appear to be 
physiologically relevant, and where possible indicate which TAAR may be involved. 

 
 

Trace Amine Modulation of Neuronal Activity 

 
At pharmacologic concentrations, trace amines, in particular PE and TA, have long been 

recognised to have amphetamine-like, indirect-sympathomimetic effects [1]. As such, at 
supra-physiologic concentrations, displacement of monoamine neurotransmitters from 
vesicular stores, with subsequent neurotransmitter depletion has been widely demonstrated 
[71-74]. Indeed, historically, PE was often regarded as an endogenous amphetamine [75]. At 
lower, more physiologic concentrations, direct effects of trace amines on neuronal activity 
have not been observed. However, at these lower concentrations trace amines have been 
shown to modulate the responsivity of neurons to co-applied neurotransmitters [1]. 
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Selectivity of effects were present, with individual trace amines only affecting responsivity to 
particular neurotransmitters (Table 3). Coupled with evidence of trace amine synthesis being 
regulated in response to monoaminergic tone; increased monoaminergic activity leading to 
decreased trace amine synthesis and vice versa [1,76], this led to the hypothesis that trace 
amines may function as an intrinsic regulatory mechanism, maintaining basal monoaminergic 
tone within defined parameters [1].  

The above effects appear to be mediated at post-synaptic sites, although the exact 
mechanism and potential role of TAAR has yet to be determined. Lesioning of pre-synaptic 
terminals does not prevent the effects of exogenously administered PE [77,78], while 
responses to the dopamine agonists PPHT and apomorphine, neither of which is a substrate 
for dopamine transporters, were also potentiated [79]. It seems reasonable to suggest that 
these likely involve an interaction of PE with either TAAR1 or TAAR4. It should also be 
noted that apomorphine has subsequently been shown to have agonist activity at TAAR1 [4], 
thus complicating interpretation of these earlier studies.  

 
Table 3. Interactions of trace amines with central neurotransmitters 

 

 PE TA Tryptamine Octopamine 

Dopamine + [79, 87-89] + [89, 90]  - [91] 
Noradrenaline + [77, 78, 92] + [89]  + [91] 
5-HT - [92] - [90] +/-a [93, 94] - [91] 
Acetylcholine - [78, 92]  - [94]  
GABA - [77, 87, 92] 

+ [95] 
- [89] 
+ [95] 

  

Glutamate - [87, 92] - [90]   
+ = Neurotransmitter response potentiated, - = No effect. aExcitatory 5-HT responses were either 
unaffected or converted to inhibitory responses in the presence of tryptamine, inhibitory responses were 
potentiated. Blank cells indicate that the interaction has not been studied. There are no studies at present 
examining the effects of synephrine or 3-iodothyronamine on neurotransmitter responses. 

 
TAAR1 knock-out mice have also been reported to show dopaminergic hyperactivity 

[31], consistent with TAAR1 being involved in the normal regulation of dopaminergic 
activity. Pre-synaptic TAAR1 mediated modulation of dopaminergic activity has also 
recently been described [32,80-82]. Such effects involve alterations in dopamine transporter 
activity. Here TAAR1 receptor activation was seen to result in an inhibition of dopamine 
uptake via the transporter, with a simultaneous increase in transporter mediated efflux of 
dopamine [32,80,82]. Such effects would increase synaptic concentrations of dopamine, 
presumably increasing the duration of dopamine receptor activation. It should be noted that 
these effects are distinct from the indirect sympathomimetic effects that have been well 
documented to occur with high concentrations of PE. The endogenous TAAR1 ligand 3-
iodothyronamine was also previously shown to modulate dopamine transporter activity [83], 
although the potency for these effects appears lower than those for 3-iodothyronamine 
interaction with TAAR1. This is reminiscent of the effects seen with PE, where interaction 
with TAAR1 occurs at considerably lower concentrations than those required for direct 
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interaction with transporters. TAAR1 ligands may therefore affect monoamine 
neurotransmitter transporter function at low doses through TAAR1 mediated effects and at 
high doses by directly interacting with the transporters. There is thus evidence for trace 
amines potentiating dopaminergic responses through both pre- and post-synaptic 
mechanisms. An intriguing possibility is that these effects are mediated by distinct TAAR. 
Similar TAAR1 mediated effects were also observed at noradrenaline [32,80,82,83] and 5-
HT [32,80,82] transporters. 

 
 

Non-neuronal Effects 

 
Pronounced cardiac effects have been reported to be caused by 3-iodothyronamine. In the 

presence of 3-iodothyronamine, both calcium and potassium currents are affected, resulting 
in independent negative inotropic and chronotropic effects [20,33,68,84]. Although TAAR1 
has been identified in rat heart [33], considerably higher concentrations of 3-iodothyronamine 
are required for cardiac effects, than those shown to interact with TAAR1 [33,68,84]. Similar 
negative inotropic effects, but not chronotropic effects, were seen with PE, another TAAR1 
ligand [68]. This suggests that the cardiac effects of 3-iodothyronamine are not mediated 
through TAAR1. Consistent with this, the effects were not associated with an increase in 
cAMP accumulation, nor affected by protein kinase A inhibition [33]. Rather, the effects of 
3-iodothyronamine were sensitive to tyrosine kinase inhibition [33]. On the basis of its 
preponderance in cardiac tissue, it was suggested that TAAR8a may be the receptor 
mediating these effects [68]. However there has been no direct demonstration of PE nor 3-
iodothyronamine interacting with this receptor sub-type, nor of TAAR8a being coupled to 
tyrosine kinase activation.  

Low dose (4nmol/kg) administration of 3-iodothyronamine has also been shown to result 
in an increase in food intake [85]. The administered dose was suggested to be physiologically 
relevant to the binding affinity of 3-iodothyronamine at TAAR1. The authors suggested that 
the observed effects may reflect a secondary increase in neuropeptide Y release in the 
hypothalamus [85]. Higher dose administration has also been reported to cause hypothermic 
responses [20], although the relationship of this to TAAR remains to be conclusively 
demonstrated. Finally a number of TAAR1/TAAR4 ligands have been reported to cause 
vasoconstriction [86,87]. The concentrations required however are significantly above those 
required for TAAR1 or TAAR4 activation. Thus such effects either represent actions at other 
TAAR, or are non-specific in nature. 

 
 

CONCLUSION 
 
The discovery of a family of G-protein coupled receptors, some of which selectively 

respond to trace amines, has caused a resurgence of interest in the potential physiological 
roles of trace amines. At least 3 distinct sub-classes are present, although little is known 
about many of the TAAR. Only TAAR1 and TAAR4 have been shown to respond to classical 
trace amines, with 3-iodothyronamine more recently identified as a further endogenous 
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ligand. TAAR are widely distributed in the body of many species, appearing to be involved in 
the regulation of monoaminergic neurotransmission, while also functioning as a distinct class 
of olfactory receptors. In this regard, TAAR3 and TAAR5 have been shown to be activated 
by urinary amines which may function as pheromones. Endogenous ligands at other TAAR 
have yet to be determined.  
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ABSTRACT 
 

Octopamine belongs to a group of compounds known as biogenic amines. It is found 
in the nervous system of both invertebrates and vertebrates. Octopamine is present in 
higher concentrations in invertebrates, whereas it occurs as a trace amine in vertebrates. 
Octopamine acts as a neurotransmitter, neuromodulator and neurohormone in 
invertebrates, therefore, has a prominent role in influencing multiple physiological 
events. However, its physiological role in vertebrates is not fully understood. The 
unusually higher levels of octopamine observed in various pathological conditions 
suggest that octopamine may have some pathophysiological role in humans. Therefore, it 
is important to select a reliable, sensitive and rapid procedure for the quantification of 
octopamine, especially in vertebrate system, due to its low endogenous concentration and 
rapid turnover. Octopamine has been identified and quantified using a wide variety of 
analytical procedures. Some assays lack necessary specificity because they can not 
distinguish between the positional isomers of octopamine. The purpose of this review is 
to collate the information on available octopamine estimation procedures and point out 
advantages and drawbacks of each method including factors that may affect octopamine 
levels in tissues and biological fluids. The author hopes that this overview will facilitate 
the selection of a most suitable procedure for the routine analysis of octopamine in 
tissues and biological fluids of invertebrates and vertebrates.  
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Keywords: Octopamine; biogenic amine; sympathomimetic amine; trace amine; chiral 
molecule. 
 
 

1. INTRODUCTION 
 
Octopamine - a monohydroxylated analog of norepinephrine - is a biogenic amine, first 

discovered by Erspamer in the salivary gland of a mollusc Octopus, by a two dimensional 
paper chromatography technique [1]. It is a major neurotransmitter in invertebrates, where it 
is present in high concentration in the central and peripheral nervous systems and in various 
other tissues [1-4]. Octopamine occurs in three positional isomeric forms, para, meta and 
ortho (Figure 1). Each isomeric form occurs as (+) or (-) enantiomers. The naturally 
occurring isomer of octopamine is p-octopamine in many invertebrate nervous systems 
including insects. The (-)-enantiomer of p-octopamine is the naturally occurring form of 
octopamine in honeybees [5]. The (-)-enantiomer of p-octopamine is over 200 times more 
potent than (+)-enantiomer in stimulating adenylyl cyclase (AC) activity in cockroach brain 
[6]. In vertebrates, p- and m- isomers of octopamine are present at trace levels in the 
mammalian brain [7]. However, m-isomer of octopamine is more potent than the p-isomer 
with higher potency for the (-)-enantiomer than the (+)-enantiomer for stimulating adrenergic 
receptors [8-9]. o- Isomer of octopamine is found in rat urine, following monoamine oxidase 
(MAO) inhibition [10]. Its major urinary metabolite (o-hydroxymandelic acid) is detected in 
both rat [10] and human urine [11]. However, o- octopamine is not found in any organ even 
after MAO inhibition, suggesting it occurs below the lower limits of detection [7].  

Octopamine is present in high amounts in invertebrates, whereas it‘s chemically identical 
form, norepinephrine, is found predominantly in vertebrates [2-4,9,12-13]. Under normal 
conditions, octopamine is present as a trace amine in the mammalian brain and biological 
fluids. However, it occurs in unusually high concentrations in certain diseases [14] and in 
patients treated with monoamine oxidase inhibitors (MAOIs), suggesting that it may have 
some pathophysiological role. Due to low concentration and rapid turnover of octopamine, its 
role as a neurotransmitter in mammalian systems has not been thoroughly examined. 
Octopamine quantification in the biological fluids may be affected by the presence of 
interfering substances, and also due to many methodological factors. Using a non-suitable 
quantification method, the obtained value of octopamine may either be much lower or much 
higher than the expected value. Therefore, it is important to use a suitable quantification 
procedure that can distinguish between three positional isomers of octopamine and separate 
octopamine from other amines, allowing its correct and rapid determination in tissues and 
biological fluids.  
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Figure. 1. Chemical structures of norepinephrine, epinephrine, and octopamine and its positional 
isomers. (a) Ortho, meta and para configuration, (b) norepinephrine, (c ) epinephrine, (d) p-
octopamine, (e) m-octopamine, and (f) o-octopamine. Ortho or o-disubstituted benzene has two 
substituents in 1,2 relationship on the ring, whereas meta or m-disubstituted benzene has two 
substituents in 1,3 relationship on the ring. Para or p- disubstituted benzene has two substituents in 1,4 
relationship on the ring.  

 
2. IMPORTANCE OF OCTOPAMINE IN INVERTEBRATES 

 
Among invertebrates, octopamine is a well-established neuromodulator that mediates a 

diverse range of physiological processes. Octopamine has been reported to modulate the 
foraging preference in honeybees [15-16], division of labor in honeybees [17], mobilization 
of lipids and carbohydrates in crickets [18], sting response in honeybees [19], ovarian muscle 
contraction in flies [20], aggression in crickets and flies [21-22], arousal in locusts [23], 
learning and memory in honeybees and flies [24-26], development of ethanol tolerance in 
flies [28], sensory systems in insects [29], and photoreceptors response in horseshoe crabs 
[30]. Collective evidence suggests that octopamine plays a major neuromodulatory role in 
invertebrate behaviors.  

In invertebrates, octopamine specifically interacts with octopamine receptors that belong 
to the superfamily of G protein-coupled receptors (GPCR). Based on information from newly 
cloned Drosophila octopamine receptors, a new classification scheme for octopamine 
receptors has been proposed [32]. According to this classification octopamine receptors can 
be classified into three classes: (1) α-adrenergic-like octopamine receptors (OctαRs), (2) β-

adrenergic-like octopamine receptors (OctβRs) and (3) octopamine/tyramine or tyraminergic 
receptors (OctRs/TyrRs or TyrRs). The activation of OctαRs increases levels of intracellular 
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calcium and intracellular cAMP, whereas activation of OctβRs increases levels of 
intracellular cAMP without affecting intracellular calcium. Both groups have a higher affinity 
for octopamine than tyramine. The interaction of tyramine with OctRs/tyrRs or TyrRs inhibits 
adenylyl cyclase activity via the inhibitory Gi protein, causing a decrease in intracellular 
cAMP level [32]. A definitive designation for this class as ―dual octopamine/tyramine or 

specific tyraminergic‖ remains to be elucidated.  
 
 

3. IMPORTANCE OF OCTOPAMINE IN MAMMALS 
 
Octopamine is present at very low concentration in the central and sympathetic nervous 

systems of mammals [13,31]. The physiological role of octopamine has not been established 
in mammals. It is called as false neurotransmitter in mammals because it exerts its effects at 
millimolar range. Octopamine, a sympathomimetic amine, is localized in nerves in peripheral 
tissues and brain where it seems to coexist with other catecholamines [2]. Octopamine is 
synthesized from tyramine and co-released from nerves with norepinephrine. Therefore, 
many of its effects may be indirect, possibly due to some interference with adrenergic 
pathway. Octopamine has been reported to interact with α- and β-adrenergic receptor 
subtypes in mammals [33-34]. Like norepinephrine, octopamine is rapidly metabolized by 
monoamine oxidase (MAO). Following treatment with MAO inhibitors, octopamine 
concentration has been reported to increase in the mammalian brain [35]. Octopamine 
influences several functions, including lipolysis, glucose uptake, locomotor activity, blood 

pressure, and anti-depressive effect in mammals [36-39]. Octopamine is found in relatively 
higher concentration in humans only under abnormal conditions such as neuroblastoma 
[40,41], renal disease [42], hepatic encephalopathy [43], migraine and cluster headaches [44], 
phenylketonuria [45], and in patients treated with monoamine oxidase inhibitors [35]. 
Therefore, it is assumed that octopamine may have some pathophysiological role in humans 
[14]. Octopamine has very low affinity for human adrenergic receptors that makes its 
physiological relevance unlikely. Furthermore, the occurrence of octopamine receptors in 
humans has not yet been established. In mammals, octopamine is present at generally low 
levels and has a rapid turnover rate. Therefore, the selection of a sensitive, reliable and rapid 
procedure is particularly necessary for its quantification in the clinical samples.  

 
 
4. METHODS FOR THE QUANTIFICATION OF OCTOPAMINE 
 
In last four decades, a number of methods, including radioenzymic assay, high 

performance liquid chromatography with electrochemical and fluorimetric detection, gas 
chromatographic-mass spectrometry, and capillary electrophoresis, have been developed for 
the quantification of octopamine. Several modifications, such as changes in the composition 
of the mobile phase, addition and/or alteration in the separation step, inactivation of potent 
endogenous enzyme inhibitors and removal of other interfering electroactive compounds, 
have been made in original procedures to increase the sensitivity of octopamine assay in 
invertebrate and vertebrate samples. Few modifications in these methods have also been 
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employed in clinical laboratories to analyze octopamine concentration in human body fluids. 
A critical discussion on currently available estimation procedures will help researchers in 
selecting the ―most practical and effective‖ technique(s) for correct quantification of 

octopamine in tissues and biological fluids. 
 
 

4.1. Quantification of Octopamine by Radioenzymic Assay 

 
The original radioenzymic assay used for the determination of octopamine is based on 

the N-methylation of the β-hydoxylated amines (such as octopamine and phenylethanolamine 
to their N-methyl derivatives) by the enzyme phenylethanolamine-N-methyltransferase 
(PNMT), using radioactively labeled S-adenosylmethionine as a methyl donor in the reaction 
mixture (Figure 2) [46]. In this assay, labeled methyl derivative of octopamine (N-
methyloctopamine, synephrine) is extracted in a mixture of toluene-isoamyl alcohol (3:2, 
v/v), whereas labeled methyl derivative of phenylethanolamine (N-methyl 
phenylethanolamine) is extracted into 3% isoamyl alcohol in toluene. After extraction, 
radioactive samples are quantified using liquid scintillation counter and identified by thin 
layer chromatography on chromagram sheets of silica gel, using solvent containing butanol 
saturated with 1N HCl and a mixture of isopropyl alcohol-ammonium hydroxide-water 
(80:10:19, v/v). The sheets are developed, stained, and the radioactivity is determined in the 
marked sections. The LOD for octopamine by this procedure is 0.05 ng of octopamine per 0.5 
ml sample volume (6.53 pM) [46].  

Some investigators have expressed doubts about the specificity of extraction procedures 
used in the original assay [35,47], whilst others have shown concerns because original assay 
does not allow the simultaneous determination of m- and p- isomers of octopamine [48]. 
Therefore, additional modifications such as further purification of co-crystallization from 
methanol solution by adding ethyl acetate after enzymic methylation of octopamine and 
selective isolation of labeled synephrine using unlabeled synephrine as a carrier have been 
made in this assay [47]. The radioactivity is determined by liquid scintillation counting, and 
the identity of radioactive product is checked by chromatography of the thrice crystallized 
product on TLC plates of silica gel using three solvents: (1) n-butanol saturated with 1M 
HCl, (2) isopropanol-ammonia-water (80:19:10, v/v), and (3) n-butanol-acetic acid-water 
(4:1:1, v/v) [49]. The advantage of crystallization is to avoid high and erratic radioactivity 
values that have been observed in the hemolymph of the locusts Schistocerca americana 

gregaria in the absence of this step [47]. Other modification accounts for improving the 
sensitivity of the assay as well as allowing simultaneous determination of m- and p- 
octopamine isomers and phenylethanolamines that are found in rat salivary glands [48]. The 
modifications such as dansylation of amines after stopping the enzymic reaction, extraction 
of these amines in benzene, and purification by TLC gel plates using three solvent systems: 
(1) chloroform-butylacetate (5:2, v/v), (2) toluene-triethylamine-methanol (10:1:0.5, v/v), and 
(3) ethylacetate-cyclohexane (35:25, v/v) give reproducible results in a variety of insect 
tissues [48,50]. The disadvantage of original assay is its nonspecificity. PNMT can accept all 
three isomers of octopamine as substrates, but all isomers are identified and quantitated as p-
octopamine. Furthermore, presence of other alternative substrates (such as norepinephrine, 
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normetanephrine, and phenylethaolamine) in tissues may result in lack of specificity (Table 
1). In addition, the solvent extraction using n-butanol saturated with 1 M HCl or acetone 35% 
aqueous ammonia, 99:1 (v/v) gives poor results. Saavedra‘s modified assay gives LOD for 
octopamine as low as 50 pg (0.0003265 pmol) and allows simultaneous determination of 
phenylethanolamine in the same tissue sample [51].  
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Figure. 2. Biosynthesis of catecholamines: (A) in vertebrates and (B) in invertebrates. TH, Tyramine 
hydroxylase; DDC, Dopamine decarboxylase; DBH, Dopamine-β-hydroxylase; PNMT, Phenyl- 
ethanolamine-N-methyltransferase; AAAD, Aromatic amino acid decarboxylase; TDC, Tyramine 
decarboxylase; TBH, Tyramine-β-hydroxylase. *Both enzymes DBH and TBH recognize either 
tyramine or dopamine as substrates but have different affinities. Both enzymes have similar properties, 
and catalyze the hydroxylation step, suggesting that they are functionally homologous [132].  

Using modified radioenzymic assay, different assay sensitivities in various insect 
systems, such as 0.05-0.06 pmol in the lantern and abdominal nerve cord of fire fly Photuris 

versicolor larvae [52], 0.1 pmol in locust Schistocerca gregaria extensor-tibiae muscles [53], 
and 0.1-2.5 pmol in moth Manduca sexta brain during metamorphosis [54], have been 
recorded. This assay can measure pg quantities of monoamines, and allows determination in 
very small volume of body fluids in brain perfusates, individual brain nuclei, and individual 
cells of some simple animals [55]. The modified radioenzymic assay allows the simultaneous 
determination of m- and p-isomers of octopamine and phenylethanol amines levels in tissues 
[48]. It is used to determine the concentration of free and conjugated normetanephrine and 
octopamine excretion in humans [56], as well as octopamine metabolites in the urine of 
healthy individuals and neuroblastoma patients [41]. This assay allows measurement of the 
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labeled methyl derivative of octopamine, but without incorporation of rigourous 
chromatographic purification step it results in artificially high amine levels (Table 1).  

 
Table 1. Advantages and disadvantages of methods used for octopamine determination 

 

Assay Advantages Disadvantages 
Radioenzymic 

(Original assay)  
More sensitive than non- colorimetric and 
bioassays 
 -Small sample, no sample pretreatment 

- The solvent extraction procedures 
used in this assay give poor results 
- Determines only one compound per 
sample 
-Does not allow simultaneous 
determination of m- and p- isomers 
-Absence of any rigorous purification 
results in artificially high octopamine 
levels 

Radioenzymic  

(Modified 
assay) 
 

- Allows simultaneous determination of m- 
and p- octopamine isomers and 
phenylethanolamines 
-Sensitive and selective  

-Intra- and interlaboratory variability, 
assay complexity, and procedure time 
are more than chromatographic 
methods 
-Not suitable in plasma 

HPLC-ECD  

 
 

-Stable, efficient, rapid, reproducible, and 
easy sample preparation, but not suited for 
plasma 
- High applicability 
-It can simultaneously determine several 
monoamines/sample 

-Derivatization in the absence of a 
reducing agent causes problems with 
stability and reproducibility  
-Protein precipitation of the sample 
preparation in perchloric acid may 
interfere with detection 
-Adsorption of the oxidation or 
reduction products on the electrode 
may cause contamination 

HPLC-FD 

 
- Simultaneous analyses of tyramine, 
octopamine phenethylamine, and 
phenylethanolamine 
-Suited for plasma  
- As sensitive and selective as HPLC-ECD  
-Pre-column derivatization enhances 
fluorescence detection  
-Gradient elution with μ Bondapak /phenyl 

column shortens analysis time 
-Suitable for routine analysis of biological 
samples in healthy humans, patients, and 
animals 

-Affected by many interfering 
substances 
method has been applied to the routine 
 

CE 

 
 

-High degree of resolution, high separation 
efficiency, rapid analysis, requires small 
sample volumes (femtoliter to picoliter)  
-Allows chiral analysis 
-Better than HPLC 
- Particularly well-suited to  perform 
cellular and  subcellular analysis 

-Joule heat generation requires an 
effective cooling system 
-Non-specific and incomplete 
derivatization may limit application of 
this method 
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Table 1 (Continued) 

 
Assay Advantages Disadvantages 

Borate-MEKC-

EC 

 

-Sensitive, selective, and reproducible 
separation; short run time  
-Straight identification of biogenic 
amines and their metabolites 
-Surfactant improves separation of 
similarly charged and sized biogenic 
amines and metabolites 
-Allows quantitative analysis of 
metabolites in conjunction with biogenic 
amine precursors in a single separation 

-Peak shifting upon exposure to 
biological solutions  
-Surfactant can decrease or reverse 
ESF 
 
 

CE- optical fiber 

LED-IF  

 

-Extremely sensitive, low running cost, 
and short preparation time (< 5 min) 
-It can be applied to single cell cytoplasm 
-Sample volume as low as 270 fL 

-The derivatization between 
octopamine and NDA is affected by 
endogenous components 
  

GC-MS 

 

-Sensitive 
-It can distinguish among compounds 
that are modified by the inclusion of 
isotopes 

-Residual impurities may result in an 
unexpected peak 
-Background noise in the MS if GC 
does not completely separate the 
components 

GC-NICIMS -Highly sensitive, accurate, and specific -Expansive 
GC-ECD 

 

-Simple, sensitive, accurate and specific  
-Economically good alternative for 
laboratories that only have gas chromato- 
graphic instrumentation available 
-Resulting derivative is highly responsive 
to ECD at subpmole level. GC-ECD 
quantification is confirmed by GCMS  

-Alcohol and amine groups can  
simultaneously react with PFPA  

Autoradiographic  

 

-Sensitive, very high spatial accuracy 
-Easily quantifiable 
-Selective labeling of fibers 

-Extremely long developing time, 
expansive 
-Lacks ultrastructural resolution 

Immunostaining 

 
-Specific and repeatable from one animal 
to next  
-Direct measurement of octopaminergic 
neurons and determination of the origin 
of fibers  
 

-Minor variation in intensity between 
two preparations in the same taxon 
-Possibility of octopamine degradation 
before fixation  
-Cellular projections may look fine, 
but may not uniformly contain 
octopamine  
-Some of the labeled neurons may be 
tyraminergic 

Gas chromatography-mass spectroscopy (GC-MS); high-performance liquid chromatography coupled to 
electrochemical detection (HPLC-ECD); high-performance liquid chromatography florometric 
detection (HPLC-MCD); borate micellar electrokinetic capillary chromatography (Borate ME-KCEC); 
capillary electrophoresis (CE); capillary electrophoresis optical fiber LED-induced fluorescence 
detection (LED-IF); Naphthalene-2,3-dicarboxaldehyde (NDA); gas chromatography (GC); capillary 
gas chromatography with electron capture detector (GC-ECD); pentafluoropropionic anhydride 
(PFPA); electroosmotic flow (EOF).  
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Another radioenzymic assay is based on determination of dopamine-β-hydroxylase 
(DBH) activity in vertebrates, and tyramine-β-hydroxylase (TBH) in invertebrates. Both 
enzymes are functionally homologous. They require O2 and ascorbic acid as cosubstrates, 
bind copper, and catalyze the β-hydroxylation reaction. DBH uses a phenyl-substituted 
alkylamine (dopamine or tyramine) as a substrate (Figure 2). DBH activity has been detected 
by converting [I4C]tyramine to [I4C]octopamine, oxidizing with periodate to form [I4C]p-
hydroxybenzaldehyde, separating by solvent extraction into ether, and then counting the 
radioactivity [57]. It is necessary to inactivate potent endogenous inhibitors of DBH that are 
present in the tissue homogenates. Otherwise, these inhibitors interact with the copper (Cu2+) 
present in DBH [57-58]. DBH assay allows LOD as low as 7.5 pmol of the product [57], 
whereas using radioactively labeled S-adenosylmethionine, Henry et al. [58] have reported 
the LOD value of 33 pmol. The further modified radioenzymic two dimensional TLC-based 
assay uses purified PNMT with optimal incubation conditions [59]. DBH catalyzes the 
hydroxylation of p-tyramine to form p-octopamine, which is then methylated to synephrine 
by PNMT using [3H]S-adenosylmethionine as the methyl donor (Figure 2). This assay 
simultaneously detects as low as 2 pg of p-octopamine and p-tyramine. It allows less than 
0.2% contamination from other structurally similar amines, suggesting improved specificity 
for p-octopamine and p-tyramine [59]. TBH assay relies on the conversion of radioactive 
tyramine to octopamine (Figure 2), which is then methylated to synephrine by PNMT [54]. 
Collectively, the sensitivity of radioenzymic assays varies depending on the buffer, sample 
type (source, tissue, biological fluid), maximal concentration of substrate, and enzyme level 
in the reaction mixture.  

 
 

4.2. Quantification of Octopamine by High Performance Liquid 

Chromatography 

 
The high Performance Liquid Chromatography (HPLC) is basically a highly improved 

form of column chromatography in which analyte is forced through a column packed with 
chromatographic material (stationary phase) by pumping the solvent(s) (mobile phase) under 
high pressure. A very small particle size of the stationary phase increases the surface area, 
allowing greater separation. However, it decreases the flow rate of the mobile phase therefore 
high pressure is required to increase the flow rate of solvent through the column. After 
separation of the chemical mixture, a means of detection system is required to detect the 
amount of each of the chemical constituents in the original mixture. A detector shows the 
retention times of the molecules, which may vary depending on the interactions between the 
stationary phase, molecules to be analyzed, and the solvent(s) used. There are many types of 
detectors, such as spectrophotometeric, refractometeric, solute transport detectors, 
radioactive, and electrochemical, which can be employed. Here, I discuss two most popular 
detection systems used with HPLC for octopamine determination: (1) electrochemical 
detection, and (2) fluorometric detection.  
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4.2.1. HPLC with Electrochemical Detection (HPLC-ECD) 

 
The HPLC-ECD is based on the measurement of current resulting from the flow of 

electrons produced by the oxidation or reduction of electrochemically active substances on 
the surface of an electrode [60]. Catecholamines can be oxidized to corresponding quinones 
by the loss of two electrons in the detector electrode, therefore, they provide the basis for 
their detection by electrochemical detection. However, other compounds that do not undergo 
oxidation unless large electric potentials are applied can not be detected by this detection 
system. Although, biogenic amines are generally present at low concentrations in animal 
tissues and fluids, but can be sensed by the electrochemical cell of the detector. HPLC-ECD 
allows the simultaneous estimation of a variety of biogenic amines (including octopamine) 
and their metabolites in tissues and biological samples (Table 1), in both man and animals 
[61-64]. Due to the presence of interfering electroactive compounds in biological fluids, this 
procedure is considered to be unsuitable for detecting and quantifying octopamine in the 
plasma [61]. The separation of catecholamines and their metabolites has been demonstrated 

by reverse-phase chromatography with aqueous isocratic eluents where mixtures of both 

acidic and basic substances can be separated by a single octadecyl-silica column [65]. The 
retention is governed by hydrophobic interactions between the nonpolar moiety of the solute 
and the stationary phase. The eluent at the right pH allows the separation of both basic and 
acidic substances. Due to the high column stability and efficiency, reversed phase liquid 
chromatography is assumed to have an ability to separate a wide range of biogenic amines in 
clinical samples [65]. 

In invertebrates, HPLC-ECD is used to measure N-acetyltransferase activity against 
octopamine, dopamine and 5-hydroxytryptamine as well as for perfoming the bi-substrate 
kinetics of this enzyme in the cerebral ganglion of the American cockroach Periplaneta 

Americana [66]. In addition, HPLC-ECD is used to determine octopamine levels in various 
insect species, including locust Locusta migratoria [66], cockroach Periplaneta Americana 
[67-68], and fruit fly Drosophila melanogaster [69]. Robinson‘s group has used HPLC-ECD 
to determine behavior-related changes and age-related changes in the levels of various 
biogenic amines, such as octopamine, dopamine and serotonin, in the antennal lobes and 
mushroom bodies of individual honeybee Apis mellifera brains [70-71]. The mobile phase in 
this analysis contains 15% methanol, 15% acetonitrile (a chemical modifier), 1.5 mmol. l-1 
sodium dodecyl sulfate, 75 mmol.l-1, sodium phosphate monobasic, and trace amounts of 
triethylamine and EDTA [70]. The LOD‘s for octopamine, dopamine and serotonin are 7.5 

pg, 15 pg and 15 pg, respectively [70]. The use of perchloric acid for precipitating proteins in 
the sample preparation has become a contravercial issue due to its interference with biogenic 
amine detection, giving high background [70,72]. Peak identification in HPLC is determined 
on the basis of changes in retention times or peak height as a function of systematic changes 
in chromatographic conditions (such as pH, percentage organic compounds and applied 
channel voltage) [73]. Octopamine is considered as ‗fight or flight‘ hormone in insects, and 
its level in haemolymph increases during stress. Adamo et al. measured the levels of 
octopamine in the haemolymph of field crickets Gryllus bimaculatus after performance of 
several behaviors, showing increase in octopamine levels in haemolymph during aggressive 
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behavior (from 0.03 to 0.16 pM), after flying behavior (from 0.03 to 0.29 pM), but did not 
observe an increase after an escape run [74].  

In Drosophila brain, previously reported biogenic amines levels are highly contradictory, 
which may be either due to type of detection method used or variability in the preparation of 
the sample or composition of mobile phase. Some groups have utilized a mobile phase 
containing a phosphate buffer pH 2.5-3.0, 1-2 mM octanesulfonic acid (an ion-pairing agent), 
and 6-10% of acetonitrile. It is known that higher pH (such as pH 4.5) facilitates the detection 
of octopamine and tyramine [69,75], but phosphate buffer does not provide adequate 
buffering capacity at this pH. Therefore, increasing the pH of the mobile phase (from pH 3.0 
– pH 4.5), using a citrate acetate buffer mobile phase for the remaining separation, and 
applying a high voltage (+850 mV) helps in the detection of octopamine and tyramine [76]. 
The LOD for octopamine by the improved method is over a range of 5-10 pg (0.00003265-
0.0000653 pmol). The improved HPLC-ECD involves minimal sample preparation and can 
reproducibly detect octopamine.  

 
 

4.2.2. High Performance Liquid Chromatography with Fluorometric Detection 

 
The fluorometric detection is based on the phenomenon in which light from the 

ultraviolet spectrum is absorbed by a substance, and the fluorescence is emitted in the visible 
spectrum. Biogenic amines can absorb light energy that can be dissipated by the fluorescence 
emission. The number of photons in light emission is proportional to the number of 
molecules involved, referring to the concentration of fluorescent substances in the sample. 
The HPLC separation combined with the enhanced sensitivity of fluorescence detection 
allows LOD less than 100 pg (< 0.000653 pmol) for octopamine [77]. The increased 
sensitivity is in part due to pre-column derivatization, which facilitates extraction and 
improves detection of nanogram amounts. The derivatization reagents such as fluorescamine 
and o-phthalaldehyde are used to enhance natural fluorescence of biogenic amines. 
Fluorescamine rapidly reacts with primary amines, whereas o-phthalaldehyde requires a 
reducing agent for forming a strong fluorescence compound with primary amines [78-80]. 
Biogenic amines, including octopamine, tyramine, dopamine, norepinephrine, and 3,4-
dihydroxybenzylamine, react readily with naphthalene- 2,3-dicarboxaldehyde in the presence 
of cyanide ion under mild conditions, resulting in highly fluorescent cyanobenz[f]isoindole 
(CBI) products [81]. The high-fluorescence quantum efficiency of the CBI fluorophore and 
the ability to excite these adducts in the visible region increase the sensitivity and selectivity 
of the derivatization detection. Mell and Carpenter [82] have extracted octopamine from 
tissue homogenates of ganglia in Aplysia californica, using perchloric acid and derivatized it 
with o-phthalaldehyde prior to chromatography. The separation of the fluorescent 
octopamine-OPT adduct from other biogenic amines is achieved by using a μBondapak C18 
reversed-phase column and isocratic elution with a mobile phase containing methanol-(0.08 
mol/liter) and acetic acid (50 50 by vol, pH 2.9). Linearity is ranged from 500 pg to 30 ng 
injected onto the column, and LOD for octopamine is 0.07 pmol/mg tissue [82].  

The fluorometric method involving ion-exchange chromatography, derivatization with 
fluorescamine, solvent extraction and then separation by thin-layer chromatography can 
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simultaneously determine levels of various biogenic amines, including octopamine, tyramine, 
phenethylamine and phenylethanolamine, in the rat brain [83]. The LODs by HPLC-FD 
method are 20 pmol for octopamine and 10 pmol for tyramine, phenethylamine and 
phenylethanolamine [83]. Another method measuring β-mono oxygenase activity (involving 
the hydroxylation of tyramine to octopamine) requires no derivatization before detection, and 
has LOD of 50 pmole for octopamine in human serum [84]. The separation in cation-
exchange resin followed by the measurement of the native fluorescence provides a sensitive 
assay of dopamine β-monooxygenase. Collectively, HPLC-FD system (Table 1) provides a 
sensitive and selective tool for the estimation of octopamine and other biogenic amines in 
both man and animals. 

 
 

4.3. Determination of Octopamine by Gas Chromatography Coupled with 

Mass Spectrometry (GC-MS) 

 
Gas chromatography (GC) and mass spectrometry (MS) make an effective combination 

tool for detecting levels of bioamines. GC-MS relies not only on chromatographic retention 
but also on molecular mass to ascertain identity [85]. Therefore it offers a significant 
advantage over methods such as HPLC-ECD, which rely on retention time alone. In GC 
procedure, a small amount of the sample to be analyzed is drawn up into a syringe. The 
injector is set to a temperature higher than the components‘ boiling points so that components 
in the mixture evaporate into the gaseous phase inside the injector. A carrier gas flowing 
through the injector pushes the gaseous components onto the GC column, and the separation 
of organic compounds occurs due to differences in their partitioning behavior between the 
mobile phase and the stationary phase. The detector measures the time at which each 
component elutes from the column and the amount of that component can be determined. 
Many detectors, such as argon ionization detector, flame ionization detector, flame emission 
detector, cross section detector, thermal conductivity detector, and the electron capture 
detector, are commercially available for GC analysis. The comparison of retention time of 
analytes is the analytical power to GC that makes it very similar to other forms of 
chromatography (such as HPLC, TLC), but the traveling of the solution through the column 
in a gaseous state makes GC different from others. A derivatization-capillary GC with 
electron capture detection method (GC-ECD), involving a derivatization reaction between 
pentafluoropropionic anhydride and octopamine in buffer, is used to detect octopamine levels 
in the head tissue of German cockroach Blattella germanica [86]. GC-ECD chromatogram 
shows a single peak, consequently confirmed by GC-MS to be the tris-pentafluoropropionyl-
octopamine. GC-ECD shows LOD for octopamine as low as 0.1 ng/gm tissue in Blatella 
[86]. It may be a good alternative for laboratories that only have GC instrument available 
(Table 1).  

MS identifies substances by electrically charging the specimen molecules, accelerating 
them through a magnetic field, breaking the molecules into charged fragments and detecting 
different charges. Quantification by MS is based on peak areas from mass chromatogram or 
from selected ion monitoring. With mass chromatogram all of the masses are scanned, 
whereas ion monitoring records the responses from only few pre-selected masses. The GC-
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MS method positively identifies the actual presence of a particular substance in a given 
sample, relying not only on chromatographic retention but also on molecular mass (Table 1). 
Negative ion chemical ionization of pentafluoropropionate derivatives of octopamine and 
tyramine together with the use of detureated internal standards is employed to quantitate 
octopamine and tyramine levels in different regions of the rat brain, with LOD of 50 pmol for 
octopamine [87]. The use of methane as the reagent gas, conversion of amines to their 
ditriofluoromethyl benzamide derivatives prior to analysis and quantification against 
deturiated internal standards added prior to processing the samples for negative-ion chemical 
ionization gas chromatography mass spectrometry (GC-NICIMS) have been shown to 
provide a high degree of precision in identification and quantification of biogenic amines, 
their putative amino acid precursors and metabolites in locusts Schistocerca gregaria and 

Locusta migratoria, and fruit fly Drosophila melanogaster [88-90,85]. Moreover, use of the 
chiral derivatization reagent, (-)-hepta-fluorobutyrylphenylalanyl chloride establishes that 
enantiomer of p-octopamine in the thoracic nervous system of the locust occurs in R 
configuration [89]. In rat, application of negative chemical ionization GC-MS to several 
sympathetically innervated organs has revealed the presence of both m-octopamine and p-
octopamine [7]. Using GC-NICIMS method for the quantitative analysis of isomeric 
octopamine and synephrine in human urine has exhibited LOD of 50-100 ng/mg creatinine 
[91]. By combining ion exchange chromatography, capillary column gas chromatography, 
and electron capture negative ion chemical ionization mass spectrometry, the levels of o-
octopamine, m-octopamine and p-octopamine in normal human urine are 0.6, 2.1 and 25 ng 
mg-1 creatinine, respectively [91]. After stable isotope dilution, another group has used GC-
NICIMS procedure to determine levels of trace amines in plasma of healthy and hypertensive 
human subjects [92]. The limit of detection under optimal conditions is 5-20 pg ml-l (0.032 
pM -0.130 pM). However, levels of m- and -p isomers of octopamine, tyramine and 
synephrine detected in human plasma are low and inconsistent. This may be due to 
involvement of various factors, such as individual, dietary, environmental, and 
methodological (not using a sufficient n value), affecting the concentrations of these amines 
in human subjects [92].  

By using an extraction-derivatization procedure, involving reactions with 3,5-
di(trifluoromethyl)benzoyl chloride in the aqueous phase, followed by extraction into an 
organic solvent, hydrolysis of phenolic esters, and conversion of free hydroxyl groups to 
trimethylsilyl ethers, biogenic amines have been quantified in bovine brain [93]. The limits of 
detection for 3,5-di(trifluoromethyl)benzoyI chloride-trimethylsilyl derivatives by NCI-GC-
MS are below the picogram level. The principal amines found in bovine retina using this 
method are p-tyramine, dopamine, and serotonin, with no evidence of p-octopamine [93]. 
Durden and Davis (1993) have used this procedure to determine the regional distribution of 
biogenic amines (such as phenylethylamine, meta-tyramine and para-tyramine) in brain 
regions from a single rat as well as presence of these amines in human and dog plasma [94]. 
The standard curve for three amines is linear over the range 25 to 800 pg. The method has 
been found useful for unilateral experiments involving the rat striatum as the unaffected side 
as control for the experimental side. The values of human plasma study are supported by the 
dog plasma study as concentrations of phenylethylamine do not significantly increase after 
adding monoamine oxidase inhibitors in the blood, suggesting the absence of MAO-B in 
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samples [94]. Collectively, GC-MS is considered as a sensitive and accurate quantification 
method (Table 1) that gives high analytical reproducibility and low biological variability. 

 
 

4.4. Capillary Electrophoresis (CE) 

 
The term capillary electrophoresis (CE) includes a variety of related techniques that rely 

on a high voltage electric field applied over a buffer solution held in narrow bore-capillaries 
to separate components of a mixture based on the differences in charge, size, and 
hydrophobic nature. Sample introduction is accomplished by immersing the end of the 
capillary into a sample vial followed by application of voltage allowing migration of 
molecules through the solution towards the electrode of opposite charge. Therefore, based on 
the charge, each molecule moves through at different speeds in the electric field. A 
photocathode measures the absorbency of molecules as they pass through the solution, and 
process is analyzed by a computer. CE has several advantages and disadvantages (Table 1). 
Due to high voltage, CE produces very efficient separation and reduces separation time. It is 
a technically a simple and sensitive procedure that consumes relatively small sample volumes 
(femtoliter to picoliter). It is an ideal method for the chiral analysis of compounds due to the 
high separation power of the technique [95]. The major drawbacks of CE include: (1) no 
effect on electrically neutral particles, and (2) small capillaries efficiently dissipate the heat, 
which is produced due to high electric field. A variety of detection systems, including 
electrochemical, laser-induced fluorescence and mass spectrometric, have been used in 
conjunction with CE. 

The micellar electrokinetic capillary chromatography coupled to amperometric 
electrochemical (MEKC-EC) detection has been used to separate 14 biogenic amines in a 
single separation from head homogenates of Drosophila melanogaster [96]. The optimal 
conditions in CE include use of 25 mM borate buffer containing 50 mM sodium dodecyl 
sulfate and 2% 1-propanol (pH 9.5), which are responsible for improving the separation of 
several biogenic amines such as dopamine, epinephrine, norepinephrine, octopamine, L-3, 4-
di-hydroxyphenylalanine, tyramine, and serotonin as well as their metabolites including 5-
hydroxyindol-acetic acid, 3,4-dihydroxyphenylacetic acid, homovanillic acid, and 3-
methoxytyramine in addition to N-acetylated metabolites including N-acetyldopamine, N-
acetyloctopamine and N-acetylserotonin [96]. Previous investigators have used buffer 
containing 10 mM TES, 30 mM SDS and 2% 1-propanol pH 7.4 for the separation of 
biogenic amines [97], resulting in an incomplete separation of similarly charged and sized 
biogenic amines and metabolites. However, the modified separation procedure is more 
sensitive and selective in detecting changes in tyramine, octopamine, and N-
acetyloctopamine, which are present in the head homogenate of fruit fly [96]. This suggests 
that the right composition of the separation buffer, surfactant, pH and additive are important 
factors for enhancing separation efficiency and selectivity of bioamines. MEKC-EC 
procedure has tremendous potential for understanding the physiological processes and 
underlying mechanisms mediated by biogenic amines. This procedure provides a complete 
quantitative analysis of all metabolites in conjunction with precursors in a single run. The 
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LOD for octopamine by borate-MEKC-EC procedure is 3.4 amol, which makes it attractive 
for volume limited sample analysis [96].  

CE separation along with optical fiber light emitting diode (LED)-induced fluorescence 
detector has been used in determining octopamine levels in human plasma [98]. The selection 
of LED is based according to the excitation and emission spectra of analyte. The pre-column 
derivatization of octopamine with naphthalene-2,3-dicarboxaldehyde (NDA) forms NDA-
labeled octopamine, a high fluorescent compound. Optimal separation is obtained by using a 
background electrolyte solution (consisting 25 mM sodium borate at pH 9.2) with applied 
voltage (20 kV) to achieve high sensitivity detection with LED as the excitation source. CE-
LED has LOD for octopamine as low as 5.0 nM [98]. The measured concentrations of 
octopamine by CE-LED in human plasma are in the range of 0.95 x 10-8 to 2.41 x 10-8 M 
[98]. The concentration range is in accordance with previous values obtained by the HPLC 
method [44]. Due to sufficient sensitivity, short separation time (less than 5 min), and low 
cost, CE-LED method can be considered as a good alternative to existing HPLC for 
measuring octopamine levels in biological fluids (Table 1). CE with laser-induced 
fluorescence detection (CELINF) system uses a photomultiplier tube-based (PMT) 
multichannel detection system with a 224-nm HeAg laser as its excitation source, enabling 
analysis of indolamines and catecholamines (Table 1). CELINF is used to analyze biogenic 
amines levels in a single neuron in the brain of pond snail Lymnaea stagnalis [99]. In PMT-
based detection system, the LOD for octopamine is 11 nM [99]. Collectively, it is suggested 
that adequate sensitivity of CELINF may allow the analysis of octopamine and other 
neurotransmitters even in the subcellular compartments of individual neurons.  

 
 

4.5. Determination of Octopamine by Autoradiographic Localization 

 
Autoradiography is a process by which radioactive molecules within the cell make their 

location known by exposing to a photographic emulsion forming a pattern on the 
photographic films corresponding to their location within the cell. The autoradiographic 
method is used to locate the sites of octopamine synthesis in invertebrates [100]. Octopamine 
is synthesized from both tyrosine and tyramine in the lateral, median, and ventral eyes of 
Limulus. It is located in efferent fibers, which innervate ventral photoreceptors and lateral eye 
ommatidia by using light microscopic and electron microscopic autoradiography. In this 
procedure, signal can be evaluated quantitatively. Signal can be compared in several 
structures at the same time. Autoradiography is sensitive, but compared to immunostaining 
techniques it shows less microscopic resolution (Table 1). Octopamine modulates basic 
retinal processes, such as photoreceptor sensitivity, photomechanical movements, and 
photoreceptive membrane turnover [100]. The efferent fibers, which project to ventral and 
lateral eyes from the central nervous system can be selectively labeled during in vitro 
incubations with 3H-tyramine. Since in the ventral eye, ~ 95% of the efferent fibers are 
labeled, therefore, the selective labeling of efferent fibers during incubation with 3H-tyramine 
is used as an approach to evaluate the number and distribution of efferent fibers within the 
ventral eye [101]. Thus, octopamine may mediate the biochemistry and physiology of ventral 
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photoreceptor cells in Limulus retinal efferent fibers. Many of theses effects may be due to 
circadian efferent innervation to the lateral eye of Limulus.  

Autoradiographic techniques normally require β emittors such as 14C, 3H or 35S. 
However, autoradiography can also be performed by using a radionuclide (such as 99mTC), 
which emit many low energy electrons (gammas, x-ray, and monoenergetic) while decaying 
[102]. The detector is gas chamber, which allows direct quantification of images and provides 
a clear advantage of autoradiographic film by improving image resolution, efficiency, 
linearity, high dynamic range and low noise levels [102]. Collectively, by using 
autoradiography technique, one can detect presence of radioactive isotope in tissues by 
covering tissue sections with photographic emulsion, followed by subsequent development 
and fixation, and finally the radiated silver resulting into black grains [100]. Autoradiography 
technique is suitable for studying sites for octopamine metabolism. It can also be used to 
visualize and quantitate radiolabeled octopamine binding proteins in tissue homogenate (not 
discussed in this review). 

 
 

4.6. Determination of Octopaminergic Neurons by Immunostaining 

Techniques 

 
Immunostaining techniques detect specific antibody-antigen interactions after tagging the 

antibody with a visible label. The most commonly used immunostaining labels for 
octopaminergic neuronal distribution are fluorescence and enzyme mediated detection. 
Immunocytochemistry is performed on samples of intact cells that have had most, if not all of 
their surrounding extracellular matrix removed, whereas immunohistochemistry is performed 
on sections of tissue in which each cell is surrounded by the tissue architecture. The binding 
of antibody with a cellular antigen results in a specific stain that can be readily visualized 
with a microscope. The control preparations in which the primary antibody is omitted should 
not reveal any immunoreactive cell bodies or fibers. Fluorescent images are viewed with a 
laser-scanning, confocal microscope equipped with lasers and appropriate filters. In 
immunohistochemistry, the staining intensity is closely related to the degree of fixation and 
affected by under- or over-fixation and different immersion/perfusion methods.  

Octopamine is found ubiquitously in invertebrates including insects, modulating a wide 
spectrum of behaviors. Immunostaining procedures using polyclonal or monoclonal 
antibodies have been used to examine the distribution of octopaminergic neurons in many 
brain regions in several insect species, including hawkmoth Manduca sexta [103], honeybee 
Apis mellifera [104-105], cockroach Periplaneta americana [106-108], fruit fly Drosophila 

melanogaster [109-110], blow fly Phaenicia sericata [111], and locust Locusta migratoria 
and Schistocerca gregaria [112-113]. One group has elegantly combined HPLC system with 
immunocytochemistry (HPLC to detect octopamine levels and immunocytochemical 
approach to observe the distribution of octopamine-containing nerve cells) in the alimentary 
tract of the earthworm Eisenia fetida, suggesting the occurrence of octopamine-containing 
nerve cells in invertebrate peripheral nervous system [114]. The immunocytochemistry has 
been helpful in resolving the neural pathways that mediate adaptive behavioral changes at a 
single cell level in honeybee [105]. Furthermore, octopamine immunoreactivity in the adult 
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Drosophila CNS reveals many additional neurons compared to the larval CNS, suggesting 
that at least a subset of adult octopamine neurons differentiate during metamorphosis [109-
110].  

The use of immunostaining techniques allow to compare possible morphological and 
anatomical similarities and dissimilarities in the number of octopaminergic neurons, their 
branching patterns and projections among different taxa and species. Immunostaining 
techniques are specific and repeatable from one animal to the next. However, fixation time, 
type of fixative, dehydration, embedding, and antibody conentration (Table 1) may cause 
minor variation in signal intensity and/or resolution between two preparations in the same 
taxon [104]. The variation in signal intensity of octopamine also depends on the difference in 
the age of individual insect [70-71]. Collective evidence supports the view that identification 
of octopamine-immunoreactive neurons in invertebrate brains sets the stage to examine the 
sequence of appearance of octopamine-immunoreactive neurons and to correlate the 
appearance of these neurons with the functional role during development.  

In vertebrates, trace amines (including m-octopamine, p-octopamine, m- tyramine, p-
tyramine, and 2-phenylethylamine) are present at least two orders of magnitude below those 
of neurotransmitters, such as dopamine, norepinephrine and serotonin [115]. Catecholamines 
differ from each other by the presence of one or two chemical groups placed either on the 
ring or on the side chain (Figure 1). A slight structural difference such as hydroxyl or 
carboxylic group may lead to a similar, different and specific immune response [116]. 
Paterson et al.  (1990) have reported that low levels of trace amines (including octopamine)  
require an antibody cross-reactivity of greater than 100,000:1 with respect to other classical 
monoamine neurotransmitters [117]. Thus, due to high cross-reactivity of octopamine 
antiserum, trace amounts of octopamine and uncertainty of octopamine receptors in the 
vertebrate brain, the immunostaining profiles of octopamine may not be specific and valid.  

 
 

5. QUANTIFICATION OF RADIONUCLIDES IN EXPERIMENTAL 

ANIMALS AND HUMANS 
 
The positron emission tomography (PET) and single photon emission computed 

tomography (SPECT) are in vivo nondestructive imaging methods that allow quantification of 
radionuclides in small regions of large experimental animal and humans. By using these 
imaging techniques, a drug can be injected into the subject‘s body, and its uptake, the tissues 
in which it concentrates, receptor occupancy, and its elimination can be easily monitored far 
more quickly than the previously used techniques [118]. In PET, the subject receives a short 
half-lived radiopharmaceutical that discharges positrons from wherever they are used in the 
body. When these positrons encounter electrons within the body, it results in production of 
gamma rays. PET enables to see the location of the metabolic process. The most commonly 
used radionuclides in PET are 15O, 13N, 11C and 18F, which are short-lived. SPECT is another 
related technique in which most commonly used radionuclides are 99mTc, 123I, 67G, 201TI, 
which are heavier and longer-lived radioactive atoms that emit high-energy photons called 
gamma rays, instead of positrons. Long half-lives of these compounds can limit the number 
of times a patient can be scanned. PET has advantage over SPECT for being more sensitive 
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in quantification and topographic isolation because of the positron decay mode. However, the 
longer life of radionuclide in SPECT (such as 13 hr for 123I, 6 hr for 99mTc) gives more 
flexibility in imaging studies. SPECT is used for many of the same applications as PET, but 
is less expensive than PET, and the resulting picture is usually less sharp than a PET image. 
These techniques are relatively safe, and have been used in patients suffering from cancer, 
neurodegenerative and neuropsychiatry disorders and heart diseases [118-122], but because 
of the high cost only few hospitals and laboratories are capable of maintaining such systems.  

A radioligand, 1R-[11C]Phenylephrine ([11C]PHEN), has been developed for PET 
imaging of the sympathetic nervous system. It is a catecholamine analog labeled with 11C, a 
positron emitter with half life of 20.4 min [123]. The chiral synthesis of PHEN is achieved by 
direct methylation of (-)-m-octopamine with either CH3I or CF3SO3

11 [123]. [11C]PHEN is a 
radiolabeled analog of norepinephrine. Collective evidence suggests that probes with 
structures closely related to norepinephrine (such as octopamine) can be labeled with 11C, a 
positron emitter, which can then be used to assess octopamine metabolism in various human 
diseases.  

 
 

6. ADVANTAGES AND DISADVANTAGES  

OF VARIOUS PROCEDURES 
 
Advances in methodology have resulted in the enhancement of the analytical sensitivity 

and selectivity of the assay procedure for estimating catecholamines and their metabolites in 
invertebrate and vertebrate systems. Early estimates of these amines in tissues and biological 
fluids have been done by using colorimetric and bioassays. These assays are relatively 
inexpensive but they lack sensitivity and specificity [124]. Followed by colorimetric and 
bioassays, the most commonly used methods to estimate catechecholamines have been the 
radioenzymic methods [46-59], which have gained limited use due to the technical 
disadvantages including the complexity and length of the procedures. The original 
radioenzymic method of Molinoff et al. (1969) to measure p-octopamine has now been found 
to be nonspecific because PNMT can utilize all three positional isomers of octopamine and 
the corresponding isomeric synephrines as its substrates [125,7]. The modification in the 
original radioenzymic assay, using dansylation of the crude extract followed by three 
successive TLC separations, is responsible for the discovery of m-octopamine simultaneously 
present with p-octopamine in rat salivary gland [50], and following MAO inhibition in the rat 
brain [48]. The modified radioenzymic method can determine both m- and p-octopamine in 
vertebrates but does not take into account the possibility of the presence of o-octopamine and 
o-, m-and p-synephrine [7]. O-synephrine has never been detected in any biological tissue or 
fluid [7]. However, the presence of o-octopamine has been reported in rat urine after MAO 
inhibition [126]. Another disadvantage of radioenzymic assays is their unsuitability for the 
measurement of octopamine due to the presence of endogenous inhibitors of enzymes (such 
as DBH and PNMT) in the biological fluids, altering the levels of octopamine and 
synephrine, respectively. Furthermore, the cost of chemicals in radioenzymic assays (e.g. 
radioactively labeled S-adenosylmethionine, solvents, and enzyme) is also quite high 
compared to the materials used for HPLC.  
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The estimation of octopamine and other catecholamines using HPLC methods coupled 
with electrochemical detection [60-76] or fluorometric detection [77-84] involving pre- 
column derivatization or post- column derivatization, is quite promising. HPLC methods are 
useful tools for measuring plasma catecholamines because unlike radioenzymic assays 
chromatographic conditions can be altered to eliminate endogenous or exogenous 
interferences. HPLC relies only on the chromatographic retention, whereas GC-MS permits 
unequivocal identification because it is based on chromatographic retention and molecular 
mass. Therefore GC-MS has advantage over HPLC, but it is not used in the routine clinical 
setting because of the complexity of the procedure [85-96]. CE is a novel separation 
procedure that enables rapid separations with high efficiency, chiral selectivity, and 
compatibility with small sample volumes [96-98]. It is sensitive enough to determine 
octopamine levels in human plasma from healthy subjects [98]. At present, among all 
available analytical techniques to determine octopamine, CELINF is the only technique that 
can allow detection of octopamine and other catecholamines in single neurons of the pond 
snail brain [99].  

Invertebrate preparations are richer sources of octopamine, and unique octopaminergic 
neurons exist in invertebrate preparations. Therefore, immunostaining techniques have been 
routinely used in invertebrate brains. However, in mammalian systems, it is still uncertain 
whether unique octopaminergic neurons exist or octopamine is found only in neurons that 
utilize norepinephrine as their transmitter substance. Therefore, use of antibody against 
octopamine may not allow the labeling of the distribution of immunoreactive profiles of 
octopaminergic neurons in the vertebrate brain. Another point that has to be emphasized here 
is the chiral nature of octopamine. Studies may get complicated depending on the presence of 
enantiomer in vivo. For example, in insects, during functional studies most investigators have 
simply used DL-p-octopamine for all their studies, which could give misleading information 
on the relative potency of octopamine vs. other biogenic amines such as tyramine. Therefore, 
it is important to evaluate whether octopamine is only present as p-isomer in all insect species 
or the presence of isomeric form(s) varies from one taxon to the other. Furthhermore, for 
future biochemical and behavioral studies in invertebrates, instead of just evaluating the 
effect of the racemic compound (DL-p-octopamine), the effect of separate enantiomers (D-p-
octopamine, L-p-octopamine) should be tested. In addition, DL-m-octopamine (racemic) and 
its enantiomers D-m-octopamine and L-m-octopamine should be evaluated.  

Furthermore, when determining octopamine in biological fluids, it is very important to 
consider dietary influence on its concentration because foods enriched in aromatic amino 
acids or amines may certainly influence octopamine levels in biological systems [127]. 
Furthermore, accidental poisoning with octopaminergic pesticides [128-129] or with 
medicinal plant extracts containing high levels of octopamine-related drugs may contribute to 
alteration in octopamine levels [130]. Both tyramine and octopamine are substrate for MAO. 
The catabolism of these amines by MAO results in the production of toxic compounds, such 
as hydrogen peroxide, ammonia, and aldehyde. Therefore, increase in MAO levels may 
decrease octopamine concentration and increase free radical-mediated oxidative stress to the 
cell that is seen under several pathological diseases. Thus, patients have to be on a regular 
diet several days before the quantification of octopamine or its metabolites in their biological 
fluids. The estimated levels of octopamine and other catecholamines in body fluids of normal 
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individuals are different from patients suffering from psychiatric and neurological diseases 
[131].  

A considerable variation in endogenous octopamine concentration can be from from 
animal to animal, which may be due to differences in dietary, environmental, and genetic 
factors. Different levels of octopamine are present in vertebrates and invertebrates. Therefore, 
methods with different selectivities and sensitivities are required to quantify octopamine, 
particularly with respect to detecting the trace endogenous levels of octopamine in 
vertebrates.  

 
 

7. CONCLUSION 
 
Octopamine is a multifunctional naturally occurring biogenic amine, which plays a major 

neuromodulatory role in invertebrates. However, its physiological role remains elusive in 
vertebrates due to its low endogenous concentration in the central and sympathetic nervous 
systems and rapid turnover. Octopamine is coreleased with other catecholamines, therefore 
many of its effects may be indirect through its interference with other aminergic pathways. 
However, octopamine is present in unusually high concentration in certain diseases and in 
patients treated with MAOI [40,42-45], implicating some pathophysiological role. Therefore, 
it is important to select a sensitive and rapid procedure for the quantification of octopamine, 
especially in vertebrate system. In this overview, author has critically pointed out the 
strengths as well as drawbacks of each assay system, and provided LODs achieved by using 
different assay systems in both invertebrate and vertebrate systems. Collective evidence 
suggests that the sensitivity of each assay system varies among vertebrates and invertebrates. 
At present, highly sensitive assay is CE-MEKC, which can detect lowest octopamine level in 
Drosophila head. In human plasma, GC-NICIMS and CE-LED have been quite successful in 
detecting octopamine. In rat brain, improved radioenzymic assay detects significantly lower 
concentrations of p-octopamine and p-tyramine. Improved sensitivity and selectivity of these 
procedures indicate that these procedures will be helpful in evaluating the physiological and 
pathophysiological roles of octopamine and other trace amines in the mammalian nervous 
system.  
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ABSTRACT 
 

The monoamines octopamine and tyramine are the invertebrate counterparts of our 
adrenergic transmitters. Although tyramine is the biological precursor of octopamine, 
both compounds are independent neurotransmitters, acting mostly through G-protein 
coupled receptors. Especially octopamine modulates countless behaviors, as well as the 
performance of sense organs and of other peripheral tissues. As these two monoamines 
are the only biogenic amines whose physiological significance is restricted to 
invertebrates, the attention of pharmacologists was focused on the corresponding 
receptors, which are still believed to represent promising targets for new insecticides. 
This assumption is especially valid for octopamine receptors, where a number of highly 
active receptor agonists with potent insecticidal activities have been identified. Future 
research based on these leitstructures should yield a number of novel insecticides acting 
on these highly relevant receptors. 
 
 

INTRODUCTION 
 
It is common knowledge that adrenergic signaling dictates various aspects of our life. 

The corresponding transmitters/hormones, adrenaline and noradrenaline are unique to 
vertebrates. In invertebrates (including insects) where both compounds have no physiological 
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relevance, their role is taken by the two monoamines octopamine and tyramine [1,2]. They 
are structurally related to adrenaline and noradrenaline and have very similar physiological 
roles, pointing to a very early evolutionary origin of the adrenergic/octopaminergic system. 
Octopamine is found in a huge variety of different invertebrates. As tyramine is its biological 
precursor, it is also found in these tissues. In vertebrates, only trace amounts of these 
monoamines are found leading to their categorization as trace amines. 

A wealth of information regarding the physiological significance of especially OA has 
been generated over the last few decades. It became apparent that this compound regulates a 
plethora of behaviors, sensory inputs and outputs by peripheral organs [1,2]. Naming for 
octopamine was its discovery in the salivary glands of Octopus vulgaris [3]. Ironically, this is 
one of the very few sources of octopamine, where we still have no information regarding its 
normal physiological role. 

Octopaminergic action appears to be among the most relevant modulatory inputs of 
invertebrate neuronal and peripheral tissues. Apparently, one major role of octopamine is to 
orchestrate complex sets of behaviors, thus enabling to switch from one behavioral state to 
the other, simply by inducing secretion of this hormone/transmitter.  

Both, octopamine and tyramine take a prominent position because they are the only non-
peptide transmitters/hormones that are restricted in their occurrence to invertebrates. The lack 
of corresponding receptors in vertebrates promises that tailored compounds are active in 
invertebrates but almost inactive in vertebrates, thus having the potential to show negligible 
vertebrate toxicity. This, together with other features focused the interest of numerous 
researchers on topics related with octopamine and tyramine, leading to a plethora of original 
contributions and reviews dealing with this issue. The main emphasis of this article is to 
focus onto the pharmacology of these highly relevant receptors. 

 
 
PHYSIOLOGICAL ROLE OF OCTOPAMINE AND TYRAMINE 
 
The overwhelming similarities between octopaminergic and adrenergic signaling systems 

imply that both systems can be traced back to a common ancestor that lived prior to the split 
of bilaterian animals into deutero- and protostomes. Apparently, all deuterostomes use 
adrenaline/noradrenaline, whereas the protostomian lineage (the invertebrates) uses 
octopamine and tyramine. Similarities between the octopaminergic/tyraminergic and the 
adrenergic system are not restricted to the structure of these compounds. Apparently, all 
major aspects of the corresponding signaling cascades are conserved. This comprises the 
structure and pharmacology of the receptors as well as the behaviors and organs that are 
modulated. Octopamine and tyramine, just like adrenaline and noradrenaline, are hormones 
that are secreted in times of stress with the goal to prepare the organism for situations such as 
the highly demanding fight or flight response [2]. Stressful stimuli, such as the encounter 
with predators or rivals, induce this metabolic and behavioral adaptation, leading to 
mobilization of energy stores, increased muscle performance, increased sensory perception 
and a matched behavior. Although this reaction appears to be simple, it requires an 
orchestrated reaction of the entire organism. In the central nervous system, the general level 
of arousal is enhanced leading to an increased tendency to move. To match this generally 
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increased motivation for activity, a whole battery of peripheral organs is modulated, meaning 
that muscle performance; energy supply or heart rates are increased concurrently. This 
complex type of reaction can be seen in both, vertebrates and insects, pointing to a very 
ancient origin of even this behavioral trait. In addition to the modulatory effects that are 
associated with the fight or flight response or with a general stress response, other aspects of 
the animal‘s biology are also modulated. Among the first behaviors that had been associated 
with octopamine action are rhythmic behaviors such as walking of flying. Apparently their 
initiation and maintenance depends on this neurohormone, giving octopamine a central role 
for the execution of behaviors [4]. Surprisingly, almost all sense organs of insects and 
presumably also of other invertebrates are modulated by octopamine action [5]. As a general 
rule of thumb, octopamine appears to increase the sensitivity of these sense organs. This 
reaction may help to increase the attention in times of stress. In addition, countless peripheral 
tissues are modulated if confronted with octopamine. Most intriguingly, the performance of 
skeletal muscles is increased, meaning that they show a higher output, presumably also to 
enable an adequate reaction to altered situations. Regarding the physiological significance of 
tyramine in invertebrates, our knowledge is restricted to very few examples. In Drosophila, 
octopamine and tyramine appear to have opposite effects on some aspects of larval 
movement, which may represent an example for the interconnected architecture of both 
systems [6]. Dissection of octopaminergic and tyraminergic activities was most successful in 
the nematode C. elegans. In these animals, tyramine appears to be more important than 
octopamine and some very distinct and well-characterized behaviors can be attributed to 
tyramine action only [7]. 

Compared with the plethora of studies dealing with octopamine action that used classical 
physiological and pharmacological approaches, only a minority of them has been confirmed 
using genetic tools. In both model organisms Drosophila and C. elegans, mutants defective in 
the synthesis of tyramine, thus being devoid of both tyramine and octopamine, or in the 
synthesis from tyramine to octopamine, thus lacking octopamine only are available. All 
mutant flies and worms are surprisingly healthy, showing no very obvious phenotypical 
peculiarities [7,8]. In Drosophila, a female sterility can be observed, depending on the 
inability to lay eggs, which is caused by the lack of octopamine-induced contractions of the 
oviduct muscles8. Nevertheless, a number of different behaviors have been shown to 
particularly depend on octopaminergic signaling. Some of these results are in line with earlier 
findings. As already mentioned, octopamine is of vital importance for the initiation and 
maintenance of flight behaviors [4]. Recently, using Drosophila mutants defective in the 
synthesis of octopamine, Brembs and colleagues showed that these flies have a significantly 
reduced tendency to initiate flight sequences and that the duration of these flight sequences is 
also severely decreased [9]. Another highly relevant behavior that depends on octopamine is 
learning and memory. Octopamine appears to function as the neuronal correlate of sugar in 
associative learning paradigms [10]. It is long known that aggression is also influenced by 
octopamine, which appears to be necessary to develop a certain degree of aggressiveness 
[11]. Unexpectedly, even the regulation of wake/sleep cycles depend on octopaminergic 
signaling, meaning that flies devoid of this transmitter have significantly shortened wake 
phases. Our knowledge regarding the physiological role of octopamine and tyramine in the 
second invertebrate model, the nematode C. elegans is even more restricted. As already 
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mentioned, tyramine appears to be more relevant than octopamine. Transforming stress 
signals into a meaningful physiological response seems to be primary role of both 
monoamines. Inhibition of egg laying and increase in movement velocity are among their 
most conspicuous effects [7,12]. A major contribution of this model was the unequivocal 
distinction between octopamine and tyramine action [7,13]. Surprisingly, the plethora of 
reports dealing with the role of octopamine in peripheral tissues still awaits verification in 
these knockout systems.  

 
 

RECEPTORS FOR OCTOPAMINE AND TYRAMINE 
 
Both, octopamine and tyramine act through sets of specific receptors. Most of them are 

belong to the family of G-protein coupled receptors. Very recently, tyramine-gated chloride 
channels were identified in C. elegans and they have been associated with some very peculiar 
tyramine dependent behaviors [14, 15]. Regarding their pharmacology, we still have no valid 
information, meaning that the only well characterized agonist is tyramine itself. In the 
following parts of the manuscript, I will focus on the G-protein coupled receptors only. 
Reflecting the similarities on the physiological field, octopamine and tyramine receptors 
share structural features with the corresponding adrenaline and noradrenaline receptors, the 
α- and β-adrenergic ones. Octopamine receptors, and to a much lesser degree tyramine 
receptors were detected on almost every peripheral organ in a huge number of different insect 
species. Insect neuropharmacologists were engaged for more than two decades to study if and 
how organs and tissues from all available insects react if confronted with octopamine [1,16]. 
This extensive set of studies left us with the knowledge that almost every organ reacts to 
octopamine and therefore contains octopamine receptors. Unfortunately, the pharmacological 
studies performed with different tissues from different insect species are hardly comparable. 
In addition, the knowledge that the identification of a new receptor type attains more interest 
than the characterization of homologous receptors from a different species seduced various 
researchers to state that ―their‖ octopamine receptor is new. Using the locust and no other 

species, a total number of 4 different octopamine receptors were identified by their different 
pharmacological features [17-21], which nicely matches with the identification of four 
different octopamine receptor genes in the fly [22,23]. Most actions of octopamine in the 
nervous system appear to be mediated via the ―neuronal‖ type octopamine receptor [20], 

although a direct assignment to one of the cloned receptors has not been made yet. A number 
of different tyramine receptors have been identified in the different model organisms and 
gave us an overview of almost the entire set of octopamine and tyramine receptors present in 
invertebrates. 

 
 

PHYLOGENETIC ANALYSIS 
 
As already mentioned, except one tyramine gated chloride channel, all other receptors for 

octopamine and tyramine belong to the large family of G-protein coupled receptors for 
biogenic amines. Currently, we have four different octopamine receptors in insects (only one 
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in nematodes) and three different tyramine receptors, both in insects and nematodes. Within 
the large and diverse group of bioamine receptors, all or most of them are associated with the 
receptors for adrenaline and noradrenaline, namely the α- and β-adrenergic ones. As a 
cautionary note, it has to be mentioned that the overall similarities between the amino acid 
sequences of the corresponding receptors are often relatively low, making the outcomes of 
phylogenetic analyses variable and not always reliable.  

The only well characterized octopamine receptor, DmOAR1 (OAMB) [24] clusters 
together with other OARs from insects and crustaceans, the type 1 receptor of the snail 
Lymnea stagnalis [25], and the ser-3 receptor of the nematode Caenorhabditis elegans. 
Interestingly, this entire group is the sister-group of the vertebrate alpha1-adrenergic 
receptors. Obviously, only one receptor from each of these invertebrate species constitutes 
this group of ―alpha1-adrenergic‖ like octopamine receptors.  

As for the octopamine receptors, the phylogenetic positions of tyramine receptors are not 
as clear-cut as expected. The first group of tyramine receptors cluster into a totally different 
group, unrelated to the ―classical‖ octopamine receptors mentioned above. This group 

consists of the first tyramine receptors from Drosophila (DmTyrR) and other insects as well 
as the tyramine receptor from C. elegans (ser-2) [26]. Common to them is that they have been 
misinterpreted as octopamine receptors or mixed tyramine/octopamine receptors. In C. 

elegans, a total of three different tyramine receptors have been identified [13]. The same 
number of tyramine receptors is known from Drosophila [27]. A direct assignment of the 
phylogenetic positions of the receptors from nematodes and insects is still missing. 
Apparently the different tyramine receptors belong to different branches within the 
phylogenetic tree of bioamine receptors.  

One very peculiar octopamine receptor of the snail Aplysia californica was the founding 
member of another class of octopamine/tyramine receptors. In opposite to the first group of 
octopamine receptors, this one shows a substantial homology to ß-adrenergic receptors. In the 
fruit fly, three different receptor subtypes are part of this ß-adrenergic like receptors. OAR-2 
(DmOctβ1), DmOctβ2 and DmOctβ3 are part of this group of octopamine receptors, which 
was the reason why they were named β-like receptors [22].  

A second octopamine receptor of the snail Lymnea stagnalis doesn‘t fit into this 

classification scheme, thus it forms its own subgroup of receptors, which is in accordance 
with the very peculiar type of signaling observed for this subtype. It is directly coupled to 
opening of a chloride channel, which is very unusual for bioamine receptors [28]. Regarding 
the second-messenger coupling of octopamine and tyramine receptors almost everything is 
possible. The classical octopamine receptor that was characterized in pharmacological studies 
is coupled to activation of cAMP-synthesis. All three receptors of the β-adrenergic subtype 
show this coupling [23]. In addition, the only well characterized octopamine receptor, 
OAMB, is linked to Ca2+-signalling, but the homologous receptor of the nematode (ser-3) is 
coupled to activation of adenylate cyclase. Regarding the tyramine receptors, the picture is 
less clear-cut. Some of them are linked to inhibition of adenylate cyclase, whereas others 
induce an increase in Ca2+-levels, presumably via activation of the Gq G-protein [27].  
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Preparations to Study Octopamine Receptor Pharmacology 

 
Pharmacology of octopamine receptors has been studied for almost half a century. In the 

early times, informative models have been used that allow quantitative octopamine receptor 
pharmacology without the need to clone the corresponding receptors. For this purpose 
extracts of brain tissues, but also complete and functional preparations were used. The first 
preparation that was used extensively for pharmacological studies was a brain extract of the 
cockroach, where agonist induced production of cAMP was the read-out [29]. cAMP 
determination in different tissues was the most relevant type of pharmacological readout in 
the early times of octopamine receptor pharmacology. This approach was supplemented by 
binding studies with radioactive ligands, namely with tritiated octopamine [30,31]. Later, 
highly specific agonists were used for this purpose [32]. Cell lines, such as the Drosophila S2 
line or even more the SF9 cell line (derived from Spodoptera frugiperda) were believed to be 
ideally suited, as the octopamine receptor is apparently the only amine receptor expressed in 
the cell line (at least in the SF9 line). Unfortunately, the receptor density was not high enough 
to enable simple and easy to perform readouts [33]. Therefore, the lines lost most of their 
attractiveness. Presumably the most advanced and ―intelligent‖ preparation was the firefly 

lantern. In the fire beetles, octopamine is the transmitter that induces light production of the 
lantern. The activity of the transmitter is mediated via activation of cAMP-production [34]. 
The major advantage of this preparation is the absence of other bioamine receptors in the 
lantern. Technically, lanterns are isolated and the material is used for a luminescence assay, 
meaning that only the compound of interest has to be added and the response measured in a 
luminometer. Thus this system provides all advantages that are characteristic for modern 
expression systems, where heterologously expressed receptors are coupled to activation of a 
reporter system [35,36]. Using this system, the group of James Nathanson identified a 
number of highly potent agonists for the major octopamine receptor subtype [32,34]. In 
addition to these assays in different states of reductionism, skeletal muscle preparations of the 
locust were used for different aspects of octopamine receptor pharmacology. Especially the 
group of Peter Evans developed a very simple physiological system to address 
pharmacological differences between different octopamine receptor subtypes, based on 
muscle preparations, where only single receptor subtypes are present [17-19]. In addition, we 
used the locust brain as a valuable source for the characterization (especially the 
pharmacological characterization) of octopamine receptors in general [31]. 

With the availability of cloned receptors for pharmacological studies, these old, but very 
informative approaches have almost completely been replaced. Currently, pharmacological 
studies of octopamine and tyramine receptors are performed with heterologously expressed, 
cloned receptors from different species. To simplify the analysis, a number of different 
expression systems are in use allowing quantitative pharmacological analyses based on the 
activity of suitable reporter systems. These reporter systems are tailored to the different signal 
transduction cascades activated by the receptor subtypes different. Among them the different 
detection methods for ligand induced changes in cAMP- or Ca2+-transients are the most 
popular ones, in particular as they are amenable to high-throughput screening. This is 
especially true for Ca2+-signalling, which is extensively used for this purpose. Alternatively, 
expressions systems are in use, which combine second messenger dependent activation of 
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gene expression with the use of suitable reporter molecules as luciferase, GFP or soluble 
excreted alkaline phosphatase (SEAP) [35,36].  

 
 

RECEPTOR PHARMACOLOGY  
 
Our knowledge regarding the pharmacological characteristics of octopamine receptors is 

copious, whereas we know only very basic aspects about tyramine receptor pharmacology. 
Thus tyramine receptors are in a situation that is very similar for most invertebrate bioamine 
receptors; we have no, or only very few information regarding their pharmacological 
characteristics. One major drawback is the lack of highly potent and specific agonists for 
tyramine receptors in general. The major classification tool for tyramine receptors is the 
higher activity of tyramine compared with octopamine. The same holds true for the 
antagonists available. Only very few ones, belonging to the group of ―old‖ adrenergic 

antagonists had been shown to be active in blocking tyraminergic neurotransmission. One of 
this very few compounds is yohimbine, an indol-alkaloid of the yohimbe tree. Khan and 
colleagues reported that members of the 5-Phenyloxazoles contain both, octopamine and 
tyramine receptor agonists. This observation needs further experimental support [37]. But as 
long as tyramine receptors are not considered to represent a valuable target for insecticides, 
we will not learn more about its pharmacology and no relevant leitstructures will be 
presented.  

The situation is totally different for the octopamine receptor, where a wealth of structural 
information is available. Hundreds of different compounds are known that display high 
affinity properties for octopamine receptors. Most of them are agonists and only very few are 
antagonists. The attention of pharmacologists was torn to octopamine receptor pharmacology 
after it became apparent that these receptors are exclusively present in invertebrates, 
representing an ideal target for specific insecticides [1,16]. This imbalance between our 
knowledge regarding the features of agonists and antagonists might reflect the observation 
that octopaminergic insecticides are always octopamine receptor agonists and never 
antagonists. This difference can obviously be attributed to the mode of action of 
octopaminergic insecticides. Usually they induce a conserved and stereotype syndrome that is 
best characterized by the leaf walk off phenotype. Following application of these insecticides, 
the animals start to become ―nervous‖, a phenotype that increases over time leading to this 

leaf walk off phenomenon. Insects usually feeding on leaves have a too high motor activity to 
stay where they are, they stop feeding and finally they walk off the leaves, presumably 
induced by this higher motor activity. This hyperactivity of the nervous system is apparently 
the major reason for death of the poisoned animals. Application of antagonists would do the 
opposite, meaning that treated individuals are relatively calm and behave such as those 
mutants devoid of this hormone, meaning almost normally.  

During the time, a number of different leitstructures were identified that served as 
starting points for the development of even higher affinity compounds (Figure 1). Based on 
octopamine´s own structure, substances such as synephrine were characterized by their higher 
affinity. The first agonists with high insecticidal potential were the formamidines, with 
chlordimeform as the prototype [17,38]. Subsequently, additional compounds such as the 
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phenyliminoimidazolidines or aminooxazoline derivatives were developed [21,32]. They 
displayed extremely high affinities for octopamine receptors with KD-values in the sub-
nanomolar range. Some of these substances display a high insecticidal potency, but only 
―old‖ octopaminergic insecticides such as amitraz or chlordimeform were used for this 
purpose.  
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Figure 1. Tyraminergics and octopaminergics. Compounds with high affinity properties for tyramine 
and octopamine receptors of insects. Only very few tyraminergics are known. Shown is the entire 
repertoire of known tyramine agonists (5-(4-hydroxyphenyloxazole) and antagonists (yohimbine). In 
contrast, a plethora of octopaminergic agonists are known and available (NC7 and 
demethylhlordimeform). The number of valuable antagonists is smaller, shown are the two most 
important ones (phentolamine and epinastine). 

A closer look at the structural features of highly active octopaminergic agonists shows a 
surprisingly high degree of similarities. Structurally, these antagonists can be traced back to 
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octopamine‘s own structure. Common to them is a phenolic function, which is obviously 
homologous to the one of octopamine. Substitutions at some positions are beneficial, whereas 
others tend to be detrimental. Again, in analogy with the structure of octopamine, 
substitutions in para- position are mostly beneficial. The other structural group may be an 
equivalent to the amino-group of octopamine. Formamidines usually have this archetypical 
structure, but in the more advanced compounds, this group is a 5 membered heterocycle. A 
spacer separates these two functional groups (phenolic function and 5 membered 
heterocycle). This spacer is of variable length, but if it is too small or too long, the 
corresponding compounds have a greatly reduced affinity. In Figure 1 some highly effective 
octopamine receptors are displayed. Only a few high affinity compounds with slightly 
different structural feature have been reported. The most promising candidate structures have 
affinities for octopamine receptors in the subnanomolar range, which means that this feature 
does not have to be optimized. To complement the classical pharmacological studies, 
modeling approaches were undertaken to identify the active site, thus allowing to focus on 
only some positions within the structure o the potential insecticides [39]. The greatest 
challenge for the development of novel, highly valuable insecticides is to transform the high 
affinity properties into a high insecticidal activity. Thus, hydrophilic moieties have to be 
replaced by lipophilic ones, allowing an easy penetration of the insect cuticle and their ability 
to reach their primary target sites within the nervous system. 

Unfortunately, our knowledge regarding the actions of antagonists is limited. Only very 
few compounds are known to inhibit octopamine‘s action. Among them are especially those 

that show high affinity properties for other bioamine receptors, especially those of 
vertebrates. Very well known compounds that fall into this category are phentolamine and 
mianserin [40]. Most of them show a limited degree of specificity for octopamine receptors as 
other receptor systems are also affected, sometimes at concentrations in the same range. 
Nevertheless, these antagonists were used to establish a valuable classification scheme for 
octopamine receptors. The lack of specificity for octopamine receptors impedes their use as 
in vivo pharmaceutical tools, because one never can be sure if the observed effects can be 
attributed to the block of octopaminergic neurotransmission. Only one antagonist combines 
high affinity with high specificity. It is called epinastine, and has a relatively broad 
pharmacological spectrum in vertebrates. In insects, it has an extremely narrow 
pharmacological profile, which allows very specific blockade of octopaminergic 
neurotransmission. This made it to an ideal tool for the dissection of octopaminergic 
neurotransmission in vivo [41], a feature that was used to elucidate some aspects of 
octopaminergic neurotransmission. 

 
 

DO DIFFERENT OCTOPAMINE RECEPTORS FROM DISTANTLY 

RELATED SPECIES SHOW THE SAME PHARMACOLOGY?  
 
This question of seemingly only academic importance has central importance for the 

development of new, octopaminergic insecticides. Due to the enormous costs associated with 
the development of new insecticides, species-specific acting compound will never have the 
chance to come to the market. Taking into account that insects are a rather diverge group of 
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animals that occurred about 400 million years ago, it sounds likely that the pharmacological 
properties of octopamine receptors from different insect species are very different. Insects 
from different groups (such as hymenoptera, diptera or orthoptera) contain homologous 
octopamine receptors. Regarding the observed degree of sequence similarities, it was very 
astonishing to learn that the pharmacological properties of octopamine receptors from species 
as diverse as locusts and bees have almost identical pharmacological features. Bees, as all 
other hymenopteran insects, are holometabolous and locusts as orthopterans are 
hemimetabolous. Their last common ancestor lived more than 330 million years ago, a time 
comparable to the period where the ancestors of birds and mammals splitted. This implies 
that pharmacological studies performed on one model could be interpolated to almost every 
insect species [42]. From this, it follows that octopaminergic insecticides should be suitable 
for a broad variety of different insects, an aspect that might help to bring them back into the 
market. 
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ABSTRACT 
 

Biogenic amines are among the most important modulators of vertebrate and 
invertebrate nervous system function and behavior. The biogenic amine octopamine 
(OA) is one of the most widely studied neuromodulators in the arthropod nervous system 
and immunoreactive octopaminergic neurons have been identified in an assortment of 
insects. OA is responsible for an impressive array of actions; generally, OA is a 
modulatory agent of skeletal, visceral, and sensory systems. In addition, OA has an 
equally impressive array of modulatory actions within the CNS and OA has been widely 
implicated in the regulation of behavioral plasticity for such complex behaviors as 
learning and memory, aggression, flight motivation, reward, and age-related division of 
labor. 

A change in the amount of a neuromodulator released by neurons is a key 
mechanism in neurochemical regulation of neural and behavioral plasticity. This implies 
that understanding the regulation of neuromodulator biosynthesis is an important element 
in a comprehensive analysis of neuromodulation. The rich background knowledge of OA 
in insects provides a unique opportunity to address important questions regarding the 
synthesis of this neuromodulator. Tyramine beta-hydroxylase (TBh) is the pivotal 
enzyme that that mediates OA synthesis; it is a catalyst for the hydroxylation of tyramine 
to form OA, and it is found exclusively in OAergic neurons. TBh shares many structural 
and functional similarities to the mammalian enzyme, dopamine beta-hydroxylase, and 
recent studies have suggested that the substrates and co-factors necessary for TBh 
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function (tyramine, copper, ascorbate, and oxygen) have profound effects on TBh rate. 
Therefore, substrate transport and metabolism (tyrosine, tyramine, and OA), co-substrate 
transport and metabolism (pyridoxal 5'-phosphate, copper, and ascorbic acid), and 
oxygen availability may all potentially influence OA levels and in turn, the amount of 
OA released. To clearly understand how this potent neuromodulator regulates multiple 
behaviors it is vital to understand the cellular and molecular processes that underlie its 
synthesis. Here, I review how and where these processes of OA synthesis occur within 
OAergic neurons, and suggest that tyramine and Vitamin C transport play important roles 
in the regulation of OA synthesis. 
 
 

1. INTRODUCTION 
 
A universal characteristic of biogenic amines is their diverse distribution and function in 

animal nervous systems. Octopamine (OA, 4-(2-amino-1-hydroxy-ethyl)phenol) is an 
exemplary example of biogenic amines - it appears to be evolutionarily related to the 
vertebrate adrenergic system, it occurs in all triploblastic organisms investigated to date, and 
is one of the most abundant biogenic amine neurohumors in the insect nervous system [1]. 
The interactions of OA with its cognate receptors lead to an impressive array of actions; in 
general, OA is a modulatory agent in skeletal, visceral, and sensory systems. More 
specifically, the sensitivities of insect photo-, mechano- and olfactory receptors are enhanced 
by OA [2,3,4, reviewed by 5]. In addition to these peripheral actions, OA has an equally 
impressive array of modulatory actions within the CNS. OA has been widely implicated in 
the regulation of behavioral plasticity for such complex behaviors as olfactory processing, 
learning and memory, aggression, and flight motivation [reviewed by 6,7]. Recently, OA also 
was found to play an important role in a complex system of social behavior, age-related 
division of labor in the honey bee colony [8,9].  

A change in the amount of OA and other neuromodulators released by neurons is a key 
mechanism in neurochemical regulation of neural and behavioral plasticity. This implies that 
understanding the regulation of neuromoduator biosynthesis is an important element in the 
comprehensive analysis of neuromodulation. The rich background knowledge of OA in 
insects, coupled with the completed genome sequence of several insects, provides a unique 
opportunity to address the underlying cellular and molecular control of OA synthesis in 
insects. 

 
 

2. OCTOPAMINERGIC NEURONS 
 
The identification of OAergic neurons in a wide range of invertebrates has been 

accomplished primarily due to the development of OA antisera [10,11,12]. Although 
immunoreactivity does not authenticate the identity of the antigen, insect immunoreactive 
octopaminergic (ir-OA) neurons have been identified in locusts (Schistocerca gregaria and 
Locusta migratoria), crickets (Gryllus bimaculatus), cockroaches (Perplaneta americana), 
moths (Manduca sexta), honeybees, (Apis mellifera), and flies (Drosophila melanogaster and 
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Phaenicia sericata) [13,14,15,16,17]. These studies show that relatively few ir-OA neurons 
richly innervate most regions of the insect nervous system. 

Locations of OAergic neurons were originally described in studies of crickets and locusts 
and most of these neuronal locations appear to be well conserved in other insects [15,16,18]. 
Approximately 100-200 ir-OA neurons are found in insects, and these neurons are distributed 
among eleven neuronal clusters. Four classes of OA-ir neurons occur in ganglia of the insect 
ventral nerve cord and seven classes of bilaterally distributed OA-ir neurons occur in the 
insect brain.  

The most conspicuous, well-studied class of OAergic neurons is a group of large (30-60 
µm) unpaired medial neurons dorsally located in orthopteroid insects (DUM neurons) or 
ventrally located in Lepidoptera, Diptera, and Hymenoptera (VUM neurons). These midline 
neurons reside within the suboesophageal ganglia, thoracic and abdominal ganglia; DUM 
neurons in the thoracic and abdominal ganglia have a characteristic single neurite that 
projects anteriorly within the ganglia and exits the ganglia via anterior nerves in a bilaterally 
symmetrical fashion. These DUM neurons mediate the neuromodulatory and neurohormonal 
effects of OA on muscles and sensory neurons whereas DUM/VUM neurons in the 
suboesophageal ganglia are more diverse [19-23]. For example, eleven different VUM 
neuron types have been described in honeybee suboesophageal ganglia [24] and they project 
anteriorly, bifurcate, and distinctively innervate regions of the brain, including mushroom 
bodies, antennal lobes, dorsal lobes, central complex, antennal nerves, and nerves supplying 
the corpora cardiaca [15,16,24,25,26,27]. Three other clusters of OA-ir neurons have been 
described in the ventral nervous system, but much less is known about these anterior medial, 
ventral paired, and small paired lateral neurons [15,16,18].  

The location and innervation of seven major classes of bilaterally distributed OA-ir 
neurons have also been well characterized in insect brain. OA-ir somata in the insect brain 
emanate from a few major regions of the brain (including the protocerebrum and 
tritocerebrum) and exist as single cells or as clusters of up to ca. 17 neurons. These OA-ir 
neurons range in size from 5-10 nm in Drosophia melanogaster to 45 nm in Apis mellifera, 
and innervate the retrocerebral complex (neurosecretory function), the inner and outer 
medulla, lobula and lobula plate of the optic lobes (visual processing), mushroom bodies 
(learning and memory) and central complex (multimodal information processing and motor 
behavior) [15,16,28,29,30]. A detailed study of individual Drosophila OAergic neurons show 
that these neurons are highly polarized with clearly defined and separated pre and 
postsynaptic regions [31]. Each neuron innervates a distinct combination of brain regions, 
suggesting that OAergic neurons may be organized and activated in a combinatorial fashion. 
Thus, each OAergic neuron appears to participate in a unique neuronal circuit, capable of 
modulating separate brain regions in different combinations. This notion is reminiscent of the 
orchestration hypothesis originally articulated by Hoyle [32].  

In sum, a few clusters of ir-OAergic neurons widely innervate the calyces of mushroom 
bodies, antennal lobes, central complex, optic lobes and lateral protocerebrum of the insect 
brain, and play a role in motor control, sensory processing, sensory association, and 
information storage in insects. These anatomical studies also indicate that there is diversity in 
the number, size, and innervation patterns among ir-OA neurons. For example, OA-ir VUM 
neurons are among the largest neurons in the insect nervous system (up to 60 µm dia), are 
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few in number (2-10 neurons per cluster), and have broad innervation patterns [24]. In 
contrast, much smaller ir-OA neurons are located in the G4 cluster (G4b; 8-10 µm) that only 
innervates the protocerebral bridge and ellipsoid body of the central body complex [15,16]. 
Moreover, the concentrations of substrates and neurotransmitters contained within OA 
neurons (tyrosine, tyramine, and OA) appear to be highly variable in insect nervous systems 
[33-39]. The levels of tyrosine (208 pmol/tissue), tyramine (0.21 pmol/tissue), and OA (2.2 
pmol/tissue) in the brain of M. sexta larvae are in marked contrast to the levels found in the 
brain of another moth, Trichoplusia ni (tyrosine, 24.3 pmol/tissue; tyramine, 1.7 pmol/tissue; 
and OA, 5.3 pmol/tissue) [40,41]. Furthermore, the ratios of OA to tyramine vary from 4.4 to 
10.1 in nervous system structures of Manduca sexta larvae and from 2.8 to 6.9 in nervous 
system structures of locusts [40,42]; and even within a single species, OA levels vary 
according to different stages of development or behavior [9,43,44]. What is the basis of this 
variability? One possibility is that a single key component of the biosynthetic pathway may 
be specifically controlled. Conversely, several or all of the biosynthetic elements may be 
controlled independently or in unison. The first step in sorting out of these possibilities is to 
identify these components of neurotransmitter synthesis. Here, I explore the cellular and 
molecular facets of OA synthesis to illuminate regulatory elements that may affect synthesis 
and may ultimately underlie the control of specific insect behaviors. 

 
 

3. OCTOPAMINE SYNTHESIS 
 
Octopamine is synthesized in the insect nervous system from the amino acid tyrosine in 

two enzymatic steps. First, tyrosine decarboxylase (Tdc) catalyzes the conversion of tyrosine 
to tyramine and secondly, tyramine beta-hydroxylase (Tbh) catalyzes the conversion of 
tyramine to OA (Figure 1) [45]. Tdc activity has been detected in nervous system extracts of 
several insects and this activity is dependent on pyridoxal-5‘-phosphate [42].  Recently, the 
gene necessary for tyrosine decarboxylation of tyrosine in the Drosophila nervous system has 
been identified (DmTdc2).  DmTdc2 encodes a protein that is pyridoxal-5‘-phosphate 
dependent and is structurally related to mammalian aromatic amino acid decarboxylase 
(AADC) [46,47]. Tbh activity has also been measured in several arthropod nervous systems 
extracts (including the American lobster, Homarus americanus and the moth M. sexta) and 
the conversion of tyramine to octopamine is dependent upon pH, ascorbic acid, and copper 
[48,49]. In 1996, Monastirioti et al. identified, cloned, and sequenced the Drosophila Tbh 
gene (DmTbh) and confirmed that Tbh is a copper-dependent hydroxylase belonging to a 
group of enzymes that include dopamine beta-hydroxylase (Dbh) and alpha-hydroxylating 
monooxygenase (PHM) [50]. Many subsequent studies have illuminated the importance of 
Tbh for the synthesis of octopamine and the modulation of many complex insect behaviors 
[51-55]. 
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3.a. Structure and Function of Synthetic Enzymes 

 
Tyrosine Decarboxylase  

Tyrosine decarboxylase (Tdc) belongs to an extensive group of aromatic amino acid 
decarboxylases (AADC) that are dependent on pyridoxal-5‘-phosphate. AADCs have been 
well characterized in plants and animals (including vertebrates and invertebrates), and 
specific AADCs have been localized in the nervous systems of many animals. Within the 
vertebrate central nervous system a single AADC decarboxylates 5-hydroxytryptophan, L-
dopa, tyrosine, phenylalanine, tryptophan, and tyramine, [56,57]; whereas, separate AADCs 
are responsible for the conversion of L-dopa to dopamine and of 5-hydroxytryptophan to 5-
HT (dopa decarboxyase), and tyrosine to tyramine (tyrosine decarboxylase) in invertebrate 
nervous systems [45,58,59,60]. 

 

 

Figure 1. Schematic model of an insect OA neuron containing known and predicted proteins involved in 
OA biosynthesis. All locations are putative. Tdc, tyrosine decarboxylase; Tbh, tyramine beta-
hydroxylase; Phe, phenylalanine; Tyr, tyrosine, Vit B6, vitamin B6; DHA, dehydroascorbic acid; Vit C, 
vitamin C; Cu++, copper; TA , tyramine. Transporters diagrammed as large circles represent plasma 
membrane, Na+ dependent antiporters; as triangles represent facilitative transporters; and as small 
circles represent ATP-dependent pumps. Open transporters have been described in insects whereas 
stippled transporters are speculative (see text). 
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The biochemical characterization of Tdc from locust brain extracts revealed two binding 
affinity components, suggesting that multiple forms Tdc may exist (Km, tyrosine=1.31 and 50.8 
µM) [60]. Recently, two Drosophila Tdc genes were identifified (dTdc1 and dTdc2). DTdc2 
encodes a 637 amino acid polypeptide with a predicted mass of 72,000 Da that is restricted to 
the insect nervous system and critical for octopamine synthesis [47]. DTdc2 is 75% identical 
to other putative insect Tdcs (Anophiles gambiae and A. mellifera), 65% identical to 
mammalian AADCs, and 55% identical to plant AADCs. All AADCs contain a highly 
conserved pyridoxal-dependent domain characteristic of group II decarboxylases and studies 
of plant AADCs have revealed the role of pyridoxal 5‘-phosphate in the decarboxlation 
reaction [61,62]. Direct experimental evidence has not confirmed the insect Tdc reaction 
mechanism, however, the conserved sequence homology among AADCs suggests that the 
catalytic mechanism is similar, if not also conserved. Pyridoxal 5‘-phosphate first binds to 
AADCs via a Schiff base linkage with the ε-amino group of a specific Lys residue.  A 
transaldimination reaction follows in which the enzyme-pyridoxal-5‘-phosphate Schiff base 
linkage is broken and a new Schiff base is formed between the substrate and pyridoxal-5‘-
phosphate. The substrate is then decarboxylated to form tyramine, and the enzyme and 
pyridoxal-5‘-phosphate are regenerated. Thus, pyridoxal-5‘-phosphate is vital for AADC and 
Tdc activity. 

 
Tyramine Beta-hydroxylase (Tbh) 

The Drosophila melanogaster Tbh gene (DmTbh) encodes a 660 amino acid polypeptide 
with a predicted mass of 76,000 Da. The protein encoded by DmTbh is 35-54% identical (and 
54-70% similar) to other invertebrate Tbh proteins now predicted or described (including 
Drosophila sp. A. mellifera, Anopheles gamiae, Tribolium castaneum, Nasonia vitripennis 

and Caenorhabditis elegans), and is ca. 41% identical (and 57% similar) to the vertebrate 
enzyme Dbh (Figure 2) [50]. Tbh, Dbh, and PHM belong to a group of copper type II, 
ascorbate-dependent monooxygenases that require copper as a cofactor and uses ascorbate as 
an electron donor. Ascorbate acid is needed as a co-substrate to regenerate the reduced form 
of the enzyme following catalysis whereby ascorbate is converted to semidehydroascorbate 
(SHA) during the one electron reduction of two copper ions. Copper is bound to Tbh by two 
clusters of conserved histidine residues [63]. More specifically, Dbh and Tbh use two copper 
centers, CuM and CuH to hydroxylate substrates. The CuM site is coordinated by two histidine 
residues and a methionine residue and serves as the location for oxygen binding and substrate 
hydroxylation. The CuH site is coordinated by other histidine residues and it functions as an 
electron transfer site in the reaction mechanism [64,65]. Both of these copper centers are well 
conserved in all Dbh and Tbh proteins identified to date (Figure 2). In addition, conserved 
Cys residues are believed to form intramolecular disulfide bonds that are critical for the 
formation of the Dbh teritary structure; all Tbh and Dbh proteins possess twelve Cys residues 
in identical locations [66] (Figure 2). Moreover, substrate analogs bind to a site close to the 
CuM site and near an arginine residue in PHM; interestingly, a conserved Arg residue is 
present 12 amino acids downstream from the CuM in all Tbh proteins [67]. Finally, Dbh and 
Tbh have comparable substrate affinities. For example, the affinities of Drososophia Tbh to 
tyramine (apparent KM, tyramine = 87.6 + 12.7 µM) and ascorbate (apparent KM, ascorbate > 16  
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Figure 2. Deduced amino acid sequences of invertebrate Tbh and vertebrate Dbh. Alignment using 
Clustal W2 of Drosophila melanogaster, Anopheles gamiae, and Caenorhabditis elegans Tbh and a 
Dbh protein from a mammalian species (Bos taurus). Putative signal sequences at the amino termini as 
predicted by SignalP are underlined. Conserved Cys residues critical for intermolecular disulfide bonds 
are highlighted in yellow. Conserved His residues that form the CuM site are highlighted in purple, and 
CuH site are highlighted in blue.  
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mM) are similar to values reported for M. sexta Tbh, H. americana Tbh, and mammalian Dbh 
[48,49,68-74]. Based on the high sequence similarities and reactivity studies of Tbh and Dbh, 
the reaction mechanisms of these enzymes were thought to be similar; however, recent 
studies indicate that the reaction mechanisms of Tbh and Dbh are different [68]. Unlike the 
mammalian enzyme Dbh, Tbh is subject to substrate inhibition. Tyramine and ascorbate 
competively bind to the oxidized form of Tbh - high levels of tyramine interferes with 
ascorbate function at the CuM site, resulting in the formation of an inhibitory complex, while, 
increasing concentrations of ascorbate leads to a greater amount of enzyme in the reduced 
and active form. This study suggests that changes in the levels of ascorbate and tyramine 
affect Tbh rate constants which may, in turn, affect OA levels in the insect nervous system 
(Figure 1). 

 
 

3.b. Subcellular localization of Tdc and Tbh 

 
OA is localized and released from specific neurons in a wide variety of invertebrates, but 

the subcellular location of OA is less well known. Hoyle et al. were first to observe large 
dense-cored and small clear vesicles within locust OAergic dorsal unpaired median neurons 
that innervate the extensor tibiae muscle [75].   Similar large dense-cored and small clear 
vesicles are present in the OAergic innervated firefly luminescent organ [76].  More 
specifically, EM immunocytochemistry was used to demonstrate that OA-ir is present in 
nerve processes, endings, and large cylindrical dense-core granules in the Limulus 
polyphemus nervous system [77].  Moreover, Tbh is likely located in secretory vesicles. A 
signal peptide is predicted to occur at the amino-terminus of all Tbh proteins identified to 
date by SignalP and TargetP, indicating the protein is likely to enter into the secretory 
pathway and be contained within vesicles [78] (Figure 2). In contrast, tyrosine 
decarboxylases (Tdc) are not predicted to encode signal peptides. Thus, DTdc2 is likely 
located cytoplasmically where it catalyses the formation of tyramine.  Tyramine is then 
transported into synaptic vesicles and hydroxylated by vesicular Tbh to form octopamine in 
large dense-cored vesicles within the insect nervous system (Figure 1). This scenario is 
similar to the catabolic pathway of catecholamines in mammals. Norepinephrine synthesis 
from tyrosine involves two cytosolic enzymes (tyrosine hydroxylase and DOPA 
decarboxylase) and one secretory enzyme, (Dbh) in chromaffin granules of the adrenal 
medulla and in the large dense-cored synaptic vesicles of the symphathetic nervous system 
[72].  

 
 

4. CELLULAR TRANSPORT MECHANISMS 
 

4.a. Amino Acid Substrates 

 
Substrates for cytoplasmic Tdc and vesicular Tbh are also required to be located in 

separate subcellular compartments for proper OA synthesis. Tyrosine must be transported to 
the cellular cytoplasm, whereas tyramine is synthesized in the cytoplasm and must be 
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transported across the vesicular plasma membrane into the lumen of synaptic vesicles. 
Separate and distinct transporters are necessary for transport of these amino acid substrates to 
their respective cellular destinations.  

 
Tyrosine 

Tyrosine is a nonessential amino acid that can be obtained either from dietary sources or 
can be synthesized from the essential amino acid phenylalanine. Transport of dietary tyrosine 
and other neutral amino acids across biological membranes occurs through nutrient amino 
acid transporters (NAT), a subfamily of the sodium neurotransmitter symporter family (SNF, 
a.k.a SLC6). The SLC6 transporter family meditates the transport of many neurotransmitters, 
neuromodulators, and amino acids across the plasma membrane by coupling solute transport 
to the co-transport of sodium and chloride down their electrochemical gradients [79]. SLC6 
transporters are characterized by a predicted twelve transmembrane domain topology, and 
highly conserved amino acids in transmembrane domains 1, 2 and 4-8 [reviewed by 80,81]. 
Moreover, TM1, TM6 and TM8 appear to be involved in substrate and sodium binding [82]. 
Based upon these structural characteristics, the first aromatic nutrient transporter from insects 
was cloned and characterized [83]. This insect transporter (agNAT8) has high sequence 
similarity to other NATs, a high transport velocity, and high affinity (apparent E0.5, phenylalanine 

= 0.194 + 0.015 mM) for a narrow range of large aromatic amino acids, esp. tyrosine and 
phenylalanine. AgNAT8 is widely expressed in Anopheles gambiae, including the gut, 
central nervous system, and peripheral nervous system [80,83]. A structurally-related 
orthologue is present in Drosophila (DmNAT1;CG 3252); DmNAT1 belongs to the same 
nutrient amino acid transporter family, has a broader selectivity, and is also expressed in the 
salivary glands, brain, imaginal dics and posterior midgut [84]. 

Tyrosine can also be synthesized by phenylalanine hydroxylase (PAH), a metabolic 
enzyme important in phenylalanine catabolism, protein, and neurotransmitter synthesis. PAH 
belongs to a broad group of aromatic amino acid hydroxylases that require iron for activity 
and the bound iron must be in the reduced (ferrous) state for catalysis to occur. 
Tetrahydrobiopterin (BH4), is necessary for the reduction of iron and is required along with 
molecular oxygen for hydroxylase activity [85]. Drosophila tryptophan-phenylalanine 
hydroxylase (DTPH) is a single enzyme capable of differentially hydroxylating tryptophan 
and phenylalanine [86,87]. The Km,phenylalanine of DTPH-PAH activity is 44.66 µM, as 
compared to the Km, tryptophan for DPTH-TRH activity of 3.19 µM. Interestingly, DTPH has 
different enzyme features with phenylalanine as a substrate; PAH activity is inhibited by 
tyrosine, dopamine, and serotonin, whereas TRH reactions are not subject to feedback 
inhibition. In addition, phosphorylation of DTPH by Protein Kinase A decreased PAH 
activity, increased TRH activity, and released end-product inhibition of PAH [87]. DTPH has 
a broad distribution with multiple roles: metabolism of phenylalanine in the fat body, the 
production of tyrosine in cuticle formation, and the synthesis of the neurotransmitters 
dopamine and serotonin. Although DTPH does not appear to be present in Drosophila VUM 
neurons, its presence in other OAergic neurons and its role in OA synthesis has not been 
explored. Thus, there appears to be two potential mechanisms to deliver tyrosine to neurons. 
If tyrosine is in abundant supply, it would be transported directly; whereas, if tyrosine is in 
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limited supply it could be synthesized from phenylalanine (Figure 1). It is unclear if the latter 
mechanism has a role in OAergic neurons. 

 
Tyramine 

The packing of classical and amino acid transmitters into secretory vesicles occurs 
through vesicular neurotransmitter transporters. Vesicular amine transporters (VATs) are 
proton-translocating antiporters that are well known to determine the quantity of vesicular 
content [88]. Vesicular transport has been observed for several classical transmitters 
including acetylcholine, monoamines, glutamate, GABA, and glycine. These transporters 
appear to share a similar membrane topology consisting of 12 putative transmembrane 
domains with a large hydrophilic loop between membrane domains 1 and 2. Substrate 
binding sites and the rate of transport are determined at sites near the transmembrane 
domains, whereas the cytoplasmic carboxy terminal is important for membrane sorting and 
localization [89]. Two vesicular monoamine transporters (VMAT) have been identified in 
mammals; VAMAT1 is expressed primarily in neuroendocrine cells and VMAT2 is 
expressed in all aminergic neurons in the mammalian CNS [90]. Drosophila VMAT 
(DVMAT) has been cloned and identified, and has two alternative splice variants that differ at 
the carboxy termini (DVMAT-A and B). DVMAT-A is expressed in all aminergic neurons of 
the fly (dopaminergic, serotoninergic and OAergic neurons) and binds and transports 
serotonin and dopamine with high affinity (Km = 0.3-1.1 µM). Tyramine and octopamine 
inhibit 5-HT transport at equally low doses, IC50 = 0.71-1.1 µM, indicating that they have 
similar high affinities [91], and these transport affinities are similar to apparent Km values 
reported for other VAMAT2 transporters [92].   DVMAT-B is expressed in glia rather than 
neurons and appears to play a role in histamine transport and storage in the visual system 
[93].  Thus, DVMAT-A appears to be the vesicular tyramine transporter in octopaminergic 
neurons (Figure 1).  

 
 

4.b. Co-substrates (Vitamin B6, Vitamin C, Copper) 

 
Vitamin B6 Synthesis and Transport 

Vitamin B6 plays a vital role as a cofactor for decarboxylases required for the synthesis 
of various neurotransmitters, including tyramine, serotonin, DOPA, and γ-aminobutyric acid 
(GABA) [57]. Vitamin B6 is comprised of three related compounds pyridoxine (PN), 
pyridoxal (PL) and pyridoxamine (PM) and their phosphorylated derivatives, pyridoxine 5‘-
phosphate (PNP), pyridoxal 5‘-phosphate (PLP) and pyridoxamine 5‘-phosphate (PMP). The 
movement of PN, PL, and PM through the blood brain barrier, blood-cerebral spinal fluid 
barrier, and brain cell membranes is a saturable, facilitated diffusion process, but the precise 
mechanism of transport remains unknown [94,95,96]. Once the non-phosphorylated forms are 
present in the celluar cytoplasm they are readily phosphorylated by pyridoxal kinase and PNP 
is further converted by PNP oxidase in liver and brain to PLP, the active cofactor. Recently, 
PNP oxidase has been cloned and characterized from the silkworm, Bombyx mori [97]. The 
insect oxidase has many features in common with other PNP oxidases. Similar structurally-
conserved motifs, monomer structure, and substrate affinities (Km, PNP = 0.65 µM) all suggest 
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that this enzyme is similar to other PNP oxidases. Little else is known, however, about the 
cellular distribution and functional role of this enzyme. Therefore, I suggest that a Vitamin 
B6 facilitative transporter is necessary for Tdc activity and should be present in OAergic 
neurons, however, its identification and precise localization is lacking (Figure 1). 

 
Vitamin C Synthesis and Transport 

Vitamin C is an essential nutrient required for all eukarotic organisms and is especially 
concentrated in the mammalian nervous system [98,99]. Vitamin C enters mammalian cells, 
including neurons, by two possible mechanisms. First, ascorbic acid (AA, oxidized Vitamin 
C) can be transported by a sodium-dependent Vitamin C transporter (SVCT), of which there 
are two known isoforms, SVCT1 and SVCT2 [100-102]. These mammalian symporters are 
membrane-associated glycoproteins with 12 transmembrane domains that are 66% identical, 
and mediate high affinity Na+ dependent L-ascorbic acid transport that is necessary for the 
uptake of vitamin C in many tissues [103,104]. These transporters have different kinetic 
properties and cellular distributions; SVCT1 has a Km, ascorbate of ca. 100 µM and is present 
primarily in epithelial brush borders of kidney, intestine and liver [101,102,105], whereas 
SVCT2 has a Km, ascorbate of ca. 67 µM and is expressed in brain and eyes [100,106].  

A second mechanism in which ascorbate can enter cells is via uptake of dehydroascorbic 
acid (DHA, reduced Vitamin C) through a widely expressed GLUT-type glucose transporter 
[107,108]. This facilitative glucose transporter is a member of a family of transporters that is 
diverse and composed of 14 isoforms, each of which are predicted to contain 12 
transmembrane domains, and are classified into three subclasses according to their sequence 
and functional characteristics [109]. The Class I transporters are the most widely studied 
glucose-specific transporters and include the high affinity DHA transporter isoforms, GLUT 
1, 2, and 4 (Km, DHA ca. 2 mM) which are widely distributed in many tissues, including the 
brain [110-112]. Once DHA is transported into the cytoplasm or the lumen of specific 
organelles (e.g. endoplasmic reticulum), it is recycled back to AA by several dehydroascorbic 
acid reductases (e.g. glutathioine, glutaredoxin, protein disfulfide isomerase) [105,113,114]. 
Thus, plasma membrane transport of DHA and AA and their interchangeable nature are 
important in the maintenance of cellular vitamin C levels.  

The mechanism of ascorbate accumulation in synaptic vesicles is less well understood. 
The lumens of the endoplasmic reticulum (ER) and vesicles of the secretory pathway are 
characterized by high (millimolar) ascorbate concentrations, and ascorbate has multiple roles 
as an antioxidant and cofactor for intraluminal enzymes (e.g. copper type II, ascorbate-
dependent monooxygenases).  Dbh is also localized in neuroendocrine secretory vesicles (see 
above) where it uses ascorbic acid as a co-substrate, which generates semidehydroascorbate 
(SDA, mono-oxidized form of Vitamin C) [115].  Ascorbate and SDA do not cross vesicle 
membranes, however, the facilitated diffusion of DHA through a glucose transporter has been 
described in rat liver microsomes [116]. These observations suggest that ascorbate transport 
into the ER is dependent on its prior oxidation to DHA. The reduction of DHA (and SDA) to 
ascorbate then occurs inside the vesicles and may involve the transmembrane transfer of 
electrons by cytochrome b561, the second most abundant protein in chromaffin granule 
membranes [117]. The current structural models of cytochrome b561 suggests that it forms 
six transmembrane alpha-helices within the vesicle membrane and contains two hemes with 
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differing redox potentials, each anchored by a pair of well-conserved histidyl residues, one 
near the cytosol and the other near the intravesicular face of the membrane [118,119]. This 
structural model supports the notion that cytochrome b561 can facilitate electron transfer 
across the vesicular membrane. 

In sum, several transporters, enzymes, and redox reactions play a role in the transport of 
Vitamin C from the extracellular space to the lumen of secretory vesicles in mammalian 
endocrine cells. Little is known, however, about Vitamin C transport, redox, and storage in 
insects. Clearly, Vitamin C is critical for Tbh activity and genes encoding Drosophila AA 
transporters, GLUT-type transporters, and cytochrome b561 are expected to exist in the 
Drosophila genome, however, their presence and role in OA synthesis remains 
uninvestigated (Figure 1). 

 
Copper Ion Transport  

Copper is an ion essential for many enzymes associated with mitochondrial respiration, 
connective tissue formation, pigmentation, iron oxidation, neurotransmitter synthesis and 
processing, and antioxidant defense [120-122]. Copper‘s unique ability to accept and donate 

electrons is critical for these enzymatic reactions, however this same redox property of 
copper is responsible for its ability to generate deleterious reactive oxygen species. Thus, free 
copper concentration in cells is maintained at very low concentrations and copper-handling 
proteins have evolved to transport and deliver copper to specific sites of utilization [123,124]. 
Copper transport into cells is mediated Ctr1, a plasma membrane copper transporter that is a 
widely expressed homotrimeric transporter first identified in yeast [125,126]. Reduced copper 
appears to be the substrate of Ctr1-mediated copper uptake (Km, copper = 1 - 5 µM) and Ctr1 is 
thought to be the rate-limiting step of copper intake [125,127,128]. The detailed mechanisms 
of copper movement through CTR1 is unresolved, but likely involves a chain of copper 
exchange reactions between defined Cu(I)-binding sites and associated conformational 
switches in the transport protein [129].  

Once in the cellular cytoplasm, copper chaperones bind and deliver copper to specific 
enzymes. For example, copper chaperones CCS and COX17 deliver copper to Cu/Zn 
superoxide dismutase in the cytoplasm and to cytochrome c oxidase in the mitochondria 
[130,131]. Other chaperones deliver copper to ATP7A, a copper transporter located in the 
Golgi complex of neurons and astrocytes [132,133]. ATP7A is a copper transporting protein 
that uses the energy of ATP hydrolysis to transport copper from the cytosol into the secretory 
pathway. [134-137]. Moreover, ATP7A plays a key role in providing copper for 
peptidylglycine-amidating monoxygenase and dopamine-monooxygenase [135,138].  

Several studies have demonstrated a high conservation among copper homeostasis 
mechanisms in insects and mammals. First, copper appears to be concentrated in specific 
neurons in the insect CNS (including OAergic neurons) as revealed by a sulphide silver stain 
for heavy metals [139]. Second, three distinct Drosophila Ctr genes have been identified 
(CtrA, B, and C) and all three gene products have several structural features in common with 
other Ctr proteins, including three membrane-spanning domains, a hydrophilic methionine-
rich amino terminus, and a Met-X3-Met motif found in the second transmembrane domain 
[140]. Recently, another putative symport divalent metal ion transporter has been identified 
in Drosophila that shares several functional features with Ctr1 proteins [141]. Interestingly, 
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this transporter is expressed in many neurons of the larval nervous system, and appears to be 
localized subcellularly [142]. In addition, several copper chaperones and an ATP7 orthologue 
has been identified in Drosophila [143,144]. Thus, a number of Drosophila genes and gene 
products, similar to mammalian genes, are involved in copper uptake, transport and 
sequestration. These copper transport and homeostatic mechanisms would be expected in 
OAergic neurons and be vital for Tbh activity (Figure 1). 

 
 

5. SUMMARY AND FUTURE DIRECTIONS 
 
In summary, two synthetic enzymes (Tdc and Tbh), three plasma membrane active 

transport proteins (tyrosine, Vitamin C, and copper), two plasma membrane facilitative 
transporters (Vitamin B6 and DHA), one vesicular active transporter (tyramine), one 
vesicular facilitative transporter (DHA), and one vesicular ATPase pump (copper) are needed 
for octopamine synthesis (Figure 1).  I argue here that the transport and availability of 
tyramine and Vitamin C (ascorbic acid and dehydroascorbic acid) into OAergic vesicles play 
key roles in the modulation of Tbh.  First, tyrosine transport and metabolism is not likely to 
play a role in the regulation of OA synthesis.  Cytoplasmic tyrosine concentrations in the 
insect nervous tissue are high due to the multiple mechanisms of transport and synthesis, and 
the apparent Km, tyrosine of Tdc is comparable to the apparent of the E0.5, phenylalanine of the 
Phe/Tyr transporter (0.050 mM and 0.194 mM, respectively) suggesting that as tyrosine is 
available to Tdc it is converted to tyramine.  Moreover, Tdc covalently binds co-factor 
Vitamin B6 and Tdc does not appear to be subject to substrate or feedback inhibition.  Thus, 
Tdc is unlikely to be influenced by fluctuating levels of co-factor.  In contrast, Tbh is 
contained within secretory vesicles and its activity is influenced by relative amounts of 
tyramine and Vitamin C.  Copper is unlikely to play a role in the modulation of Tbh because 
of its toxic nature, sequestration, and the high likelihood of it binding to Tbh early in the 
synthetic pathway.  Conversely, vesicular tyramine transport affinity is low relative to the 
substrate affinities of Tdc and the tyrosine transporter (0.3 -11 µM, 87 µM, and 197 µM, 
respectively) suggesting that this vesicular transporter may limit substrate availability to Tbh. 
 Little is known about Vitamin C concentrations and transport mechanisms in insects; 
however, the transport affinity of all Vitamin C transporters described to date are lower than 
the Km, ascorbate of Tbh (ca. 16 mM), suggesting that the amount of Vitamin C available to 
Tbh is sub-saturating.   Thus, the putative kinetics of substrate transport support the kinetic 
analysis of Tbh and strongly suggest that the availability of tyramine and Vitamin C affect 
OA synthesis. In summary, future studies focused on the identity and regulation of the 
vesicular Vitamin C transporter and the regulation of vesicular tyramine transport will likely 
reveal important control mechanisms of this vital biogenic amine, OA.  
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ABSTRACT 
 

Biogenic amines and their metabolites are important signaling molecules that 
regulate neural cell functions in the peripheral nervous system and central nervous 
system (CNS) in vertebrates and invertebrates. Alterations in biogenic amines levels 
along with excitotoxicity, elevation in ROS production, induction of neuroinflammation 
and loss of synapses are observed in neurodegenerative process in Alzheimer disease, 
Parkinson disease, and Huntington disease. The neuronal population that degenerates in 
above neurodegenerative diseases modulates movements, learning and memory, 
processing sensory information, and decision making processes. Although, alterations in 
biogenic amine levels may not be the primary event in the pathogenesis of 
neurodegenerative diseases, but biogenic amine-mediated oxidative stress and synaptic 
loss may contribute to dementia and other behavioral problems. Thus, normalization of 
biogenic amine levels through medication may correct some abnormal behavioral and 
psychological symptoms of neurodegenerative diseases. Neuropsychiatric disorders 
involve abnormalities in cerebral cortex and limbic system, which shows changes in 
biogenic amine levels in a single microcircuit. The "biogenic amine hypothesis of 
depression and schizophrenia" states that depression is due to alteration functional 
activity of one or more brain biogenic amines (primarily norepinephrine, dopamine, and 
serotonin). Thus, drugs that inhibit the re-uptake and/or metabolism of these biogenic 
amines can be used as drugs for the treatment of depression and schizophrenia. 
Knowledge about pharmacokinetics and pharmacodynamics of drugs is important 
because drug dose-response is based on the principles of pharmacokinetics and 
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pharmacodynamics. The expanded use of pharmacokinetics-pharmacodynamic modelling 
for drug development may also be highly beneficial in improving the current state of 
therapeutics for neurodegenerative and neuropsychiatric diseases. In recent years, 
researchers are empowered with techniques of lipidomics, proteomics, and genomics. 
These procedures can detect minute amounts of biogenic amines and second messengers 
generated by biogenic amine in biological fluids. Establishment of automatic systems 
including databases and accurate analyses of biogenic amines and second messengers 
generated from enzymic and non-enzymic metabolism of neuronal membrane 
components will facilitate the identification of key biomarkers associated with 
neurodegenerative and neuropsychiatric diseases.  
 
 

INTRODUCTION 
 
Biogenic amines are biologically molecules that act as important messengers in the 

peripheral nervous system (PNS) and central nervous system (CNS) of both vertebrates and 
invertebrates. The five established biogenic amine neurotransmitters in vertebrates fall into 
three classes: (1) the catecholamines, such as norepinephrine, epinephrine and dopamine, (2) 
the indoleamine, such as serotonin, and (3) the imidazoleamine, such as histamine [1].  

In invertebrates, norepinephrine and epinephrine are replaced by two phenolamines: 
tyramine and octopamine, which act as bona fide neurotransmitters/ neuromodulators/ 
neurohormones mediating diverse complex behaviors [1-2]. Tyramine and octopamine are 
present as trace amines in the mammalian brain. Trace amines, in general, act as 
neuromodulators rather than neurotransmitters in mammalian systems [3-5]. Therefore, they 
may modify the effect of primary neurotransmitters at a synapse, regulating synaptic 
plasticity [6]. Biogenic amines regulate many functions in the brain, including endocrine 
secretion, cognitive function, aggression, sleep and waking, emotional states, motivation, 
reward circuitry, decision making, and learning and memory [1, 2, 6].  

In humans, the pathogenesis of various neurological diseases, such as Alzheimer disease 
(AD), Parkinson disease (PD), Huntington disease (HD), schizophrenia, or attention deficit 
hyperactivity disorder (ADHD), has been linked to abnormal levels of biogenic amines in the 
CNS. Therefore, development of specific drugs that can optimally and selectively influence 
the synthesis and release of specific biogenic amines, interaction with specific receptor 
subtypes, inhibition of uptake and reduction in the catabolic processes, with high efficacy and 
less side effects may be useful in safer treatment of neurodegenerative, neurological and 
psychiatric disorders.  

 
 

PATHWAYS FOR SYNTHESIS AND DEGRADATION OF 

BIOGENIC AMINES 
 
In brain catecholamines and phenolamines are synthesized from a non-essential amino 

acid, tyrosine. In catecholamines synthesis, tyrosine is first taken up from the blood stream to 
the CNS by active transport system. Tyrosine is hydroxylated and decarboxylated to 
dopamine by tyrosine hydroxylase (TH) and DOPA decarboxylase (DDC), respectively. The 
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sequence stops at dopamine in dopamine-releasing neurons, but continues on to 
norepinephrine by dopamine β-hydroxylase (DBH) in norepinephrine-releasing neurons. 
Norepinephrine is converted to epinephrine by phenylethanolamine N-methyl transferase 
(PNMT) in a few nerve cells in the brain stem, and in epinephrine-releasing cells of the 
adrenal medulla. TH is the rate-limiting enzyme in the catecholamine biosynthesis. It requires 
tetrahydrobiopterin (BH4) as a co-factor and is sensitive to oxygen concentration [7-8]. α-
Methyl-p-tyrosine, a competitive inhibitor of TH, consequently inhibits the synthesis of all 
catecholamines, thus this knowledge is applied therapeutically to treat catecholamine excess.  

In vertebrates, tyramine and octopamine are also synthesized from tyrosine in sequential 
reactions catalyzed by aromatic amino acid decarboxylase (AAAD) and dopamine β-
hydroxylase (DBH), respectively. However, in invertebrates, synthesis of tyramine and 
octopamine from tyrosine occurs in reactions catalyzed by tyramine decarboxylase (TDC; a 
member of the aromatic amino acid family), and tyramine β-hydroxylase (TBH), respectively. 
Both DBH and TBH have similar properties [9]. Both enzymes recognize either tyramine or 
dopamine as substrates (but with different affinities), require oxygen and ascorbic acid as a 
cofactor, and bind with Cu2+, suggesting that they may be evolutionarily related [9]. 
However, TDC has not been found in fruit fly Drosophila and in higher animals. Serotonin 
(5-hydroxytryptamine; 5-HT) is synthesized from an essential amino acid, L-tryptophan, in 
two reactions catalyzed by tryptophan hydroxylase (TPH) and monoamine oxidase (MAO). 
TPH uses the same pteridine cofactor as TH and also uses molecular oxygen. It catalyzes the 
hydroxylation of tryptophan into 5-hydroxytryptophan (5-HTP). Similar to TH, TPH is 
allosterically controlled through a phosphorylating action by Ca2+-dependent or cAMP-
dependent kinases. In the second step, 5-HTP is decarboxylated to 5-HT by 5-HTP 
decarboxylase. In brain, after conversion of 5-HT to 5-hydroxyindoleacetaldehyde by 
monoamine oxidase (MAO), it is dehydrogenated to 5-hydroxyindoleacetic acid (5-HIAA). 
In cerebrospinal fluid, the level of 5-HIAA is often used as an index of the rate of serotonin 
turnover. AAAD catalyzes the decarboxylation of L-dopa to dopamine and 5-HTP to 
serotonin. AAAD is required for the formation of catecholamines, indolamines and trace 
amines. Deficiency in AAAD impairs motor, cognitive, and several neurological behaviors in 
patients. Histamine is synthesized from an essential amino acid L-histidine in a 
decarboxylation reaction exclusively catalyzed by histidine decarboxylase (HDC), which like 
most decarboxylases, requires pyridoxal phosphate. Histamine breakdown involves its N-
methylation by histamine N-methyltransferase (HMT) to 3-methylhistamine (3-MT), 
followed by its oxidative deamination by MAO to 3-methylimidazole-acetic acid. The key 
roles of HMT and MAO in histamine breakdown can be shown by rise in histamine or 3-MT 
after selective enzyme inhibition.  

 
 

TRANSPORT SYSTEMS OF BIOGENIC AMINES 
 
In neurons biogenic amines are transported through two systems. The first system 

transports the biogenic amines from the cytoplasm to the storage organelle, or ‗synaptic 

vesicle‘ and the second transports biogenic amine from the extracellular space into the 
cytoplasm. Both systems transport biogenic amines uphill, against a concentration gradient, 
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and are therefore coupled to the input of metabolic energy (ATP) [10,11]. Two different 
isoforms of vesicular monoamine transporters (VMATs) are involved in controlling the 
presynaptic vesicular packaging of biogenic amines such as serotonin, dopamine, 
norepinephrine, epinephrine, octopamine, tyramine and histamine in storage vesicles: 
VMAT1 and VMAT2 [12,13]. It was initially believed that VMAT1 is expressed exclusively 
in amine-containing endocrine/paracrine cells in the peripheral organs and PNS, whereas 
VMAT2 is predominantly found in CNS [12-14]. However, other studies have reported 
VMAT1 expression in the vertebrate brain [15]. The transport of positively charged amines 
utilizes an electrochemical gradient across the vesicular membrane established by proton 
pumping into the vesicle involving vacuolar ATPase and transporter.  

Acetylcholine, a major excitatory neurotransmitter and a biogenic amine, is synthesized 
in the cytoplasm by choline acetyltransferase. It is transported by the vesicular acetylcholine 
transporter (VAChT) into synaptic vesicles of cholinergic neurons in the brain. Both VMAT 
and VAChT exchange one amine per two translocated protons with very similar initial 

velocity kinetics and pH dependencies [16]. VAChT transports acetylcholine and its synthetic 
analogs, but does not significantly transport choline and monoamines. However, VMAT 
transports monoamines and their synthetic analogs. The vesicular gradients of acetylcholine 
are much smaller than the driving force for uptake and vesicular gradients of monoamines, 
suggesting the regulatory mechanism of acetylcholine storage not found in monoamine 

storage [16].  
VAChT gene (VAChT) is expressed in all known major cholinergic neurons in the PNS 

and CNS. Both VAChT and choline acetyltransferase are encoded by a single genetic locus, 
suggesting both genes are coregualted. VAChT is a specific marker for cholinergic neurons 
for studying cholinergic transmission in AD and other nervous system disorders [17-19]. 
Vesicular monoamine transporter1 gene (VMAT1), also known as SLC18A1, maps to bipolar 
disorder and Schizophrenia susceptibility locus, therefore, gene has been postulated to play a 
role in the etiology of these neuropsychiatric disorders [20-22]. The vesicular monoamine 
transporter 2 gene (VMAT2), also known as SLC18A2, controls loading of biogenic amines 
including catecholamines and indolamines into synaptic vesicles for exocytotic release [23]. 
Catecholamines when not transported to synaptic vesicles can be auto-oxidized in the cytosol 
and produce oxidative stress to the cell. For example, in dopaminergic neurons, VMAT2 is 
also a target for amphetamine and its analog (methamphetamine). The disruption of dopamine 
storage by methamphetamine in the striatum causes massive loss of dopaminergic neurons in 
mutant strain of mice lacking VMAT2, suggesting VMAT2 may be a regulator of 
methamphetamine-induced neurodegeneration [24]. Thus, vesicular capacity to store 
dopamine in neurons can determine the level of oxidative stress and cell death after 
methamphetamine abuse and idiopathic PD because in both cases one deals with mishandling 
of dopamine, degeneration of dopaminergic neurons, and use of dopamine rich regions in the 
brain. The storage of acetylcholine in synaptic vesicles plays a key role in maintaining 
cholinergic function.  

The uptake of biogenic amines through monoamine transporters, located in the plasma 
membrane, following their release into the synaptic cleft from the synaptic vessels is the 
principal process for terminating monoaminergic transmission by clearing biogenic amines 
from the synaptic cleft [12,25,26]. Biogenic amine transporters are coupled with the fluxes of 
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Na+, Cl–, and in some systems K+, to the reuptake of biogenic from the synaptic cleft to the 
nerve terminal. Dopamine transporter (DAT) requires two extracellular Na+ and one Cl  to 

cotransport with each dopamine molecule. Reuptake of monoamines into the nerve terminals 
and then into the synaptic vesicles allows recycling of same molecules. Biogenic amines 
interact with presynaptic and postsynaptic receptors after discharged from vesicles into the 
synaptic cleft by exocytosis following an action potential. Biogenic amines uptake 
transporters are targeted by major classes of antidepressant, psychostimulant and 
antihypertensive drugs [12,26,27]. DAT is the pharmacological target for widely abused 
psychostimulants such as cocaine, amphetamine and methamphetamine. Several classes of 
neurotoxins bind with these transporters and selectively poison specific neuronal groups [28-
31]. Catecholaminergic toxins such as 6-hydroxydopamine (6-OH dopamine) and 1-methyl-
4-phenyl-piperidinium ion (MPP+) act as a substrate for DAT [32], and therefore have been 
used to induce selective dopaminergic cell death in various model systems of PD. One 
possible explanation for the selective loss of dopaminergic neurons in PD may be that 
patients have been exposed to such environmental dopaminergic neurotoxins, causing 
selective death of neurons. Collective evidence supports the view that biogenic amines 
uptake transporters represent a primary target for therapeutic intervention in the treatment of 
various psychiatric disorders, such as anxiety, depression, PD, schizophrenia as well as drug 
abuse.  

 
 

DETERMINATION OF BIOGENIC AMINES 
 
Several methods have been developed for the quantitation of biogenic amines. The most 

widely used method in the routine clinical laboratory for the measurement of catecholamines 
and their metabolites in biological fluids is HPLC. Original methods relied on fluorescence 
detection to gain analytical sensitivity, but the availability of electrochemical detection 
provides superior specificity and this mode of detection is the most common today [33]. 
Biogenic amines, including catecholamines and their metabolites, demonstrate different 
chemical stabilities in different biological fluids, stored under various conditions. A 
drawback with urine collections is the requirement to add concentrated acid to the collection 
container in order to stabilize catecholamines from oxidation, which introduces the 
possibility of deconjugation, artefactually elevating free catecholamine concentrations [34]. 
Other factors including recreational stimulants, such as caffeine and nicotine, and diet can 
also alter estimation results [34]. The combination of HPLC with tandem mass spectrometry 
(HPLC–MS/MS) is becoming more popular in clinical chemistry routine laboratories, 
particularly for detecting low levels of catecholamines and metabolites in tissue and 
biological fluids because it provides minimum interference with drugs and drug metabolites 
[35]. However, implementation of HPLC–MS/MS assays still requires substantial expertise 
and know-how. 
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DRUG DOSE AND RESPONSE RELATIONSHIP 
 
 
Biogenic amine receptors agonists and antagonists are being used as drugs for treating 

neurodegenerative and neuropsychiatric diseases. Regardless of how these agonists work —
through binding to the receptor as a partial agonist, full agonist and competitive or non-
competitive antagonist, inhibiting or stimulating an enzyme reaction or chemically interacting 
with other drugs or endogenous neurotransmitters— its concentration in the vicinity of the 
receptor or at the site of action is important for determining the effect. Drug-drug interactions 
also exist with some of these agents (e.g. among antidepressants) and can usually be 
predicted from knowledge of their metabolism. However, when antidepressants are taken in 
overdose as the sole agents they are rarely capable of causing death but produce some 
common side effects, including seizures, nausea, vomiting, decreased level of consciousness, 
and tachycardia [36]. The serotonin syndrome, a potentially life-threatening adverse drug 
reaction, may occur with many drugs, following inadvertent interactions between drugs and 
overdose of drugs.  

Drug dose-response is based on the principles of pharmacokinetics (absorption, 
distribution and excretion) and pharmacodynamics (effects of drugs on the body). 
Pharmacokinetics describes the drug concentration-time courses in body fluids resulting from 
administration of a certain drug dose, whereas pharmacodynamics describes the observed 
effect resulting from a certain drug concentration [37]. However, pharmacokinetics-
pharmacodynamics links these two items providing a framework for modelling the time 
course of drug response [38]. It is quite complex to observe dose-response relationship 
clinically, because it depends on the duration time; weight, health, age, and stress on the 
individual. Drug-dose and response with the same dose may vary in a population and even in 
every individual. Indeed, a single individual may respond differently to the same drug at 
different times during the course of treatment. However, in carefully controlled in vitro 

systems, this relationship can be easily measured. Using dose response strategy, the required 
dose, frequency and the therapeutic index (ratio of the minimum toxic concentration to the 
median effective concentration; TD50/ED50) of a drug can be determined. The therapeutic 
index of a drug determines the ―efficacy‖ and ―safety‖ of a drug in vivo. The expanded use of 
pharmacokinetics-pharmacodynamic modelling for drug development is assumed to be highly 
beneficial in improving the current state of therapeutics for neurological and neuropsychiatric 
diseases.  

 
 

BIOGENIC AMINES IN NEURODEGENERATIVE AND 

NEUROPSYCHIATRIC DISEASES 
 
Neurodegenerative and neuropsychiatric diseases are a group of neurological disorders 

with heterogeneous clinical and pathological expressions affecting specific subsets of 
neurons in specific functional anatomic regions of brain and spinal cord. Thus, in AD 
neurodegeneration mainly occurs in the nucleus basalis and hippocampal area, whereas in PD 
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dopaminergic neurons in the substantia nigra undergo neurodegeneration. In HD 
neurodegeneration occurs in striatal medium spiny neurons and motor neurons located in the 
anterior part of spinal cord degenerate in ALS. Although, the exact cause and molecular 
mechanism of neurodegenerative diseases are fully understood, but it is becoming 
increasingly evident that multiple factors and mechanisms may contribute to the pathogenesis 
of disorders [39]. The most important risk factors for neurodegenerative diseases are old age, 
positive family history, unhealthy life style, endogenous factors, and exposure to toxic 
environment [39]. Other risk factors for neurodegenerative diseases include 
neuroinflammation, autoimmunity, cerebral blood flow, and blood-brain barrier dysfunction 
[40].  

Despite the important differences in clinical manifestation, neurodegenerative diseases 
share some common characteristics such as their commencement late in life, the extensive 
neuronal death, and loss of synapses, elevation in ROS production, induction of 
neuroinflammation, excitotoxicity, alterations in biogenic amine levels, and the presence of 
cerebral deposits of misfolded protein aggregates [41,42]. These processes are closely 
associated with age-mediated decrease in cellular antioxidant defenses and resultant 
accumulation of lipid, protein and DNA damage in brain. These events play an important role 
in the etiology and pathogenesis of neurodegenerative diseases [40]. Multiple system 
dysfunction, including noradrenergic, serotonergic, dopaminergic, corticotropin-releasing 
factor, and somatostatin, may be responsible for alterations in biogenic amine levels, which in 
combination with glutamate and its receptors (through cross talk) may contribute to increase 
in oxidative stress and neuroinflammation in neurodegenerative diseases [43-46]. The 
neuronal population that degenerates in neurodegenerative diseases modulates movements, 
learning and memory, processing sensory information, and decision making processes [47]. It 
is well understood that biogenic amine dysfunction may not be the primary event in the 
pathogenesis of neurodegenerative diseases, but biogenic amine-mediated oxidative stress 
and synaptic loss may contribute to dementia and other behavioral problems. Thus, 
normalization of biogenic amine levels through medication may correct some abnormal 
behavioral and psychological symptoms of neurodegenerative diseases. 

Neuropsychiatric disorders involve abnormalities in cerebral cortex and limbic system 
(thalamus, hypothalamus, hippocampus, and amygdale) [48]. Behavioral abnormalities are 
the hallmarks of many neuropsychiatric diseases, including schizophrenia, depression, and 
compulsive and bipolar disorders. Neuochemical studies indicate that in neuropsychiatric 
diseases several biogenic amine neurotransmitter systems (dopamine, serotonin and 
epinephrine) are simultaneously altered within a single microcircuit and each transmitter 
system shows circuitry changes in more than one region. Changes in microcircuits and 
neurotransmitters (synthesis and transport) may not only vary on a region-by-region basis, 
but also from one neuropsychiatric disease to another. Both macro- and microcircuitry within 
the specific brain system (such as limbic system) may serve as 'triggers' for the onset of 
neuropsychiatric condition [49,50]. It is also reported that alterations in cerebral blood flow 
and glucose utilization in the limbic system and prefrontal cortex of patients with major 
depression and other neuripsychiatric diseases [51,52]. The "biogenic amine hypothesis of 
depression and schizophrenia" postulates that depression is due to alteration functional 
activity of one or more brain biogenic amines (e.g. primarily norepinephrine, dopamine, and 
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serotonin). Thus, compounds that inhibit the re-uptake and/or metabolism of these biogenic 
amines have been used to treat depression [53]. For example, the tricyclics antidepressants 
(TCA, named after their chemical structure composed of three rings of atoms), such as 
imipramine and amitriptyline, increase the levels of serotonin and norepinephrine in the brain 
by inhibiting their neuronal reuptake in the brain. TCAs antidepressants can be replaced by 
newer antidepressants in the selective serotonin reuptake inhibitor (SSRIs) class (such as 
citalopram and sertraline) or serotonin-norepinephrine reuptake inhibitors (SNRIs) class 
(such as mirtazapine and nefazodone). The overdose of TCA is especially fatal. The toxicity 
caused by TCAs antidepressants often becomes apparent after an overdose. In addition, the 
risk of drug interactions should always be considered when treating patients for depression. 
There is an urgent need for further research to determine relative efficacy of combination 
strategies (e.g TCAs antidepressants with MAO-Inhibitiors or TCAs with SSRIs) [54].  

Although, the molecular mechanism associated with the pathogenesis of 
neurodegenerative and neuropsychiatric diseases remain unclear, but excitotoxicity, oxidative 
stress, inflammatory processes, and alterations in immunological parameters are closely 
associated with above neurological conditions [55]. Excitotoxicity, inflammation, and 
oxidative stress are interrelated processes that may induce neurodegeneration independently 
or synergistically. An upregulation of cross talk among excitotoxicity, oxidative stress, and 
neuroinflammation through neural membrane-derived lipid mediators may increase the 
vulnerability of neurons in acute neural trauma, neurodegenerative diseases, and 
neuropsychiatric disorders [55]. In neurodegenerative diseases, cross talk among 
excitotoxicity, oxidative stress, and neuroinflammation occurs at a slow rate. Oxygen, 
nutrients, and ATP are available to neurons so ionic homeostasis is maintained to a limited 
extent. These parameters result in a neurodegenerative process that takes many years to 
develop. In contrast, in nrurological condition, such as stroke, there is rapid depletion in ATP 
resulting in quick loss in ion homeostasis. These processes result in rapid neurodegeneration 
(in minutes) at the core of injury site through necrosis and slow neuronal death in the core 
surrounding area (hours to days) [55].  

In neurodegenerative and neuropsychiatric diseases pain perception remains below the 
threshold of detection and immune system continues to attack brain tissue at the cellular and 
subcellular levels. This results in lingering of chronic inflammation for years causing 
continued insult to the brain tissue, ultimately reaching the threshold of detection many years 
after the onset of the neurodegenerative and neuropsychiatric diseases [56]. Many internal 
and external factors modulate the dynamic aspects of chronic inflammation and mild 
oxidative stress in neurodegenerative diseases [55]. The cross talk among excitotoxicity, 
oxidative stress, and neuroinflammation may be modulated by the diet, genetic, and 
environmental factors [57]. The onset of neurodegenerative and neuropsychiatric diseases is 
often subtle and usually occurs in mid to late life. Progression of neurodegenerative diseases 
depends not only on genetic and dietary factors, but also on environmental factors [58] 
leading to progressive cognitive and motor disabilities with devastating consequences. 
Perhaps in neurodegenerative and neuropsychiatric diseases, the intensity of glutamate and 
biogenic amine-mediated cross talk through second messengers generated during 
excitotoxicity, oxidative stress, and neuroinflammation may lead to unique manifestations 
that are characteristic features of AD, PD, depression and schizopherina. This cross talk may 
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disturb neuronal lipid, protein, nucleic acid, and carbohydrate metabolism leading to 
irreversible neuronal damage [55,40]. It remains controversial whether excitotoxicity, 
oxidative stress, and neuroinflammation are the cause or consequence of neurodegeneration 
[59,60]. However, it is suggested that glutamate and biogenic amine-mediated signal 
transduction processes and cross talk may contribute to oxidative stress and 
neuroinflammation that ultimately kills neurons. 

 
 

FUTURE PERSPECTIVES 
 
Biogenic amines regulate mental functioning, blood pressure, body temperature, and 

many other bodily processes. Mental functioning, including mood, cognition, emotion, 
reward, learning and memory, is regulated by monoamines in the CNS. Therefore, any 
disturbance in monoaminergic activity in brain is associated with a variety of 
neurodegenerative and neuropsychiatric diseases. The physiological response of biogenic 
amines is mediated by G protein-coupled receptors (GPCRs) located in post-synaptic plasma 
membranes of target neurons. Biogenic amines-mediated signaling can be regulated by the 
interaction between different GPCRs forming homo- and hetero-oligomers, as well as by 
binding with receptor interacting proteins.  

Studies on animal model systems indicate that the phenotype changes in 
neurodegenerative diseases caused by environmental factors, such as exposure to toxins and 
the pathogenetic mechanism of the disease are only loosely linked. Thus, neurotoxins (MPTP 
or 6-OH dopamine)-mediated animal and cell culture models indicate that injections of 
neurotoxins damage neurons in a non-specific manner [61-65]. Many investigators, who have 
assigned neurodegeneration and function to a particular brain area on the basis of neurotoxin-
mediated injury, may not be justified in their contention. Alterations caused by MPTP or 6-
OH dopamine are similar but not identical to neurochemical and pathological changes found 
in human PD and the extent and complexity of cross talk among various neurotransmitters in 
MPTP or 6-OH dopamine- injected mice brain may differ considerably from abnormal cross 
talk that occurs in human PD. This suggests that neurotoxins-mediated neurodegeneration 
and behavioral changes are similar but not identical to neurodegenerative and behavioral 
changes in PD and related diseases. In our opinion, assignment of function to a particular 
brain area on the basis of neurotoxin-mediated injury may not be justified because one can 
never be sure that other structures or fibers of passage have not been damaged during 
neurotoxin-mediated neurotoxicity. This may result in modification of numerous cell 
signaling steps during striatal deterioration. In genetic animal model, such as in insects and 
worms, transgenesis has opened new possibilities for screening genes/proteins and potential 
therapeutic molecules, but like neurotoxin model molecular events are not identical to human 
neurodegenerative diseases. For example, introducing a human mutated gene in insect, worm 
or animal induces neurodegeneration, but molecular mechanism and pathogenetic cascades 
may not be identical to human diseases [66-67]. Furthermore, in humans neurodegenerative 
diseases should be studied in parallel with their animal models to ensure that the model 
mimics most clinical manifestations of neurodegenerative diseases. This may not be possible 
due to a drastic difference in the life span of insects/worms/animals and humans.  
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In recent years, investigators are developing technologies related to lipidomics, 
proteomics, and genomics. These procedures can detect minute amounts of biogenic amines 
and second messengers generated by biogenic amine in biological fluids. Proteomics allows 
the separation and identification of proteins expressed by neural cells and subcellular 
organelles. Differential analysis of protein expression patterns in normal brain and brain from 
different neurological diseases (AD, PD, depression and schizophrenia) will allow the 
identification of diagnostic and/or prognostic biomarkers. Subsequently, validation of these 
markers may facilitate identification of new diagnostic tests and therapeutic targets. Using 
proteomics, more studies can be performed on determination of activities of enzymes 
associated with biogenic amine metabolism in biological fluids and biopsy and autopsy 
samples of brain tissue from not only from animal models but from patients with 
neurodegenerative and neuropsychiatric diseases that involve abnormal biogenic amine 
metabolism [68-70]. Recently, proteomic approach has been used to investigate the 
mechanisms that may dictate α-synuclein aggregation, Lewy body formation, and 
neurodegeneration in brains from PD patients [71,72]. Establishment of automatic systems 
including databases and accurate analyses of biogenic amines and second messengers 
generated from enzymic and non-enzymic metabolism of neuronal membrane components 
will facilitate the identification of key biomarkers associated with neurodegenerative diseases 
involving abnormal biogenic amine metabolism [73].  

Microarray analysis of tissue samples from brain regions associated with AD, PD, 
depression, and schizophrenia can provide information on candidate genes that influence 
levels of biogenic amines, oxidative stress, and neuroinflammatory responses. Gene 
expression analysis of enzymes related to biogenic amine metabolism can also provide 
information on vulnerable brain regions in neurodegenerative and neuropsychiatric diseases 
[74]. Thus, gene expression profiles of susceptible neuronal populations may reveal 
mechanistic clues to the molecular mechanism underlying various neurodegenerative and 
neuropsychiatric diseases associated with abnormal biogenic amine metabolism. This 
information will facilitate molecular diagnostics and targets for drug therapy based on gene 
expression in body fluids such as CSF and blood. Levels second messengers generated by 
biogenic amine-mediated processes can then be used to monitors responses to drug therapy 
[68,74,75].  

Neuroimaging techniques, namely positron emission tomography (PET), 
fluorodeoxyglucose-positron-emission tomography (FDG-PET), single photon emission 
computed tomography (SPECT), magnetic resonance imaging (MRI), functional MRI (fMRI) 
and diffusion tensor imaging (DTI) are increasingly used to obtain useful information not 
only on metabolism and rates of generation of second messengers, but also on abnormalities 
in brain structure and function in mild cognitive impairment (MCI) and its conversion to 
dementia, as well as early neurodegenerative and neuropsychiatric diseases (AD, PD, 
depression and schizophrenia) [76,77]. These procedures offer researchers and clinicians a 
new noninvasive window into the human brain and spinal cord.  

PET utilizes incorporation of labeled radioligands to determine of its distribution in 
various brain regions as a function of time. For example, 11C-RTI32 PET, a marker of 
noradrenergic and dopaminergic transporter binding, has been used to assess noradrenergic 
along with dopaminergic terminal function [78]. Serotonergic transporter binding can be 
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monitored with 11C-DASB PET and 123I--CIT SPECT, whereas HT1A binding can be 
analyzed with 11C-WAY100635 PET [78]. Based on the in vivo metabolism of various 
radioligands, PET can be used to image brain signaling and neuroplasticity in normal human 
brain and brain from patients with neurodegenerative diseases. [123I]β-CIT (2β-
carboxymethoxy-3-β-94-iodophenyl tropane), a dopamine transporter ligand/SPECT imaging 
has been used to study progression of early PD in human patients [79]. Based on [123I]β-
CIT/SPECT, it is reported that the rate of dopaminergic neuron loss in PD is significantly 
greater than that of healthy controls, and [123I]-CIT SPECT imaging provides a quantitative 
biomarker for the progressive nigrostriatal dopaminergic degeneration in PD. Molecular 
imaging with PET and SPECT has also been used to examine the relationship between 
cognitive processes and components of the dopaminergic system (pre-, intra-, and 
postsynaptic) in healthy subjects and patient with PD, schizophrenia, HD, and aging [80] It is 
demonstrated that alterations of DA within the fronto-striato-thalamic circuits might 
contribute to the cognitive impairments observed in PD, schizophrenia, and normal aging.  

In future, -amyloid, tau, parkin and synuclein imaging can be used as a non-invasive 
neuroimaging technique to visualize the accumulation of above mentioned proteins along 
with biogenic amine and biogenic amine generated second messengers in living human brain. 
Based on this procedure one can determine the accumulation of -amyloid, tau, parkin and 
synuclein in the preclinical and clinical stages of AD and PD. Collective evidence suggests 
that above functional imaging methods can contribute inestimably to the understanding of 
physiological biogenic amine-mediated memory dysfunction in brains of normal subjects and 
patients with neurodegenerative diseases.  

In conclusion, there is still a lot left to be learned about multiple biogenic amines-
mediated signaling pathways, which can hopefully be unraveled by combining and studying 
different approaches, such as pharmacology, neurochemistry, and neurophysiology with 
molecular neurobiology and computational analysis. The precise contribution made by cross-
talk between different biogenic amine receptors awaits elucidation.  
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