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The catecholamine system in health and disease

—Relation to tyrosine 3-monooxygenase and other

catecholamine-synthesizing enzymes—

By Toshiharu NAGATSU*)»**):%+%).1)

(Communicated by Tamio YAMAKAWA, M.J.A.)

Abstract:

Catecholamines [dopamine, noradrenaline (norepinephrine), and adrenaline

(epinephrine); CAs] are neurotransmitters in the central and peripheral nervous systems as well as
hormones in the endocrine system. CAs in the brain play a central role in versatile functions as

slow-acting neurotransmitters functioning in synaptic neurotransmission, modulating the effects of
fast-acting neurotransmitters such as glutamate and y-aminobutyric acid (GABA). In this review,
I focus on recent advances in the biochemistry and molecular biology of the CA system in humans

in health and disease, especially in neuropsychiatric diseases such as Parkinson’s disease (PD),
in relation to the biosynthesis of CAs regulated by a pteridine-dependent monooxygenase, tyro-
sine 3-monooxygenase (tyrosine hydroxylase, TH) and its pteridine cofactor, tetrahydrobiopterin

(BH4).
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1. Introduction. Biogenic amines that
possess a 3,4-dihydroxyphenyl (catechol) nu-
cleus are generally called catecholamines (CAs).
Three CAs exist in vivo, dopamine,
adrenaline  (norepinephrine), and adrenaline
(epinephrine), all of which are derivatives of
3,4-dihydroxyphenylethylamine. CAs are syn-
thesized from L-tyrosine by the following path-
way: L-tyrosine — L-3,4-dihydroxyphenylalanine
(L-DOPA)
adrenaline (Fig.1). Some CAs are neurotrans-
mitters in the central and peripheral nervous
systems and also function as hormones of the
adrenal medulla in the endocrine system (Fig.2).
Historically, around 1900, Abel, Takamine, and

ie., nor-
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Aldrich established the nature of an active CA
compound in the adrenal medulla. Abel named
this substance EPINEPHRINE, whereas Takamine
named it ADRENALIN. Later, ADRENALINE
became a systematic name. In 1946, Euler dis-
covered another CA as a neurotransmitter lacking
the N-methyl group of adrenaline/epinephrine in
the peripheral sympathetic nerves and named it
NORADRENALINE (NOR = Stickstoff-N-Ohne
Radikal), which is also called NOREPINEPHRINE.
Later noradrenaline and adrenaline were also found
to be neurotransmitters in the brain. In 1958 Carls-
son discovered DOPAMINE (3-hydroxytyramine) as
yet another CA neurotransmitter in the brain.

The three CAs, i.e., dopamine, noradrenaline,
and adrenaline, are similar in their structures. How-
ever, their distributions in the central and periph-
eral nervous systems and in the endocrine system
(Fig.2) as well as their functions in the brain and
peripheral tissues are quite different and versatile.
In the brain the cell bodies of CA-producing neu-
rons are localized mainly in the brain stem; and their
axons are widely distributed in all brain regions in-
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Fig. 1. A Synthesis and metabolism of catecholamines (dopamine, noradrenaline, and adrenaline) and the related enzymes.

A, adrenaline (E, epinephrine); AADC, aromatic L-amino acid decarboxylase; AO, aldehyde oxidase; AR, aldehyde
reductase; CA, catecholamine; COMT, catechol O-methyltransferase; DA, dopamine; DBH, dopamine [-monooxygenase
(dopamine p-hydroxylase); DOMA, 3,4-dihydroxymandelic acid; DOPA, 3,4-dihydroxyphenylalanine; DOPAC, 3,4-
dihydroxyphenylacetic acid; DOPAL, 3,4-dihydroxyphenylacetaldehyde; DOPE, 3,4-dihydroxyphenylethanol; DOPEGAL,
3,4-dihydroxyphenylethyleneglycolaldehyde; HVA, homovanillic acid; MAO, monoamine oxidase; MN, metanephrine;
MOPAL, 3-methoxy-4-hydroxyphenylacetaldehyde; MOPE, 3-methoxy-4-hydroxyphenylethanol; MOPEG/MHPG,
3-methoxy-4-hydroxyphenylethyleneglycol; MOPEGAL, 3-methoxy-4-hydroxyphenylethyleneglycolaldehyde; 3MT,
3-methoxytyramine; NA, noradrenaline (NE, norepinephrine); NMN, normetanephrine; PNMT, noradrenaline
(phenylethanolamine) N-methyltransferase; TH, tyrosine 3-monooxygenase (tyrosine hydroxylase); VMA, vanillylman-

delic acid.

B Catecholamine-synthesizing enzymes in dopamine, noradrenaline, and adrenaline cells.

cluding the cerebral cortex and cerebellum, as elu-
cidated by histochemical studies done in Sweden.V
Noradrenaline neurons (cell bodies) in the medulla
oblongata and pons are termed Al to A7 neurons;
dopamine neurons in the midbrain, hypothalamus,
and olfactory bulb, A8 to A16 neurons; dopamine
neurons in the retina, A17 neurons; and adrenaline
neurons in the medulla oblongata located near to
noradrenaline A1~A3 neurons, C1 to C3 neurons.

(Serotonin neurons are termed B1 to B9 neurons.)
CA research has advanced simultaneously in the
following three fields, interacting with each other:
new biochemical and molecular-biological technol-
ogy; basic science on the structures of the genes
and proteins of the enzymes, receptors, transporters
in the plasma membrane or synaptic vesicles, the
signal transducers, and animal and human molec-
ular genetics; and clinical medicine of CAs in health
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Fig. 2. Schematic representation of the distribution of cat-
echolamine systems in the brain, periphery, and adrenal
medulla.

and disease in the area of the molecular patho-
genesis of stress reactions, cardiovascular diseases,
hypertension, Parkinson’s disease (PD), depression,
and schizophrenia. As a typical example, the clin-
ical medicine of PD has made remarkable progress
since the 1960’s, after the discovery of dopamine de-
ficiencies in the nigro-striatal dopamine (A9) neu-
rons in post-mortem brains. This progress may
be measured in terms of diagnosis by molecular
imaging, i.e., positron emission tomography (PET)
and single photon emission computed tomography
(SPECT), therapies using new drugs such as L-
DOPA, dopamine agonists, and monoamine oxidase
(MAO)-B inhibitors for dopamine supplementation
and possible protection of neurons, and clinical tri-
als of transplantation and gene therapies. Thus CAs
are said to be the molecules bridging basic science to
clinical medicine.

In this review, I focus on the development of
advances in the biochemistry and molecular biol-
ogy of CAs mainly in humans in health and disease,
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especially in relation to CA biosynthesis regulated
by tyrosine 3-monooxygenase (tyrosine hydroxylase,
TH), a pteridine-dependent monooxygenase. The
molecular mechanisms of DOPA-responsive or -non-
responsive dystonia and PD caused by dysfunction
of the dopamine system are also described.

2. Biosynthesis and metabolism of cate-
cholamines (CAs). The pathway of the biosyn-
thesis of CAs from tyrosine by the related CA-
synthesizing enzymes was established by the 1960’s
(for reviews, see refs. 2)-5)). L-3,4-Dihydroxy-
phenylalanine (DOPA) decarboxylase (DDC), which
catalyzes the second step of CA-biosynthesis from ty-
rosine, decarboxylating L-DOPA to dopamine, was
the first enzyme discovered by Holz among the
CA-synthesizing enzymes, and the following biosyn-
thetic pathway of CAs was proposed by Blaschko
in 1939: tyrosine — DOPA — dopamine — nor-
adrenaline — adrenaline. This hypothetical path-
way was later confirmed in the 1950’s by isotope
experiments conducted by Udenfriend et al. The
DDC enzyme was later isolated, and characterized,
and designated as aromatic L-amino acid decar-
boxylase (AADC) by Lovenberg et al., because it
had both L-DOPA decarboxylase activity to produce
dopamine in CA cells and L-5-hydroxytryptophan
decarboxylase activity to produce serotonin (5-
hydroxytryptamine, 5-HT) in serotonin cells. Sero-
tonin, which is synthesized from tryptophan by tryp-
tophan 5-monooxygenase (tryptophan hydroxylase,
TPH)? and AADC, is another slow-acting neu-
rotransmitter in the brain, a local hormone pro-
duced by enterochromaffin cells and mast cells in
peripheral tissues, and also the precursor of mela-
tonin (N-acetyl-5-methoxytryptamine), which is the
pineal hormone produced in the pineal gland. Thus
AADC is a common enzyme active in both the CA
system and the serotonin system. We confirmed hu-
man L-DOPA decarboxylase and L-tryptophan de-
carboxylase to be the same enzyme, i.e., AADC, by
c¢DNA cloning of human AADC.'»:1) The enzyme
at the fourth step of the biosynthesis of adrenaline
from tyrosine, noradrenaline (phenylethanolamine)
N-methyltransferase (PNMT), catalyzes the N-
methylation of noradrenaline to adrenaline by us-
ing S-adenosyl-L-methionine as the methyl donor.
This enzyme was characterized by Axelrod.'» We
identified this enzyme in the human brain,'® prov-
ing the presence of adrenaline neurons in the hu-
man brain. Dopamine S-monooxygenase (dopamine
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[-hydroxylase, DBH), which catalyzes the third step
of CA biosynthesis from dopamine to noradrenaline,
was isolated as a Cu-containing and ascorbate-
dependent monooxygenase by Levin et al.*®

The last enzyme to be discovered was tyro-
sine 3-monooxygenase (tyrosine hydroxylase, TH), a
new pteridine-dependent monooxygenase that con-
verts L-tyrosine to L-DOPA as the first and regula-
tory step of CA biosynthesis. It was discovered by
Nagatsu et al.'® The natural form of the pteridine
cofactor of pteridine-dependent monooxygenases is
(6R)-L-erythro-5,6,7,8-tetrahydrobiopterin (tetrahy-
drobiopterin, BH4), as described below. This re-
duced biopterin was discovered by Kaufman'® as the
cofactor of phenylalanine 4-monooxygenase (phenyl-
alanine hydroxylase, PAH), which converts phenyl-
alanine to tyrosine in the liver, an essential step for
complete degradation of phenylalanine, and causes
hyperphenylalaninemia and phenylketonuria in its
mutated form. BH4 is synthesized de novo in
the CA-producing cells from guanosine triphosphate
(GTP) by the following pathway (Fig.3): GTP —
D-erythro-6, 7-dihydroneopterin triphosphate — 6-
pyruvoyltetrahydropterin — BH4. Three enzymes
are required for the biosynthesis of BH4: GTP cyclo-
hydrolase I (GCH1), pyruvoyltetrahydropterin syn-
thase (PTPS), and sepiapterin reductase (SPR).'"
GCHL1 is the regulatory enzyme for the biosynthe-
sis of BH4. As described below, in the hydrox-
ylation reaction catalyzed by pteridine-dependent
monooxygenases such as in the hydroxylation of L-
tyrosine to L-DOPA by TH, BH4 is oxidized to 4-a-
carbinolamine tetrahydropterin, which is then con-
verted to quinonoid L-erythro-7,8-dihydrobiopterin
(qBH2) by pterin-4-a-carbinolamine dehydratase.
qBH2 is reduced back to BH4 by dihydropteridine
reductase (DPR). We found that DPR coupled with
TH is NADH-dependent.'® BH4 or qBH2 is easily
non-enzymatically oxidized to 7,8-dihydrobiopterin
(BH2), which is reduced back to BH4 by dihydro-
folate reductase (a salvage pathway). As the reduc-
tion by DPR of oxidized gBH2 produced by TH re-
action is not complete, BH4 in CA-producing cells
is constantly supplied by its de movo biosynthesis
from GTP. BH4 is an essential cofactor regulat-
ing the activity of TH, which in turn regulates the
biosynthesis of CAs. BH4 also regulates the stabil-
ity of the TH protein.'® Thus CA biosynthesis is
regulated by TH activity and the content of BH4.
The stereochemical structure of BH4, the cofactor
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of pteridine-dependent monooxygenase was deter-
mined to be (6R)-L-erythro-tetrahydrobiopterin by
Matsuura, Sugimoto et al. in 1985.29

All CA-synthesizing enzymes except DBH are
soluble and present in the cytoplasm in CA-
producing cells, and only DBH is membrane-bound
and localized in the synaptic vesicles. These en-
zymes are synthesized in the cell bodies of neurons
and transported in axons by axonal flow to the nerve
terminals.

CAs are inactivated by MAO and catechol
O-methyltransferase (COMT), i.e., by oxidative
deamination and O-methylation (Fig.1). In hu-
mans phenolsulfotransferase forms inactive CA sul-
fates, which can be converted back to active
CAs by sulfatase. Two isoforms, MAO-A and
MAO-B, encoded by different genes, have been
found to have different physiological and patho-
logical functions such as in PD. The enzymatic
O-methylation of CAs by COMT was discovered
by Axelrod in 1957. Both MAO and COMT
act on dopamine, noradrenaline, or adrenaline in
turn to produce various metabolites, as shown in
Fig.1. The main final metabolites of dopamine are
3,4-dihydroxyphenylacetic acid (DOPAC) and ho-
movanillic acid (HVA); and those of noradrenaline
and adrenaline are identical due to loss of the
amino group by oxidative deamination by MAO; i.e.,
3-methoxy-4-hydroxyphenylethyleneglycol (MHPG/
MOPEG) and vanillylmandelic acid (VMA).?»

In CA neurons, dopamine, noradrenaline, or
adrenaline is synthesized not only in the cell body,
where the neurotransmitter is stored in synaptic vesi-
cles and transported with CA-synthesizing enzymes
through the axon to the nerve terminals by axonal
flow, but also in the nerve terminals, where the
neurotransmitter is locally synthesized and stored
in synaptic vesicles. CA molecules that are newly
synthesized locally at the pre-synaptic nerve termi-
nals are preferentially released by exocytosis from
synaptic vesicles into the synapse as neurotransmit-
ters, diffuse across the synaptic cleft, and react with
CA receptors (dopamine D1-D5 receptors, adrener-
gic a-1,2 or 3-1,2,3 receptors) at the plasma mem-
brane of post-synaptic cells to transmit chemical in-
formation; and then they are mainly re-taken up
back into cytoplasm of pre-synaptic CA nerve termi-
nals by CA transporters (dopamine or noradrenaline
transporters, DAT or NAT) located in the plasma
membrane and then into synaptic vesicles by vesicu-
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. Enzymes related to the biosynthetic pathway of catecholamines from tyrosine regulated by tyrosine 3-monooxygenase
(tyrosine hydroxylase, TH) and those of the pteridine cofactor [(6R)-L-erythro-5,6,7,8-tetrahydrobiopterin (BH4)] from

guanosine triphosphate (GTP): tyrosine 3-monooxygenase (tyrosine hydroxylase, TH), aromatic L-amino acid decar-
boxylase (AADC), dopamine (S-monooxygenase (dopamine (-hydroxylase, DBH), noradrenaline (phenylethanolamine) N-
methyltransferase (PNMT); GTP cyclohydrolase I (GCH1), pyruvoyltetrahydropterin synthase (PTPS), sepiapterin reductase

(SPR), 4a-carbinolamine tetrahydropterin dehydratase, dihydropteridine reductase (DPR).
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lar monoamine transporter (VMAT). This re-uptake
phenomenon of CAs was first discovered by Axel-
rod et al. in 1959, and since then the re-uptake of
neurotransmitters has been recognized as a general
principle for termination of neurotransmission in the
synapse. DBH in peripheral or central noradrenaline
or adrenaline neurons is localized in the synaptic
vesicles, is released into the synaptic cleft together
with CAs, and appears in blood or cerebrospinal
fluid.?» CA molecules released at synapse also act
on CA receptors located in the pre-synaptic nerve
terminal (pre-synaptic receptor, also called auto-
receptor), and inhibit both CA biosynthesis by TH
and CA release by exocytosis. CA neurons have ex-
trasynaptic varicosities along their axonal terminals,
where extrasynaptic axonal and somatodendritic re-
lease occurs in the absence of postsynaptic cells.
Such CA molecules released from these varicosities
act by diffusion on CA receptors of surrounding neu-
rons or glial cells that have CA receptors (paracrine
function or volume transmission). CAs that are re-
leased but not taken-up into the presynaptic neu-
rons by CA transporters are metabolized by MAO
and COMT in turn. CAs produced in the periphery
and released into blood cannot get into the brain due
to the blood-brain barrier. CAs and their metabo-
lites in the brain are transferred into cerebrospinal
fluid and then their metabolites into blood, and those
from the CA-producing cells in the periphery pass
directly into blood. In humans they are mostly con-
jugated to sulfates by sulphotransferase and are ex-
creted from blood into urine by the kidney.»

3. Genes for human and mouse catech-
olamine-synthesizing enzymes. We aimed at
elucidating the physiological and pathological func-
tions of CAs by using genetically engineered mice
and in patients with CA dysfunction, based on the
structures of the genes and deduced proteins of CA-
synthesizing enzymes. Therefore, we cloned the
genes of humans and mice for the enzymes related
to the biosynthesis of CAs and the BH4 cofactor of
TH. A summary of the structures of these genes
and CA- and BH4-synthesizing enzymes in humans
are shown in Table I. (see reviews 3), 22)) Multi-
ple mRNAs are produced in humans by alternative
mRNA processing from a single gene in the case of
TH, AADC, DBH, and PNMT. However, except for
the human TH gene, which produces 4 isoform pro-
teins, the other enzymes are composed of a single
protein.
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3.1.  Tyrosine 3-monoozygenase (TH): the hu-
man gene, human multiple isoforms, and regula-
tion. In early 1964, among the four enzymes in-
volved in CA biosynthesis, only the enzyme respon-
sible for converting tyrosine to DOPA still remained
elusive. Then in that year we discovered a pteridine-
dependent monooxygenase as this elusive enzyme.
15),23) Until the discovery of TH in 1964, there were
three hypotheses for the conversion of tyrosine to
DOPA in CA-producing cells: a non-enzymatic re-
action; monophenol monooxygenase (tyrosinase) as
the possible enzyme; or the presence of an unknown
enzyme. Tyrosine can be easily converted to DOPA
non-enzymatically in vitro, but not in vivo; and ty-
rosinase produces DOPA via dopaquinone and leu-
codopachrome from tyrosine in melanin-producing
melanocytes,?¥ but not in CA-producing cells. As-
suming that an unknown enzyme to convert tyro-
sine to DOPA may exist in CA-containing tissues,
at the NIH we started to work to discover such en-
zyme. We first developed a highly sensitive isotopic
assay to detect the assumed enzyme activity; L-[14C]
tyrosine with high specific radioactivity was used
as a substrate, and L-[1*C] DOPA, if enzymatically
formed, was isolated on an alumina column and as-
sayed by the use of a liquid scintillation counter. We
started our initial work to discover the enzyme in
tissue slices and minces of the rat brain stem, where
the dopamine content is high and the tissue should
contain the enzyme and all of the necessary cofac-
tors. We found the absolute stereo-specificity of this
enzyme, which permitted the use of D-[*C] tyro-
sine as a control, and we became convinced that
we were really detecting a new enzyme. We found
that the bovine adrenal medulla contained a large
amount of the enzyme in a soluble fraction, and de-
veloped a new and rapid assay for the activity by us-
ing L-[3,4-3H] tyrosine as substrate to determine the
amount of >H released in the hydroxylation reaction
at the 3-position.?» Thus we could partially purify
the enzyme. After testing many probable cofactor
substances, the preparations were shown to require
a tetrahydropteridine and molecular oxygen for the
enzyme activity. Thus the systematic name of the
enzyme is tyrosine 3-monooxygenase. Ferrous iron
was also found to be another essential cofactor.*®
This enzyme was later found by Levitt et al. to be
rate-limiting in vivo in the biosynthesis of CAs.

TH has been shown to be regulated by com-
plex mechanisms (see reviews 26)-28)). The enzyme
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Table I.  Genes and proteins of catecholamine- and tetrahydrobiopterin-synthesizing enzymes

A) Human Catecholamine-Synthesizing Enzymes*)

Gene mRNA Protein
Enzyme Alt ti
(EC nli/mber) Coding Ir(f;{li\?AlVe Mr/ Amino acid Subunit
Chromosome Exons Species region . subunit  residues/  number
processing -
(bases) subunit
Tyrosine 3-monooxygenase 11p15.5 14 type 1 1491 Alternative 55533 497 4
(Tyrosine hydroxylase) mRNA
(TH) type 2 1503 plicing 55973 501 4
type 3 1572 58080 524 4
(1. 14. 16. 2) type 4 1584 58521 528 4
Aromatic L-amino acid 7pl2.1-pl2.2 16 type N 1440 Alternative 53891 480 2
decarboxylase tvpe L promoter
(Dopa decarboxylase) P
(AADC)
(4. 1. 1. 28)
Dopamine S-monooxygenase 9q34 12 type A 1809 Alternative 64862 578 4
(Dopamine g-hydroxylase) polyadenylation o)
(DBH) type B (603)
(1. 14. 17. 1)
Noradrenaline 17q21-q22 3 type A 846 Alternative 30853 282 1
N-methyltransferase tvpe B promoter
(Phenylethanolamine yp
N-methyltransferase)
(PNMT)
(2. 1. 1. 28)
*) Reference, Review 3).
**) The number in parentheses for the amino acid residues of DBH includes the signal sequences.
B) Human Tetrahydrobiopterin-Synthesizing Enzymes*)
Gene Protein
Enzyme ) A . S
EC number a mino acl ubunit
( ) Chromosome  Exons /subunit residues/subunit number
Guanosine triphosphate (GTP) cyclohydrolase I (GCH1) 14¢q22.1-q22.2 6 30 250 10
(3. 5. 4. 16)
Pyruvoyl-tetrahydropterin synthase (PTPS) 11922.3—q23.3 6 17 145 6
(4. 6. 1. 10)
Sepiapterin reductase (SPR) 2q13 3 28 261 2
(1. 1. 1. 153)
Pterin-4 a-carbinolamine dehydratase (PCBD) 10g22 4 11 103 2
(4. 2. 1. 96)
Dihydropteridine reductase (DPR) 4q15.3 7 25 244 2
(1. 6. 99. 7)

*) References, Review 22).
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is inhibited by dopamine and various catechol com-
pounds, and so we proposed feedback inhibition as
the mechanism for the short-term regulation of CA
biosynthesis.'® Dopamine not only acutely inhibits
TH activity competitively with a pteridine cofactor,
but also inactivates the enzyme activity by bind-
ing to the protein.?® Among various catechol- and
tyrosine-derivative inhibitors, L-a-methyl-p-tyrosine
is the most potent competitive inhibitor toward the
substrate L-tyrosine?®; and it has been widely used
to inhibit the enzyme in vivo in experimental ani-
mals. Several natural inhibitors of TH were found
to be produced by microorganisms in the search for
microbial enzyme inhibitors by Umezawa et al.; and
oudenone was one of them.*® It inhibits the enzyme
competitively with respect to the pteridine cofactor.

TH is regulated in the short term not only by
feed-back inhibition but also by phosphorylation and
dephosphorylation by a complex mechanism, as de-
scribed below in more detail. It is phosphorylated at
Ser8, Serl9, Ser31 and Ser40. Activation of TH by
phosphorylation of the enzyme is mainly catalyzed
by protein kinase A, Ca?*/calmodulin-dependent
protein kinase II (Ca/CaMPK II), and protein ki-
nase C.2?7:2® These protein kinases activate TH by
phosphorylation in the short term, and also increase
production of the protein in the long term. Medium-
to long-term regulation of the enzyme activity oc-
curs at various phases of gene expression, such as
transcription, alternative RNA processing, RNA sta-
bility, and translation. The enzyme activity can also
be regulated at the level of protein stability, which is
increased by an increase in the intracellular concen-
tration of BH4.*®

Under stress this enzyme protein is increased
by induction. The first indication of the induction
of TH was found by the increased turn over of nor-
adrenaline and the increased maximum velocity of
this enzyme in the sympathetic nerves in the heart
of sino-aortic denervated rabbits.? Induction of TH
was also confirmed after chemical sympathectomy as
a compensatory mechanism of noradrenaline deple-
tion.??» TH is induced under chronic stress together
with DBH and PNMT.

Purification of TH was difficult, but was finally
achieved in early 1980’s from various tissues, e.g.,
bovine adrenal medulla,*® rat adrenals,*® and hu-
man brain and adrenals.?®

The primary structure of the enzyme from var-
ious species including humans was determined by
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cloning of ¢cDNA after the 1980’s (see reviews 3),
36), 37)). TH from various mammalian species is
a 240-kDa homotetramer composed of four identi-
cal 60-kDa subunits. Each subunit has a C-terminal
catalytic domain that binds the substrates tyro-
sine and molecular oxygen and the tetrahydropteri-
dine cofactor with ferrous iron, and an N-terminal
regulatory domain containing phosphorylated ser-
ine residues (Fig.4). TH from non-primate animals
such as mice®® is a single protein. Only human TH
has four isoform typesl-4 (hTH1, hTH2, hTH3, and
hTH4), due to alternative mRNA splicing.?»4» By
comparison of the genomic DNA sequences of var-
ious primates, we found that non-human primates
such as Macaca irus and Macaca fuscata (Japanese
monkeys),*» gibbon, orangutan, gorilla, and chim-
panzee*® produce only two of the TH isoforms, cor-
responding to human TH types 1 and 2 (hTH1 and
hTH2). In contrast to humans, monkeys, like non-
primate mammals, lack exon 2 in humans, but they
have two isoforms corresponding to h'TH1 and hTH2
by alternative mRNA splicing of exon 1. The ex-
pression of human TH types 1-4 and monkey TH
types 1 and 2 was proved immunohistochemically by
Haycock.*»

Crystallization of TH protein has been diffi-
cult. Goodwill et al*® succeeded by removing the
N-terminal regulatory domain: the crystal structure
of the C-terminal catalytic and tetramerization do-
mains of rat TH in the presence of the cofactor ana-
logue 7,8-dihydrobiopterin and iron showed the mode
of the pteridine cofactor binding and the proximity
of its hydroxylated 4a carbon of the pteridine ring to
the required iron.

The human TH gene*® is composed of 14 exons
interrupted by 13 introns, spanning approximately
8.5kb; whereas the genes of the enzyme of non-
human primates and non-primate mammals lack
exon 2, and consist of 13 exons. The 12-bp insertion
sequence is derived from the 3’-terminal portion of
exon 1 and the 81-bp insertion sequence is encoded
by exon 2, which is specific in the human gene.
The N-terminal region is encoded by the 5’-portion
of exon 1, and the remaining region from exon
3 to exon 14 is common to all four kinds of TH
mRNA. Thus, these four mRNAs differ by the
presence of 12 (hTH2), 81 (hTH3), or 93 (12 plus
81, hTH4) additional nucleotides between nucleotide
90 and 91 of hTH1 (Fig.4).»:3»7*» Dumas et al.*?
further reported three more isoforms of human



396 T. NAGATSU [Vol. 82,
A. B.
1 2 3 456 7 8910 1112 13
e — 1 H-Dﬂﬂq—ﬂ-]—ij— ; o
1 2 456[? 8 910 1112 13
i (IR el le
=
Type 1 LTI = an ol ‘
-4
E *
e LI = an § I
|
wees [ [TTIIIITIT - an 0
cCPS cCPS CPS cCPS CPS
hTH Type 1 Type 2 Type 3 Typed Total TH
b o | | [ | | || | | | }_ An C: Controls P : Parkinson's disease §: Schizophrenia
19 3140
30 1(|JO 2?0 390 490 497 aa
type 1 |
SMS S
|
type 2 | VRGQ 1 501aa
type 3 GAPGPSLTGSPWPGTAAPAASYTPTPR 524 aa
VRGQGAPGPSLTGSPWPGTAAPAASYTPTPR
type 4 528 aa

Fig. 4. A Structures of the human tyrosine 3-monooxygenase (tyrosine hydroxylase, TH) genes, indicating the alternative

splicing pathway producing the four types of human tyrosine 3-monooxygenase (h"TH1-hTH4) mRNAs from a single gene.
The 3’-terminal portion of exon 1, which corresponds to the 12-bp insertion sequence, is indicated by a filled box. The
hatched box shows exon 2 that encodes the 81-bp insertion sequence. Schematic diagram of the protein structure and the
main phosphorylation sites (Ser19, Ser31, and Ser40) of hTH1 is shown below. The open area shows the regulatory N-terminal
domain. The dotted area shows the catalytic C-terminal domain. Ser19, Ser31, and Ser40 are the main phosphorylation sites
activating the enzyme. The insertion sequences of 4, 27, and 31 amino acid residues correspond to hTH2, hTH3 and hTH4.
From Kaneda et al.*® and Kobayashi et al.*?

B mRNA contents of the four types of human tyrosine 3-monooxygenase (tyrosine hydroxylase, TH) in the striatum of the
brain from controls (C), patients with Parkinson’s disease (P), and patients with schizophrenia (S). * Significantly different
from controls. From Ichinose et al.*'®

TH produced by skipping of exon 3; and they is activated by phosphorylation of mainly Serl19,

found higher levels of these isoforms in the adrenal
medulla of patients with progressive supranuclear
palsy (PSP). We also looked for these new isoforms
in the brain, but could not detect them in the
brain of controls or patients with PSP. Instead we
found a new splicing variant in the human adrenal
medulla of a normal control; the mRNA lacked
exon 4, resulting in a premature stop codon at
amino acid 147.® Although hTH1-hTH4 are the
major isoforms of human TH, yet more isoforms of
mRNA may exist in humans. As mentioned above
(shown in the schematic diagram of Fig.4), TH

Ser31, and Ser40) among the 4 Ser residues in the
N-terminal regulatory domain, and deactivated by
dephosphorylation via protein phosphatase (type
2A). Ser40 is mainly phosphorylated by protein
kinase A, and Serl9 mainly by Ca/CaMPK II.
We found that Ca/CaMPK II may phosphorylate
and activate TH of PC 12h cells when they are
depolarized by high K+, because a selective inhibitor
of Ca/CaMPK II, KN-62 (1-[N,O-bis(5-isoquinolin-
sulfonyl)-N-methyl-L-tyrosyl]-4-phenylpiperazine) in-
hibits this TH phosphorylation and reduces
dopamine synthesis.*® Itagaki et al.’® found that
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the chaperon 14-3-3 protein binds and activates TH
at Ser19 phosphorylated by Ca/CaMPK II, indicat-
ing depolarization-evoked activation of TH in wvivo;
these results agree with the fact that Ca/CaMPK
II mediates phosphorylation of TH by hormonal
and electrical stimuli, which leads to elevation of
Ca?t levels. Lehmann et al.® proposed human TH
isoforms (hTH1-hTH4) to be differentially regulated
via hierarchical phosphorylation. They reported
that phosphorylation of the human enzyme type 1
(hTH1) at Ser31 by extracellular signal-regulated
protein kinase (ERK; hTH2 was not phosphorylated
by ERK) produced a 9-fold increase in the rate of
phosphorylation of Ser40, whereas it had little effect
on that rate in the TH types 3 and 4 (hTH3, h'TH4).
Phosphorylation of the Ser19 of hTH2 increased the
phosphorylation of Ser40 more strongly than did
that of the same Ser of hTH1. Thus, hTH1 might
be regulated by an ERK pathway; and, hTH2, by
a Ca/CaMPK II pathway. Ota with Nakashima et
al.5»:5® prepared various deletion mutants of the
regulatory N-terminus domain of human TH type
1 (hTH1) and found that deletion of N-terminus of
the enzyme enhances the stability of the enzyme.
As described above, TH is regulated in the
long term under stress by enzyme induction at the
transcriptional level. Transcription of the gene is
regulated by several transcription factors such as
cAMP-response element binding protein (CREB),
AP1, Egrll, AP2, dyad, SP1, ATF-2, hypoxia-
inducible transcription factor, and Nurrl (see re-
view 26)). The expression of TH in cultured cells
and tissues producing CAs is regulated by var-
ious first messengers: e.g., dopamine, dopamine
agonists and antagonists, nicotine, vasoactive in-
testinal polypeptide (VIP), secretin, angiotensin
II, bradykinin, neurotensin, hypoxia-inducible pro-
tein, nerve growth factor (NGF), brain-derived neu-
rotrophic factor (BDNF), glial cell line-derived neu-
rotrophic factor (GDNF), basic fibroblast growth
factor (bFGF), ciliary neurotrophic factor (CNTF),
insulin-like growth factor-I (IGF-I), and retinoic acid
receptor. V-1/myotrophin containing cdc10/SWI6
motifs is unique since it induces not only TH,
but also the pteridine cofactor-synthesizing enzyme,
GCH1, in PC12 cells.®® Insulin-like growth factor-I
(IGF-I) also induces not only TH, but also DBH and
PNMT in bovine adrenomedullary chromaffin cells.
These various messengers may coordinate TH induc-
tion with the induction of other CA-synthesizing en-
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zymes under stress conditions.

8.2.  Human aromatic L-amino acid decarboxy-
lase (AADC) gene: Tissue-specific alternative splic-
ing generates meuronal and mon-neuronal types of
mRNA in human AADC, but produces a single en-
zyme protein. AADC is the only one enzyme among
the CA-synthesizing enzymes that is expressed in
both neuronal CA cells and serotonin cells in the
brain, and also in non-neuronal cells in the periph-
ery such as those in the liver and kidney. Thus this
enzyme relates to the biosynthesis of two important
slow-acting neurotransmitters, i.e., CAs and sero-
tonin, both of which play important roles in emo-
tion, memory, and other higher brain functions in
human behaviour. AADC requires pyridoxal phos-
phate as a cofactor. The enzyme is a homodimer
composed of two identical 50-kDa subunits (Table I).
We cloned ¢cDNA'® of the human AADC and the
genomic DNA ®® and assigned the gene to chromo-
some 7pl2.1-p.12.3.5» The human gene, being ap-
proximately 100kb in size and composed of 16 ex-
ons, is expressed in both CA and serotonin neurons
as well as in non-neuronal tissues such as the liver.
We (Ichinose et al.) found that an alternative us-
age of the non-neuronal (L1) and neuronal (N1) first
exons in the 5’-untranslated regions of the human
gene produces neuronal (CA and serotonin type) and
non-neuronal (liver type) mRNAs encoding the same
single protein.?®: 57

Furthermore, some neurons called D neurons in
the brain express AADC only without expression of
TH. The substrate of the enzyme in vivo and physio-
logical and pathological functions of these D neurons
are not clear, but they are distributed mainly near
the ventricular system in the brain.’® ¢ Nagatsu,
I. et al.%® found that the nerve terminals of some
D-neurons face the cerebral ventricle between the
ependymal cells, suggesting that some monoamine
neurotransmitter synthesized in the D-neurons may
be released directly into cerebrospinal fluid. They
also reported that, although D-neurons should syn-
thesize some monoamine including dopamine or sero-
tonin from various aromatic L-amino acids as the
substrate, neither dopamine nor serotonin was iden-
tified in the D-neurons in the mouse and rat spinal
cord by immunohitochemistry using dopamine- or
serotonin-specific antibody. Thus, the physiological
significance of dopamine-neurons remains to be de-
termined by further investigation. A possible candi-
date of the neurotransmitter might be a trace amine
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in the brain such as tyramine or octopamine.

3.3. Human  dopamine  [B-monooxygenase
(DBH) gene: Alternative polyadenylation of human
DBH gene produces two mRNAs, but the gene en-
codes a single glycoprotein with high concentrations
i human blood. DBH is a copper-containing,
ascorbate-requiring monooxygenase that catalyzes
the hydroxylation of a phenylethylamine (mainly
dopamine in wvivo) at the (-C of the side chain
for a phenylethanolamine (i.e., noradrenaline from
dopamine), using molecular oxygen and ascorbic
acid as an electron donor.'®-% Human DBH is a
290-kDa homotetramer consisting of four subunits
of Mr 64862 with 578 amino acids (603 amino
acids including the signal peptide) and containing
2 atoms of Cu per subunit (Table I). DBH is a
glycoprotein, as it contains carbohydrate side chains
that may influence the stability of the enzyme.
DBH is specifically localized in noradrenaline and
adrenaline neurons (A1-A7 neurons and C1-C3
neurons) of the brain as well as in noradrenaline
neurons of the peripheral sympathetic nerves and
in adrenaline and noradrenaline cells of the adrenal
medulla. Therefore, this monooxygenase is a marker
of noradrenaline and adrenaline cells. Also DBH
is the only CA-synthesizing enzyme localized in
synaptic vesicles in noradrenaline and adrenaline
neurons and in chromaffin granules containing
adrenaline or noradrenaline in the adrenal medulla.
About 50% of the activity is tightly bound to the
vesicular membranes, and the rest of the activity
can be easily released by hypotonic treatment of the
vesicles. The soluble form of the enzyme is secreted
into cerebrospinal fluid in the brain and into blood
in the periphery together with noradrenaline or
adrenaline as neurotransmitter or hormone.?V: 6263
Interestingly only humans among primate and non-
primate mammals have high DBH activity in their
blood.6»:%3); rats have very low activity.®® This may
be due to a standing position of humans requiring
high sympathetic nerve activity. In the blood or
crude extracts of tissues, the activity is inhibited
by the endogenous inhibitors that is sulfhydryl
compounds like glutathione and cysteine;*® but
for the assay of the activity the inhibition can
be removed by N-ethylmaleimide or Cu, either of
which binds with sulfhydryl groups.6®-%% Among
natural inhibitors, Hidaka et al.5® discovered fusaric
acid (5-butylpicolinic acid) as a specific and potent
inhibitor of DBH, which have hypotensive activity
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We (Kobayashi et al.®”) isolated two different
c¢DNAs (named types A and B based on the dif-
ferences in their 3’-terminal regions) and the ge-
nomic DNA of human DBH. We showed that
the two mRNAs are generated through alternative
polyadenylation from a single gene. Our type A
cDNA was identical to a ¢cDNA encoding human
DBH isolated by Lamouroux et al®® The human
DBH gene spans approximately 23kb and consists
of 12 exons interrupted by 11 introns. Exon 12
encodes the 3’-region of 1013 bp including the 300-
bp sequence in type A. The 3’-untranslated region
may be involved in mRNA stability and transla-
tional efficiency. The ratio of type A to type B
mRNAs in human pheochromocytoma cells is ap-
proximately 1.0 to 0.2. We found possible transcrip-
tion regulatory elements, including TATA, CCAAT,
CAAAA, GC boxes, cyclic AMP response element
(CRE), AP-2 element, and glucocorticoid response
element (GRE), near the transcription initiation
site of the human DBH gene. The cyclic AMP-
mediated regulation of transcription from the DBH
promoter is mediated by the AP1 proteins, i.e., c-
Fos, c¢-Jun, and JunD. Cyclic AMP, diacylglyc-
erol, and Ca?* increase the transcription of both
TH and DBH and lead to increased CA biosynthe-
sis. We (Ishiguro et al.*?) identified and character-
ized a novel phorbol ester-response DNA sequence
in the 5-flanking region of the human DBH gene.
The data suggest that transcriptional up-regulation
of the human DBH gene in response to TPA (12-O-
tetradecanoylphorbol-13-acetate) requires coordina-
tion among this novel TPA-response element (TRE),
cyclic AMP-response element (CRE), and the YY1
binding site. We also cloned mouse DBH ¢DNA and
the genomic DNA.™ The mouse DBH gene was com-
posed of 12 exons about 17kb in length, encoding a
protein of 621 amino acids with Mr 70189. Typi-
cal TATA and CCAAT boxes were observed in the
5’-upstream region of the mouse gene. Northern
blot analysis of adrenal gland detected a single size
species of the mouse DBH mRNA.

The protein content and activity of DBH in hu-
man blood vary widely between individuals and are
remarkably constant in each individual®® ¢ and ge-
netically determined. Although the activity of DBH
in human plasma is specifically high among mam-
mals, a small subgroup of the population has low
activity levels. The activity in blood has been mea-
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sured in various diseases. Linkage and association
studies on human plasma DBH by Cubells et al. with
us™ indicated the structural gene encoding DBH (lo-
cus name, DBH) to be a major quantitative trait
locus for plasma DBH activity, and also to influ-
ence DBH protein levels in cerebrospinal fluid. Za-
betian et al.”® further identified a new polymorphism
(—=1021 C—T) in the 5'-flanking region of the DBH
gene as a major genetic marker for plasma DBH ac-
tivity, which provides a new tool for investigation of
the role of both DBH protein and the DBH gene in
human diseases.

3.4. Human mnoradrenaline (phenylethanol-
amine)  N-methyltransferase ~ (PNMT)  gene.
PNMT is the terminal enzyme in CA biosynthesis,
and catalyzes the methylation of noradrenaline to
adrenaline, using S-adenosyl-L-methionine as the
methyl donor.'®» The enzyme is found in adrenaline
cells of the adrenal medulla where adrenaline is syn-
thesized, stored, and secreted as adrenomedullary
hormone. PNMT is also localized in adrenaline
(C1-C3) neurons in the medulla oblongata, '®
which neurons send their axons to various regions
of the brain such as the hypothalamus, striatum™
and amygdala.  These adrenaline neurons are
supposedly involved in some important neuro-
physiological functions such as cardiovascular and
neuroendocrine regulation of the brain. PNMT is
a 30-kDa monomeric enzyme and requires various
phenylethanolamines including noradrenaline as
substrates to form N-methylphenylethanolamines
such as adrenaline. We (Kaneda et al.™) cloned the
full-length ¢cDNA of the human PNMT and found
it to encode a protein consisting of 282 amino acids
with Mr 30853, and to reside on chromosome 17.
We (Sasaoka et al.”™) also cloned the genomic DNA
of the human enzyme, which consists of 3 exons
and 2 introns and encodes a single protein. We
observed a minor mRNA (named type B), besides
the major mRNA (named type A). The type B
mRNA carries an approximately 700-nucleotide-long
untranslated region in its 5’ terminus, suggesting
that the two types of mRNA are produced from
a single gene through the use of two alternative
promoters. Consensus sequences for glucocorticoid
response element (GRE) and Spl binding sites
are observed in the 5’-flanking region of the gene.
We also cloned the mouse PNMT genomic DNA
and cDNA for application to studies on transgenic

mice. The genomic DNA spanned about 1.8kb,
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and consisted of 3-exons; and the typical TATA,
GC, and CACCC boxes as well as several sequences
homologous to the glucocorticoid response element
(GRE) were located in the 5’-flanking region.™

3.5.  Human genes for biosynthetic enzymes of
tetrahydrobiopterin (BHJ ), the cofactor of tyrosine
3-monoozygenase (TH). BH4 is a cofactor of TH;
and it indirectly regulates the biosynthesis of CAs
by regulating the activity of TH, the rate-limiting
enzyme. As described above, there exist three en-
zymes for the biosynthesis of BH4 and two recy-
cling enzymes during its oxidation in the TH reac-
tion (Fig.3, see reviews 4), 17), 22)). We isolated
and characterized the human genes of GTP cyclohy-
drolase I (GCH1), the first and regulatory enzyme,
and sepiapterin reductase (SPR), the last enzyme,
of BH4 biosynthesis. Human GCHI1 is encoded by
three distinct mRNAs, hGCH-1, -2, and -3; and
hGCH-1 is the most abundant of them in human
liver.”” The full-length ¢cDNA for mouse GCH1™
encodes a protein of 241 amino acid sequence that is
highly homologous to that of the human type 1 en-
zyme. We further characterized human and mouse
GCH1 genes.™ As described below, the mutation of
the human genes causes autosomal dominant GTP
cyclohydrolase I deficiency /DOPA responsive dysto-
nia (DRD)/Segawa’s disease and autosomal recessive
GTP cyclohydrolase I deficiency/atypical phenylke-
tonuria. The human GCHI1 gene is composed of six
exons spanning approximately 30 kb. The structural
heterogeneity of human GCH1 mRNAs is caused by
an alternative usage of the splicing acceptor site at
the sixth exon. We also cloned cDNA%® and genomic
DNAS®Y of the human SPR. The human ¢cDNA en-
coded a protein of 261 amino acids with Mr 28047.
The predicted amino acid sequence of human SPR
showed a 74% identity with the sequence of the com-
pletely purified mature rat enzyme,®? the structure
of which was determined by amino acid sequencing
and began with an N-acetyl methionyl residue at its
N-terminus. GCHI1 is distributed in mice in CA neu-
rons in the brain, adrenal medulla, and liver where
BH4 is synthesized.®® SPR was proved by confocal
microscopy to be colocalized with TH in the CA neu-
rons of the human brain.?

4. Elucidation of physiological functions
of catecholamines (CA) in genetically engi-
neered mice. Various physiological and patholog-
ical functions of CAs in wivo have been elucidated
from studies on genetically engineered mice. Pheno-
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Phenotypes of genetically modified mice carrying tyrosine 3-monooxygenase (tyrosine hydroxylase, TH) mutations

Genotype

Enzyme activity

Phenotype

Knockout (homozygous mutation) TH (—/-) mice

Heterozygous mutation TH (+/-) mice

Conditional knockout
in dopamine (DA) neurons

DA (—/-) mice

Complete loss

Reduction to 45%
of control

Abnormal electrocardiography, perina-
tal lethality

Defect in latent learning, defect in con-
ditioned learning (cued fear condition-

Loss in dopamine
neurons

ing, taste aversion), defect in operant
conditioning

Akinesia, cataleptic behaviour, loss of
drug response, defect in operant con-
ditioning, adipsia, aphagia, postnatal
lethality, growth retardation

Reference, Kobayashi and Nagatsu.”

types of genetically modified mice carrying TH mu-
tations are especially valuable as animal models of
human diseases (Table II).

4.1.  Human tyrosine 3-monoozxygenase (TH)
transgenic mice. As described above, mice contain
a single form of TH,*® whereas only humans contain
4 TH isoforms.*® 4? It is an interesting question if
multiple isoforms of human TH can be expressed in
the CA neurons and adrenomedullary cells in trans-
genic mice that have a single enzyme protein and
if the transgenic mice show changes in phenotypes
including their behavioural one. To investigate cis-
elements responsible for CA neuron-specific expres-
sion of the human TH gene, we (Sasaoka et al.®)
produced lines of transgenic mice carrying 5.0-kb,
2.5-kb, and 0.2-kb fragments from the 5-flanking
region of the human TH gene fused to a reporter
gene, chloramphenicol acetyltransferase (CAT). The
results indicated that the 5.0-kb DNA fragment of
the TH gene upstream region contained activity to
express CAT in CA neurons, but lacked some regu-
latory elements attenuating ectopic expression, sug-
gesting that the exon-intron structure and/or 3’-
flanking region may also function in CA neuron-
specific expression. Therefore, we (Kaneda, et al.®®)
produced transgenic mice having the entire human
TH gene. We employed an 11-kb fragment of the hu-
man TH gene consisting of 2.5kb of its 5’-upstream
region containing promoter information, the entire
exon-intron structure, and 0.5kb of the 3’-flanking
region for the production of transgenic mice. The
human transgene was transcribed correctly and ex-
pressed specifically in the brain and adrenal gland.
The results show that the fundamental cellular ma-
chinery necessary for the alternative splicing path-

way producing the multiple isoforms from the hu-
man TH transgene is present and functioning in the
mouse brain and adrenal gland. The level of human
TH mRNA in the brain was about 50-fold higher
than that of endogenous mouse TH mRNA. In situ
hybridization demonstrated a very strong region-
specific expression of the transgene in the substantia
nigra and ventral tegmental area. TH immunoreac-
tivity in these regions was definitely increased, but
only about 5 fold. Thus, a large difference was ob-
served between the amount of TH mRNA and the en-
zyme protein. The enzyme activity and CA levels in
the transgenics were also slightly increased, but not
significantly. The transgenic mice exhibited no sig-
nificant phenotypic abnormalities in blood pressure,
circadian rhythms, or behavioural activity. These
results suggest the existence of some unknown reg-
ulatory mechanisms for human TH gene expression
and for the CA levels in transgenic mice. We (Ikuko
Nagatsu, unpublished results) have noticed that the
transgenic mice tended to live longer than the wild-
type mice, although this must be further confirmed
in a larger number of animals.

4.2.  Tyrosine 3-monooxygenase (TH) gene
knockout mice. When we (Kobayashi et al.®”) dis-
rupted the TH locus in mice, the homozygous mice
died at a late stage of embryonic development or
shortly after birth. Both mRNA and enzyme activ-
ity were lacking with severe depletion of CAs. These
changes, however, did not affect gross morphological
development of the cells that normally express high
CA levels. Analysis of electrocardiograms of surviv-
ing embryos and newborn mutants showed that an
alteration of the sympathetic noradrenaline neurons
and resultant cardiac dysfunction in the homozygous
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mice may lead to the lethality of this mutation. This
agrees with the report by Thomas et al.,®® which
showed that mice lacking DBH by gene targeting
die in utero and that mortality can be rescued with
L-threo-3,4-dihydroxyphenylserine (L-threo-DOPS),
which is directly decarboxylated to noradrenaline
by AADC.*» The transfer of a human TH trans-
gene into the homozygous mice corrected the mu-
tant phenotype, showing recovery of TH activity by
expression of the human enzyme. These results in-
dicate that TH is essential for survival of the ani-
mals during late gestational development and after
birth. Zhou et al.®® also disrupted the TH gene in
mice and proved that CAs are required for mouse
fetal development. They rescued mutant mice in
utero by administering L-DOPA to pregnant females.
Kobayashi et al.?? also found that in the heterozy-
gous TH(+/—) mice with a single mutated allele of
the TH gene, in which the enzyme activity in tis-
sues was reduced to about 40% of the wild-type ac-
tivity, noradrenaline accumulation in brain regions
was moderately decreased to 73-80% of the wild-type
value. The heterozygous mutant mice displayed im-
pairment in the water-finding task associated with
latent learning performance. They also exhibited
mild impairment in long-term memory formation in
three forms of associative learning, including active
avoidance, cued fear conditioning, and conditioned
taste aversion. These deficits were restored by the
drug-induced stimulation of noradrenergic activity.
In contrast, the spatial learning and hippocampal
long-term potentiation were normal in the mutants.
These results indicate that the central noradrenergic
system plays an important role in memory formation,
particularly in the long-term memory of conditioned
learning.

4.8.  Dopamine-deficient Dopamine-
deficient mice (DA~/~ mice) were prepared by Zhou
and Palmiter®> and by us (Nishii et al.®?). We
introduced the human TH gene specifically into nor-
adrenaline and adrenaline cell types of TH knockout
mice by using the DBH gene promoter, because
we previously proved that the 4-kb DNA flanking
region of the human DBH gene promoter can
specifically express the transgenes in noradrenaline-
and adrenaline-producing cells.®® The dopamine
deficient-mice displayed growth retardation begin-
ning from postnatal week 2 and then died until
postnatal week 4. These mice showed a reduction
in spontaneous locomotion, cataleptic behaviour,

mice.
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and blockade of dopamine receptor agonist-induced
motor activation.  They also showed defective
acquisition of operant conditioning including the
active avoidance. All these results indicate that
knockout of TH function in dopamine neurons
impairs motor control, feeding, and operant learning
during postnatal development.

4.4. Genetic alteration of catecholamine speci-
ficity from noradrenaline cell type to adrenaline cell-
type in transgenic mice. We (Kobayashi et al.®9)
aimed at changing the noradrenaline phenotype to
the adrenaline one by producing transgenic mice
carrying a chimeric gene containing human PNMT
cDNA fused to the 4-kb fragment of the human DBH
gene promoter. The additional PNMT expression
specifically in noradrenaline-producing cells in the
adrenal gland, sympathetic ganglia, and brain con-
verted these noradrenaline cells to adrenaline cells,
suggesting that noradrenaline cells normally possess
the basic machinery required for the synthesis of
adrenaline except for PNMT. The conversion of
noradrenaline cells to adrenaline cells was nearly
complete in the adrenal gland, but was partial in
the sympathetic ganglia and brain, resulting in the
mixed production of noradrenaline and adrenaline.
Significant phenotypic changes including those in lo-
comotor activity, blood glucose, and blood pressure
were not observed in these transgenic mice. Inter-
estingly, alteration of CA specificity in the trans-
genic sympathetic neurons led to down-regulation
of (2-adrenergic receptor, suggesting that agonist-
induced regulation of the -adrenergic receptor sub-
types might be one of the mechanisms to control cel-
lular functions in response to CA specificity that oc-
curs in these transgenic mice.®

4.5.  Conditional disruption of catecholamine
(CA) cells by immunotoxin-mediated cell targeting.
In 1995 we (Kobayashi et al.*®) developed, in col-
laboration with Pastan of the NIH, a new trans-
genic approach, termed immunotoxin-mediated cell
targeting (IMCT) for spatially and temporarily spe-
cific abration of neurons in the brain or in the pe-
riphery with the cytotoxic activity of immunotox-
ins. Noradrenaline neurons in the brain®® or sym-
pathetic noradrenaline neurons®” were conditionally
and specifically disrupted by the IMCT method. At
the first step of this IMCT method, such trans-
genic mice were created that expressed the human
interleukin-2 receptor o subunit (IL-2R«) under the
control of the DBH gene promoter. At the sec-
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ond step, for disrupting noradrenaline neurons in
the brain, the animals were treated intracerebroven-
tricularly with a recombinant immunotoxin, anti-
Tac(Fv)-PE40, which selectively kills animal cells
bearing human IL-2Ra. The immunotoxin caused
a characteristic behavioural abnormality only in the
transgenic mice. This abnormality was accompa-
nied by a dramatic loss of DBH-containing neurons
and a significant decrease in DBH activity and nor-
adrenaline levels in various regions of the brain. Like-
wise, peripheral sympathetic noradrenaline neurons
were conditionally disrupted by injecting the recom-
binant immunotoxin intravenously. Targeting of the
peripheral CA cells resulted in severe and progres-
sive phenotypic abnormalities mainly characterized
by cardiac dysfunction, hypoactivity, and hypother-
mia, which may explain the development of auto-
nomic neuropathy in humans. The result on cardiac
dysfunction agrees with the phenotype observed in
TH gene knock-out mice.?”:8 This IMCT method
can be applied to disrupt conditionally any type of
cells by producing transgenic mice with a cell type-
specific gene promoter. Nakanishi’s group success-
fully applied this IMCT method for elucidating the
functions of cerebellar Golgi cells®® and cholinergic
interneurons in basal ganglia.®®

5. Diseases with dysfunction of the cate-
cholamine (CA) system. Dysfunction of the CA
system results in a wide range of diseases such as
neurological, psychiatric, endocrine, cardiovascular
or metabolic diseases, which are caused by genetic
mutations or by stress reactions to environmental
factors.

5.1. Genetic diseases caused by dysfunction
of the tyrosine 3-monooxygenase (TH) system. As
predicted by the phenotype changes of genetically
engineered mice, genetic changes in the TH system
in humans, resulting in CA system abnormalities,
have been found to produce inherited neurological
or psychiatric diseases.

5.1.1.  Autosomal dominant GTP cyclohydro-
lase I (GCHI) deficiency/Autosomal dominant
DOPA responsive dystonia(DRD) /Segawa’s disease.
Dystonia is a movement disorder with a persistent
posture produced by contraction of muscles. In
1971, Segawa described a childhood-onset dystonia,
which is an autosomal dominant inherited disease
and is completely controllable by L-DOPA admin-
istration. Segawa'®® proposed the term “hereditary
progressive dystonia with marked diurnal fluctuation
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(HPD)” as a new type of dystonia distinct from other
types of dystonia and Parkinson’s disease (PD). Ny-
gaard et al. proposed the term “Dopa Responsive
Dystonia (DRD)” to describe dystonia responding to
L-DOPA. The marked and sustained alleviation of
dystonia by L-DOPA, which supplements dopamine
in the brain, suggests that HPD/DRD is caused
by dopamine deficiency in the nigro-striatal (A9)
dopamine neurons that regulate muscle contraction.
As described above, TH activity is partly regulated
by the cofactor BH4, the synthesis of which is regu-
lated by GCH1 in the same CA cells. We (Ichinose et
al.™:100:102)) cloned the human GCH1 gene and de-
termined the chromosomal localization to 14q22.1—
q22.2, and proved, in collaboration with Segawa and
Tsuji, that the GCH1 gene is the causative gene for
HPD/DRD. The reduced dopamine content in the
striatum in the HPD/DRD brain is caused by mu-
tated GCH1 with low activity, resulting in low BH4
content and low TH activity.*°1°® TH in the nigro-
striatal dopamine (A9) neurons is the most sensi-
tive to a reduction in the BH4 level. Patients with
HPD/DRD have one mutated allele of the GCH1
gene and one wild-type allele, resulting in a par-
tial decrease (down to 2%—20% of the normal value)
in the GCH1 activity in their mononuclear blood
cells.'*d The amount of GCH1 mRNA is also reduced
in HPD/DRD patients.’*® A reduced BH4 level also
causes a selective reduction in TH protein content.!?®
According to Segawa et al.,'*® nearly 100 indepen-
dent mutations have been identified in the coding
region of the GCH1 gene in 60% of HPD/DRD pa-
tients, but approximately 40% of HPD/DRD pa-
tients did not have an identified mutation in the cod-
ing region or in the exon-intron boundaries of the
GCHI1 gene, which remains to be further examined.

5.1.2.  Autosomal recessive GTP cyclohydro-
lase I (GCH1) deficiency/Atypical phenylketonuria.
We (Ichinose et al.-1°») in collaboration with Blau
et al. found mutations in both alleles of the GCH1
gene in autosomal recessive, homozygous GCH1
deficiency, resulting in a nearly complete loss of
BH4. In contrast to autosomal dominant GCH1 de-
ficiency /DRD/Segawa’s disease with a partial (2%—
20%) decrease in the enzyme activity and dopamine
deficiency only in the nigro-striatal dopamine neu-
rons, the patients with autosomal recessive, homozy-
gous GCH1 deficiency show severe clinical symptoms
such as hyperphenylalaninemia (due to decreased
phenylalanine 4-monooxygenase activity), parkin-
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Table III. Tyrosine 3-monooxygenase (tyrosine hydroxylase, TH) mutations in human inherited diseases
Symptom Mutation*) Amino acid sequence Population
L-DOPA-responsive dystonia Missense C — A (1234) in exon 11 ~ Gln — Lys (412) Germany

(Segawa’s disease) Missense G — A (698) in exon 6 Arg — His (233) Netherlands
Deletion delC (291) in exon 3**) Frame shift (Leu 205 Ter)  Netherlands
Parkinsonism in infancy Missense T — C (707) in exon 6 Leu — Pro (236) Greek
Progressive infantile encephalopathy  Missense G — T (1076) in exon 10 ~ Cys — Phe (359) Germany
with L-DOPA-nonresponsive dystonia
Splice T — A (2bp upstream Skipping exon 12 Germany

of splice accepter site in intron

11)**)

*)Numbered from the first nucleotide of the initiation Met codon of human tyrosine 3-monooxygenase type 4 (hTH4) mRNA.*2

**) Compound heterozygous mutants with another mutation G — A (698) in exon 6, Arg — His (233).

From Kobayashi and Nagatsu.3”)

sonism, epileptic seizure, or fever episode (due to
decreased TH, tryptophan 5-monooxygenase, and
possibly nitric oxide synthase activities), indicating
that nearly complete depletion of BH4 may cause
a reduction in the activities of all the pteridine-
dependent monooxygenases, i.e., TH, tryptophan
5-monooxygenase, phenylalanine 4-monooxygenase,
and nitric oxide synthase, and thus a resultant re-
duction in the contents of dopamine, noradrenaline,
adrenaline, serotonin, and nitric oxide. In accor-
dance with this pathogenesis, combined treatment
with BH4 and DOPA plus 5-hydroxytryptophan (CA
and serotonin supplementations) has been reported
to be clinically effective.

5.1.8.  Tyrosine 3-monoozygenase (TH) defi-
ciency. Mutations in the human TH have been re-
ported in some inherited neurological diseases as
shown in Table IIT (see review 37)). A missense
point mutation (C to A at nucleotide 1234 in exon
11, which is numbered on the basis of the human
TH type 4 (hTH4) mRNA sequence in Kobayashi
et al.,*® and causes the amino acid change of
GIn412 to Lys412), was reported in Germany in
1995 by Knappskog et al.'®® The clinical pheno-
type of this disease was reported to be autosomal
recessive DOPA responsive dystonia or Segawa’s syn-
drome. The recombinant protein carrying the muta-
tion, when expressed in Fscherichia coli, showed a
reduced affinity for tyrosine and the activity of the

mutant enzyme was approximately 15% of the cor-
responding wild-type activity. Another homozygous
missense mutation (A to G at nucleotide 698 in exon
6) was found to result in the clinical phenotype of
progressive severe motor retardation with predomi-
nant extrapyramidal symptoms by van den Heuvel
et al. and Brautigam et al. in 1998. This mutation
causes a substitution of the amino acid at residue
233 from Arg to His. One patient was compound
heterozygous for the same mutation (G to A at nu-
cleotide 698; Arg233His) and a novel truncating mu-
tation in exon 3 (a deletion of a single nucleotide C at
nucleotide 291 that generates a truncated form of the
protein).’*? The patient appeared hypokinetic with
a mask face, and displayed rigidity of arms and legs
and truncal hypotonia, without diurnal fluctuation
in the signs; and there was a clear improvement of
symptoms by L-DOPA treatment. These symptoms
were DOPA responsive but different from those seen
in DRD/Segawa’s disease. The missense point mu-
tation (T to C at nucleotide 707) in the TH gene
was also reported in a patient showing parkinson-
ism in early infancy. The symptoms were accompa-
nied by sympathetic dysfunction (ptosis) and were
responsive to L-DOPA.1°® This mutation caused an
amino acid substitution (Leu to Pro) at residue 236.
The recombinant mutant protein possessed a lower
TH activity relative to that of the wild-type protein,
and the activity ranged from 1.5% to 16% depend-
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ing on the expression system used for the recombi-
nant enzyme. In addition, other point mutations
were reported to cause progressive encephalopathy
and DOPA-nonresponsive dystonia.'®® One mutant
allele was a missense point mutation, by which G
at nucleotide 1076 in exon 10 was converted to T,
causing an amino acid substitution (Cys to Phe) at
residue 359. Another mutant allele was a point mu-
tation around the splice acceptor site in intron 11,
resulting in alternative splicing to generate an aber-
rant mRNA.11® Similarly, a branch site mutation of
intron 11 leading to aberrant splicing of the TH gene
in a child was found to cause a severe extrapyrami-
dal movement disorder.*'® These point mutations in
the TH gene appear to reduce partially the enzyme
activity in the patients carrying the homozygous or
compound heterozygous mutations, and the clinical
symptoms may be variable depending upon the de-
gree of reduction in the activity.

5.1.4. Tyrosine 3-monooxygenase (TH) mu-
tations and mneuropsychiatric diseases. There has
been much debate as to whether mutations in the
human tyrosine TH gene are associated with the
pathogenesis of neuropsychiatric diseases. Linkage
of bipolar affective disorder to the TH locus has
been suggested.'' Another study suggests an asso-
ciation of the DNA polymorphism in the TH locus
with disturbances in the CA system in schizophre-
nia.*'» Mallet et al. have called special attention to
a tetranucleotide polymorphic microsatellite, located
in the first intron of the TH gene (HUMTHO1 mi-
crosatellite alleles), which is generated by 5-10 rep-
etitions of the core motif TCAT and acts as a tran-
scription regulatory element.''® Since clinically ef-
fective drugs against schizophrenia are mostly block-
ers of mesocortical dopamine (A10) neurons, hyper-
active dopamine hypothesis has been proposed in
schizophrenia. As described below, we measured
the contents of all four specific types of human
TH mRNAs (hTH1-hTH4) in the substantia nigra
(dopamine A9 neuron) in schizophrenia patients and
compared them with those in Parkinson’s disease
(PD) (Fig.4). In contrast to dramatic decreases in
all mRNA levels in PD, no significant differences
from the controls were observed in the schizophrenia
samples.'* Our studies suggest that a dysfunction
in TH at least in the substantia nigra dopamine A9
neurons in schizophrenia is unlikely, but examination
of mesocortical dopamine A10 neurons in the ventral
tegmental area should be made.
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5.2.  Dopamine 3-monoozygenase (DBH) defi-
ciency. DBH deficiency is a very rare form of fail-
ure of the noradrenaline and adrenaline system in
the sympathetic nerves and adrenal medulla, which
is characterized by an absence of DBH activity and
protein and noradrenaline and adrenaline in blood
and probably in the brain and adrenal medulla
with increased dopamine blood levels. The main
symptoms are cardiovascular disorders and severe
hypotension caused by standing.''® Restoration of
plasma noradrenaline to the normal range and con-
trol of symptoms can be achieved by oral admin-
istration of a synthetic precursor of noradrenaline,
L-threo-DOPS, which is converted to noradrenaline
by AADC."» DOPS was developed for supplemen-
tation of noradrenaline in Parkinson’s disease (PD)
by Narabayashi et al.'*® The rather mild symp-
toms in human DBH deficiency stand in contrast to
the lethality seen in DBH gene knockout mice,®® in
which the mice can survive only by in utero admin-
istration of L-threo-DOPS to the mother mice and
continued treatment with L-threo-DOPS after birth.
In human DBH deficiency high dopamine levels in
blood and probably in the brain may compensate for
noradrenaline and adrenaline deficiencies. The nora-
drenaline and adrenaline cells without DBH protein
probably by some mutation of the DBH gene are
speculated to produce only dopamine. As described
above, Zebetian et al. with us.”® found a functional
—1021C — T polymorphism in the DBH gene to
cause a very low plasma DBH protein and activity
in the individuals with T/T genotype. This finding
may give a clue to elucidate the changes in the DBH
gene in DBH deficiency.

5.8.  Parkinson’s disease (PD). PD is the sec-
ond most common aging-related neurodegenerative
disease after Alzheimer’s disease (AD). The main
symptoms are movement disorders called parkinson-
ism; i.e., slowness of movement, tremor, and mus-
cular rigidity. A small percentage of PD is famil-
ial, but most PD is sporadic. PD has been char-
acterized as dopamine deficiency and the presence
of intracellular inclusion bodies called Lewy bod-
ies in the nigro-striatal dopamine (A9) neurons in
the brain, although recent pathological studies by
Braak suggest that the disease processes start before
parkinsonism from the lower brain stem. Dopamine
deficiency and the dopamine supplementation ther-
apy by L-DOPA in PD were predicted in animal ex-
periments by Carlsson in 1958. Sano in Japan in
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1960 first reported a decreased content of dopamine
in the nigro-striatal region of a postmortem brain
and clinical trial of L-DOPA therapy. At the same
time deficiencies of dopamine and noradrenaline in
the postmortem brain were confirmed by Ehringer
and Hornykiewicz. Clinical trial of L-DOPA in PD
started in 1961, established in 1970, and is still the
gold standard for the treatment. The pathogenesis
of sporadic PD is still enigmatic, but three groups of
causative factors have been under investigation.'!”
(1) Free radicals produced by mitochondrial dys-
function and oxidative stress, which are detected
in the post-mortem PD brain and progress in ag-
ing of the brain, are thought to play an important
role.*® This concept is supported by accidental dis-
covery around 1980 that 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), which is an analogue
of meperidine (a synthetic heroin) and lipophilic pre-
cursor neurotoxin, produced PD in humans. MPTP
crosses the blood brain barrier from blood into the
brain, is converted to 1-methyl-4-phenyl-pyridinium
(MPP*) by MAO-B in glial cells; then MPP* is
taken up by dopamine transporter in the nigro-
striatal dopamine (A9) neurons, inhibits complex
I in the mitochondrial electron transport system,
thereby causing mitochondrial dysfunction and ox-
idative stress, and finally causes apoptotic cell death.
(2) Recent molecular genetical studies on mutations
of the causative genes of familial PD (PARK), start-
ing from the discoveries of a-synuclein, which is a
main component of Lewy bodies, in PARK 1 in 1997
and parkin in PARK 2 in 1998, which is an E3 ubig-
uitin ligase and causes endoplasmic reticulum (ER)
stress, suggest that dysfunction of the intracellu-
lar proteinase systems, such as ubiquitin-proteasome
system or lysosomal system, which removes unneces-
sary toxic proteins in cells and prevents the resultant
accumulation of misfolded proteins, may lead to pro-
grammed cell death, i.e., apoptosis or autophagy, of
the dopamine neurons. (3) The presence of activated
microglia that produce various cytokines and ac-
company the inflammatory process in the PD brain
may promote progression of the disease.'™® All these
data indicate that dopamine deficiency in the nigro-
striatal region in PD is caused by degeneration of
dopamine A9 neurons.

The main question is why dopamine neurons
specifically degenerate in PD and what changes may
occur in the dopamine-synthesizing machinery dur-
ing the neurodegeneration. There are several indi-
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Dopamine A9 neurons contain neurome-
lanin. Neuromelanin is composed of granules consist-
ing of pheomelanin (a benzothiazine-based molecule
formed through the incorporation of cysteine with
dopamine) at the core and eumelanin (an indole
based molecule that is believed to be formed through
oxidation of dopamine) at the surface.'® Neurome-
lanin has iron-binding ability, which may act for neu-
roprotection. But higher iron levels in the substantia
nigra in PD may saturate neuromelanin, causing an
increase in cytosolic iron to produce reactive oxygen
species leading to a vicious circle of neurodegenera-
tion. As another implication on the selective degen-
eration of dopamine neurons in PD, Ischiropoulos’s
group recently found by using h'TH1 mutants created
by us (Ota et al.) in a cell culture system that intra-
neuronal dopamine levels can be a major regulator of
aggregation and inclusion formation of a-synuclein,
which is the main component of Lewy bodies and
causes familial PD1 (PARK1).129

Since 1975 in collaboration with Narabayashi,
Yoshida, Kanazawa, Mizuno and Riederer, and other
neurologists, we worked on molecular pathogenesis of
PD by studying post-mortem human brains and ani-
mal PD models produced by MPTP. We found that
the activities of all of the enzymes related to CA
synthesis (TH, AADC, DBH, PNMT, and GCHI)
and the bioptein cofactor level were significantly de-
creased in the postmortem PD brain,'® 122,123 in-
dicating that not only nigro-striatal dopamine neu-
rons but also noradrenaline and adrenaline neurons
may also be impaired in PD. Remarkable reduc-
tions (to less than 20% of control values) in the
activity and protein content of TH were found in
the nigro-striatal region in postmortem PD brains,
but the decrease in the protein was about 3-fold
greater than that in the activity, resulting in in-
creased molecular activity (enzyme activity/enzyme
protein).'?® Interestingly, activity and protein levels
of DBH in cerebrospinal fluid in PD were also de-
creased to less than 20% of the control values with
constant molecular activity.*?> These results suggest
a compensatory activation of TH in PD following
the reduction in the protein content. We followed
the changes in TH in a mouse model of PD pro-
duced by MPTP, in which nigro-striatal dopamine
neurons specifically degenerate.'?® Following a sin-
gle intraperitoneal injection of MPTP, TH activity
was acutely decreased only in tissue slices from the
striatum but not after extraction of the enzyme from

cations.
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the tissue. This reduction in TH activity in tissues
may have been due to acute inhibition of phospho-
rylation and inhibition by released dopamine.?” Af-
ter repeated administration of MPTP to mice, TH
protein was inactivated probably by oxidative or ni-
trative damage; and then both activity and pro-
tein of TH markedly decreased specifically in the
striatum, as observed in human postmortem brains.
128) Humans and monkeys are known to be highly
susceptible to MPTP. Monkeys have TH types 1
and 2. Monkeys (Macaca fascicularis) with MPTP-
produced PD showed a marked decrease in the con-
tent of both types of mRNAs specifically in the sub-
stantia nigra.'?® A marked decrease in the levels of
all four types of human TH mRNA (hTH1-hTH4)
and in the mRNA content of AADC was confirmed
in post mortem brains in PD, in contrast to no sig-
nificant changes in schizophrenia (Fig.4).1' These
results showing decreases in mRNA, protein, and ac-
tivity of TH in human post-mortem brain in PD pa-
tients and in the brains of MPTP-PD mice and mon-
keys suggest that some unknown MPTP-like neuro-
toxins in the environment might cause neurodegen-
eration and changes in TH. Thus we and other work-
ers searched for MPTP-like neurotoxins in the post-
mortem PD brain. Two groups of MPTP-like com-
pounds have been identified in human PD brains:
isoquinolines (e.g., 1-benzyl-tetrahydroisoquinoline,
R-N-methyl-salsolinol) and [-carbolines.?®-131 All
of these neurotoxins inhibit complex I, causing mi-
tochondrial dysfunction, oxidative stress, and apop-
totic cell death of dopamine neurons in wvitro; they
also produce PD in animals. However, it is not
yet clear whether or not these neurotoxins, except
MPTP, produce PD in humans. We found that all
of these compounds, like MPTP, acutely inhibit ac-
tivity of the TH system in slices of the striatal tis-
sue. The relationship between neurodegeneration of
dopamine neurons and changes in the TH system
remains for further study. Ozawa, Nakano, Mura-
matsu and their collaborators**®» have been working
on gene therapy on PD by using human genes cloned
by us carried in adeno-associated virus (AAV) vec-
tors for treatment of MPTP-induced parkinsonian
monkeys. The results have been highly successful.
For example, triple transduction with AAV vector
expressing TH, AADC, and GCHI into the striatum
produced long-persisting remarkable behavioural re-
covery from parkinsonism without any side effects.
We hope that gene therapy will become a safe and
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efficient therapy for PD in the future.

6. Future prospects of catecholamine
(CA) research. The genes and proteins of all en-
zymes related to the biosynthesis of CAs including
those of tyrosine 3-monooxygenase (TH) have been
elucidated. However, there still remain several inter-
esting unsolved problems.

First, why does only human TH have 14 exons
with human-specific exon 2 in a single gene and pro-
duce four protein isoforms (hTH1-hTH4, Kobayashi
et al.*»)? Why does the gene of monkeys including
chimpanzees have 2 mRNAs and produce 2 protein
isoforms in contrast to a single mRNA and single pro-
tein from a single gene without alternative mRNA
splicing in non-primate mammals? Our human TH
gene transgenic mice express the four types of hu-
man mRNA, but do not show significant changes in
the phenotype including their behaviour.s®

Second, Tkuko Nagatsu et al.*® and other work-
ers have found by immunohistochemical means that
in the brain of animals during development or in
the adult some neurons express only TH, AADC
(D-neurons®®), PNMT, or GCHI1. The functions of
these neurons and their possible neurotransmitters
are not clear. Misu et al.'*® proposed that the neu-
rons that contain only TH without AADC produce
DOPA as a neurotransmitter.

Third, even though we could not identify human
tyrosinase protein in the nigro-striatal dopamine
(A9) neurons containing neuromelanin by immuno-
histochemistry using human tyrosinase-specific anti-
body,**% some portion of dopamine may be produced
from L-DOPA by tyrosinase in pigment cells. Our
TH knockout mice lost noradrenaline and adrenaline
completely, but about 30% of the dopamine re-
mained, suggesting formation of dopamine from
DOPA by tyrosinase.®”

Fourth, although changes in the CA system
and in TH are similar between sporadic PD and in
MPTP-induced PD, what are the differences in the
molecular mechanism between PD and MPTP-PD in
relation to brain aging?!3®

Fifth, CA systems in the brain, sympathetic
nerves, and adrenal medulla are important in con-
necting the endocrine system with the immune sys-
tem, especially in stress reactions in humans. Stress
in humans is mainly psychological and starts from
the cerebral cortex. The neuronal circuits between
CRF/CRH (corticotropin-releasing factor/hormone)
neurons in the hypothalamus and noradrenaline



No. 10]
A
B
C
D
® N-S
O VTA-NAc i
© VTA-limbic
O VTA-PFC
Fig. 5.

The catecholamine system in health and disease 407

I oOTm

A:Cing F:Sept

B:Caud G:Pall
C:Th H:NAc
D:SN I:0If B

E:PFCx J:Hypoth

The human nigrostriatal (A9) and mesocorticolimbic (A10) dopamine systems. Cing, cingulate; Caud, caudate; PFCx,
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Sept, septum; SN, substantia nigra; Th, thalamus; VTA-NAc, ventral tegmental area-nucleus accumbens; VTA-PFC, ventral

tegmental area-prefrontal cortex.

(A6) neurons in the locus coeruleus, and other
dopamine, noradrenaline and adrenaline neurons in
the brain stem and mesolimbic-cortical dopamine
neurons in the central nervous system, as well as the
peripheral hypothalamus-pituitary-adrenal axis and
sympathetic nerve-noradrenaline/adrenomedullary-
adrenaline components have links with the immune
system. Adrenaline, along with glucocorticoids, cor-
tisol and corticosterone, is a major stress hormone;
and PNMT plays important roles for biosynthesis
of adrenaline in stress. A better understanding of
the molecular mechanisms involved in the interaction
among these neuro, endocrine, and immune systems
is important for explaining the cause of and preven-
tion of various diseases.

Finally, mesolimbic-cortical dopamine (A10)
neurons (Fig. 5) are thought to play a central role in
human behaviour in the neural circuits together with
other neurotransmitters such as glutamate, GABA,
acetylcholine, serotonin, histamine, and neuropep-
tides like orexin and corticotropin-releasing hor-
mone. This neuronal system is related to most im-
portant brain functions such as emotion, motiva-
tion, reward, novelty-seeking, addiction, memory or

learning in health and disease. Further research on
molecules, especially TH, related to the dopamine
A10 neuron system is expected to provide us with
much better insight for analyzing human behaviour
and neuropsychiatric disorders. From this view point
studies on CA/dopamine systems in mammalian
midbrain, especially in the human brain, would be
of great importance.'*®
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