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Abstract: The neurochemistry of catecholamines plays a crucial and complex role in human memory, behavior,

and cognition, while affecting other organs such as the lungs, heart, liver, and skin. Dopamine, norepinephrine,

and epinephrine are three closely-related catecholamines that have been widely studied over the last seven

decades for development of medications for life-threatening diseases. Other studies have also suggested a link

between drug abuse and catecholamine levels. The determination of catecholamine levels in different parts of

the human body has also been a hot topic for research in these years. HPLC, spectrophotometry, fluorescence,

electrochemistry and other techniques have been used to quantify catecholamines in mostly in biological

samples like serum and urine, although in vivo studies are also possible. This article attempts to present the

research on catecholamines from the perspectives of their bodily functions, development of medications for

diseases related to these, and the techniques used for their detection and quantification.

Introduction

The development of brain and the central nervous
system (CNS) has been one of the decisive factors in
the evolution of humans. Alongside the CNS, the
evolution of the autonomic nervous system (ANS)
has resulted in a complex and sophisticated set of
behaviors. Among the multitude of functions that
the human brain and other parts of the CNS per-
form in conjunction with the ANS, emotional re-
sponses are perhaps the most challenging to study
from an objective perspective because the triggers
for joy, happiness, misery, fear, greed, love, faith,
doubt, and many more emotions differ from person
to person. Recent advances in understanding the
brain neurochemistry have revealed that one of the
most crucial neurochemical systems deals with neu-
rotransmission, which can further be classified into
cholinergic and aminergic [1]. The first type of
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transmission involves acetylcholine (ACh), whereas
the second involves the dopamine (DA), norepi-
nephrine (NE), and serotonin.

DA and NE are clubbed with a similar molecule, ep-
inephrine (EP), as all three have a catechol moiety
as the common fragment in their chemical struc-
tures (Figure 1). DA as an input neuronal substance
plays roles in the CNS, including a wide range of
functional tasks, such as motivation, reward pro-
cessing, and movement control [2, 3]. NE and EP
though very similar in structures, the latter has a
methyl group at the amine position; this difference
tunes these molecules sometimes toward closely-re-
lated and sometimes quite different bioactivities [4].
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Figure 1: Chemical structures of Dopamine (DA), Norepinephrine (NE), and Epinephrine (EP)

Produced mainly by the adrenal glands, EP per- attention, and mood, as well as triggering the sym-
forms the dual roles of a hormone and neurotrans-  pathetic response to stress, such as elevation in
mitter. EP is primarily involved in the "fight or  heart rate and blood pressure. One of the reasons
flight" response, triggering increases in heart rate  for varied functions is that multiple sites in the brain
and blood pressure, as well as bronchodilation and  produce these chemicals aimed at specific purposes.
increased metabolic rate. It also has arolein thereg-  These are often produced alongside other neuro-
ulation of glucose metabolism and immune func- transmitters (Figure 2).

tion. NE plays a vital role in regulating arousal,
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Figure 2: Neurotransmitters produced at different regions of human brain. Reproduced from “A Review of Neurotrans-
mitters Sensing Methods for Neuro-Engineering Research” by Niyonambaza at al. under the terms and conditions of the
Creative Commons Attribution (CC BY) license.

With such closely-related functions that directly im-  methods for their detection and quantification in
pact human experience of life, the catecholamines human clinical samples.

have attracted studies from various perspectives.

This article summarizes the recent research on cate- ~ Perspectives of research on catecholamine for-
cholamines in terms of their presence and functions ~ mation and functions in human body

in the human body, their role in drug abuse, and
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The synthesis of catecholamines is a complex pro-
cess with multiple steps. Researchers at present
fairly understand the mechanism in detail. Since the
1960s, numerous studies on catecholamines have
been a result of the technical upgradation that oc-
curred in that era. Till then, the primary focus of the
researchers in this field was to better understand
the function and regulation of the sympathoadrenal
system by quantifying the NA levels in samples
such as chromaffin cells from adrenal medulla. Re-
search on the storage and synthesis conditions
picked up further pace in the 1970s with the discov-
ery of dopamine-p-hydroxylase (DBH), an enzyme
that converts DA to NE. The enzyme was found to
be bound within the NE storage vesicles, that is, ter-
minal varicosities of sympathetic neurons [5, 6].
Among many compounds that facilitate catechola-
mines synthesis, tyrosine-3-monooxygenase (tyro-
sine hydroxylase, TH) and its cofactor tetrahydrobi-
opterin are important because their role can affect
how the catecholamine imbalance may result in
neuropsychiatric diseases like Parkinson’s Disease.
The role of TH end product inhibition was once
thought to be solely responsible for NA biosynthe-
sis [7]. The end product inhibition was later proven
to be an exception rather than a norm in later re-
search [8]. A 2006 review paper by Nagatsu high-
lights the role of TH in regulating catecholamine bi-
osynthesis and the genetic makeup of humans that
propel this process [9]. Studies on non-human mod-
els have significantly improved the scope of our un-
derstanding of the role of catecholamines in the
brain and nervous system. Research on mutant mice
have provided evidence for the importance of DA
in postnatal motor control and emotional learning,
whereas NA has been found to be active in long-
term learning that leads to conditioning [10]. Espe-
cially, the excitability of pyramidal neurons in cere-
bral cortex have been found to be modulated by
norepinephrinergic neurons; this finding suggests
that inactivity of norepinephrinergic neurons can
lead to damage of the cerebral cortex and long-term
memory loss. Another non-human model study on
catecholamine chemistry demonstrated that sheep
display maternal-fetal stress transfer [11]. This
study provided evidence for the indirect transfer of
psychosocial stress due to the decrease in uterine
blood flow (UBF) and increase in fetal anaerobic
metabolism. The decrease in UBF was found to be
related to the increase in maternal NE concentration,

22

and subsequently increase in fetal NE concentration,
leading to anaerobic metabolism of the fetus.
Among the research on non-human catecholamine
chemistry, the most interesting would perhaps be
that of plants. A review from 2007 emphasizes that
catecholamine activity in plants ranges from the
growth and development by regulating carbohy-
drate metabolism, affecting various hormones,
providing protection against pathogens, serving as
building blocks of alkaloids, and being involved in
nitrogen detoxification. Interestingly, like animals,
plants too have been reported to secrete catechola-
mines during stress [12].

Interaction of catecholamines with cellular recep-
tors have been studied in silico using software to un-
derstand their binding affinity with adrenergic re-
ceptors. The research suggests that based on such
interaction studies, experimental myocardial infarc-
tion can be induced to cure ailments like muscular,
neurological, and cardiovascular disorders that re-
sult from altered catecholamine concentrations [13].
Catecholamines have also been explored from the
viewpoint of the impact of exercise in humans.
Speed of cognition has been reported to increase as
a result of catecholamines produced through mod-
erate-intensity exercise which activates adrenergic
neurons in the vagal/NTS afferent pathway. The
dopamine-rich neurons were found to be positively
affected for excitability. This viewpoint has how-
ever been challenged citing blood brain barrier for
catecholamines and from that angle, though a link
between catecholamine concentration and cognitive
ability is accepted, the cause-effect relationship be-
tween the two is contested [14]. Liver disorders in
humans have recently been linked to catecholamine
concentrations, as the number of publications re-
garding this have been on the rise [15]. Liver fibrosis,
fatty liver diseases, liver cancers, and many associ-
ated diseases have been reported with focus on ad-
renergic and dopaminergic receptor expression in
the liver cells. EP activates or inhibits metabolic en-
zymes involved in hepatic gluconeogenesis and
glycogenolysis. The positive impact of catechola-
mines on the liver cells extends to liver regeneration.
Myocardial disorders like cardiomyopathies can be
triggered by catecholamines, as reported by Kumar
et al. in 2021. In this review, the authors explored
the role of catecholamines from the perspective of
endocrinologists [16]. The role of catecholamine ox-
idation products in stress-induced heart diseases
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has been studied in light of the relationship between
catecholamines and glucocorticoids. excessive cate-
cholamine concentration has been found to be the
reason for functional hypoxia/ischemia, coronary
insufficiency, and overload of Ca?* ions. These in
turn, cause oxidative stress, energy defects, loss of
electrolytes and other intracellular content. All
these finally lead to myocardial damage [17]. A clin-
ical research on Alzheimer’s disease patients in 2022
suggests the damage of noradrenergic and dopa-
minergic neurons. In this study, Henjum et al. con-
cluded that patients with Alzheimer's disease have
higher levels of NE and EP in their cerebrospinal
fluid [18]. However, the changes in these levels over
time may not follow a linear pattern, indicating that
they may not have a high predictive or diagnostic
value. In symptomatic Alzheimer's disease, the lev-
els of these two transmitters may increase due to
synaptic damage, as they are positively correlated
with the CSF levels of neurogranin.

Catecholamines in drug abuse and medicinal use
The requirement of fresh research on these catechol-
amines is essential in the modern-day world where
stress levels are high. This is especially urgent be-
cause DA drug abuse has been on the rise. Hacking
the brain’s reward system via drugs has been on the
rise and recent studies have shown that conditioned
stimuli, that is, exposure to stimuli related to the
drug leads to an increase in DA concentration in
dorsal striatum, thus firing the motivation to con-
sume the drug. The long-term drug abuse, in con-
trast, actually is inversely related to the DA concen-
tration [5]. In a research published in 2021, Fitzger-
ald provides insights into how many drugs may
end up as DA, EP, or NE after passing through

various biochemical steps. Especially, drugs that
acutely boost the signaling of the sympathetic nerv-
ous system and the hypothalamic-pituitary-ad-
renal (HPA) axis, come out as NE and EP. The ex-
cess of these neurotransmitters leads to rapid
breathing, sweating, high blood pressure and other
symptoms. The author suggests that if indeed such
pathways are established whereby psychedelics, al-
kaloids, and other drugs can be broken down to
these catecholamines, it would further enhance our
understanding of their natural biosynthesis [20].
Recent research on disulfiram which blocks dopa-
mine PB-hydroxylase, an enzyme for NE biosynthe-
sis, has shown that NE can be linked to DA signal-
ing and drug addiction [21]. With this understand-
ing, further insights into the neurochemistry of ac-
tion of psychostimulants, opiates, alcohols can be
explored in terms of how DA-NE balance affects
their abuse. Both cocaine and amphetamine are DA
reuptake inhibitors, whereas the latter also acts as a
DA releaser. L-DOPA acts as a DA agonist, whereas
haloperidol, and many antipsychotics act as DA an-
tagonists. The parallels for NE are tricyclic antide-
pressants that act as NE reuptake inhibitors and
ephedrine that acts as NE releaser [1]. Adrenergic
receptors actively impact smooth muscle contrac-
tion in organs such as the bronchi and thus, EP can
perform a special role as 3(2)-Adrenoceptor agonist
and be potent in reversing the airway constraints.
Therefore, EP has been used as a medication for
asthma, and in fact, in murine models, the admin-
istration of EP has led to complete abolishment of
the disease [22]. Table 1 summarizes some of the im-
portant catecholamine-research based drugs that
have been developed since the 1960s.

Table 1. Some important drugs developed out of catecholamine research

Generic Name | Introduced Clinical applications Mechanism of action
Propranolol 1965 Hypertension, Cardiac arrhythmias, | B-Adrenoceptor antagonist
Heart failure
Haloperidol 1967 Schizophrenia, Schizoaffective disor- | D» receptor antagonist
der, Bipolar disorder
Clonidine 1974 ADHD, Migraine, Hypertension ai-Adrenoceptor agonist
Reboxetine 1997 Depressive disorder NE-selective
reuptake inhibitor
Pramipexole 1998 Parkinson’s disease Dopamine D>/Ds
receptor agonist
Atomoxetine 2002 ADHD NE-selective
reuptake inhibitor
Guanfacine 2015 ADHD ax-Adrenoceptor agonist
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Methods for detecting and measuring the levels
of catecholamines in human samples

Catecholamine neurotransmitter sensing is a chal-
lenging field of research on three accounts: (1) The
extremely low concentrations in which these are
present in the body; (2) The fluctuating nature of
their concentration because of the reward, motiva-
tion, and stress levels; (3) The closeness of their
chemical structures. With these constraints, re-
searchers over the years have figured out some
methods that may be suitable for the detection and
quantification of DA, EP, and NE in various bio-flu-
ids. The design principles for chemical sensing of
catecholamines make use of fluorescence resonance
energy transfer, photo-induced electron transfer
(PET), photo-induced charge transfer, electrostatic
interactions, excimer formation, ligand exchange
method, catalytic and molecular beacon, fluores-
cence polarization, and fluorescent chemodosime-
try [23]. According to a review paper by Gorbunova
et al. published in 2019, approximately 42% of all
the methods used for catecholamine determination
are based on high performance liquid chromatog-
raphy (HPLC), followed by those based on electro-
chemistry (30%), spectrophotometry (13%), fluores-
cence spectroscopy (9%), and immunoassays (3%)
[24]. This data fits perfectly with the sudden rise in
the number of research papers in the late 1980s deal-
ing with catecholamine determination as the avail-
ability of HPLC till then was not widespread. The
interesting data regarding the use of spectrophoto-
metric techniques is that despite advancement in
equipment, determination of catecholamines in ad-
renal glands is limited to only 5% whereas urine
(9%) and serum (19%) samples have been used
much frequently for this purpose. However, phar-
maceuticals (57%) have been mostly tested for their
catecholamine content. The luminescence tech-
niques have been found to be better suited for in
vivo determination as 6% of these studies worked in
the brain, whereas 23 % and 18 % in urine and serum,
respectively. Among other techniques, the highest
number of successful studies involving Raman
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spectroscopy have been for DA (67%) followed by
that for NE (17%) and EP (16%). Other methods like
single-photon emission computed tomography
(SPECT), surface enhanced Raman spectroscopy
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determination. DA has been frequentrly quantified
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Conclusions

Catecholamine neurochemistry is one of the most
complex and pivotal for human cognition, behavior,
and memory. In addition, the levels of DA, NE, and
EP impact various types of bodily functions in brain,
lungs, heart, liver, and skin. As in humans, other an-
imals too require these for various functions. Ani-
mals such as sheep and mice have been extensively
studied to understand the role of these chemically
similar molecules with focus on how the knowledge
can be transformed into synthesizing artificial mol-
ecules that mimic or inhibit or promote these bio-
molecules. The result of research on this field that
started gaining momentum since the 1960s, has
been the development of many medications for life-
threatening diseases. Parallel research has also been
going on in understanding how drug abuse leads to
imbalance in their levels and the possibility of many
psychedelics and other addiction drugs being bro-
ken down into catecholamines in the biochemical
pathways. As the research data since the 1960s sug-
gest, the advent of HPLC has provided a major
boost in quantifying the catecholamines in biologi-
cal samples such as serum and urine. With modern
instruments in place, fluorescence, chemilumines-
cence, and electrochemiluniscence are emerging as
promising techniques for imaging their activity in
the brain and CNS. Further research is still required
in this field as many gaps in understanding the stor-
age, activity, and impact of DA, NE, and EP remain.
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