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Preface

Amine Oxidase workshops are held in alternate years, and such is the pace of
advance in this area that there is always a great deal of new and exciting material
to report. New data on the structures of the monoamine oxidases and their
promoter regions are presented in these proceedings along with unexpected
discoveries about their behaviour, function, and dysfunction. Renewed interest
in the design and operation of selective monoamine oxidase inhibitors has
stemmed from suggestions that inhibitors of monoamine oxidase-B may be
neuroprotective whereas reversible monoamine oxidase-A inhibitors are free of
the “cheese effects” associated with irreversible inhibitors of that enzyme at
doses where they are effective antidepressants. All these aspects and many more
are discussed in this volume. The only thing still lacking is the X-ray crystal
structure of the monoamine oxidases; membrane-bound proteins are so beastly!
However, advances in other areas suggest that problem will eventually be solved,
perhaps in time for the next Amine Oxidase workshop which is to be held in
Saskatoon, Canada, in 1994.

The semicarbazide-sensitive amino oxidases (SSAO) remain the Cinderella
of this field, nevertheless, there were many Prince (and Princess) Charmings at
this particular ball to flirt with her. Despite this there is still no clear indication
of the physiological function(s) of this group of enzymes. Several possibilities
are discussed here and the developments reported in the design of new and
more specific inhibitors should eventually lead to a better understanding of
these aspects.

We would like to express our gratitude to ASTA Medica AG, Britania
Pharmaceuticals, Chinoin, Ciba-Geigy (Basel), Convention Bureau of Ireland,
Farmitalia Carlo Erba, Galway Regional Tourist Board, Hoffman-La Roche
(Basel), International Society for Neurochemistry, Marian Merrell Dow, Med-
labs, Merk Sharp and Dohme Research Laboratories U.S.A., Millipore, Phar-
moa, Sandoz Pharmaceutical, Sanofi Winthrop, Somerset and Synthelabo-
L.E.R.S., whose generous support made the meeting possible. Although the
workshop organisers were officially listed as Keith Tipton and Moussa Youdim,
the acutal work, was of course done by others and we are particularly grateful
to Mary Anderson, Melina Lawless, John McCrodden, Gemma Tipton, and
Gill Tipton for making everything happen. Perhaps a special word of praise is
also due to the Irish weather over the period of the Meeting which ensured
that most of those attending remained at the sessions rather than experiencing
the delights of Western Ireland.



VI Preface

The 5th Amine Oxidase Workshop and these proceedings are dedicated to
Irv Kopin. An appreciation of his contributions is published elsewhere in this
volume and it is probably sufficient to say that on behalf of so many working
in this field, we are proud to honour a man who has contributed so much to
our understanding of the functions and metabolism of the biogenic amines.

Dublin, April 1994 K. F. TirTON
M. B. H. Younpim

C. J. BARWELL

B. A. CALLINGHAM

G. A. LYLES



Irwin J. Kopin, M.D.

Irwin Kopin (“Irv”) is one of the major contributors to understanding the
function and metabolism of catecholamines. His research spans the whole spec-
trum of the field, from biosynthesis, release, and metabolism of the biogenic
amines, to detailed pharmacology of the drugs affecting the system, metabolism
of the endogenous compounds in laboratory animals and man, and their role
in cardiovascular and mental disease. It is particularly appropriate that he should
be honoured at the Galway meeting on MAO and trace amines, since he has
made basic contributions to both areas. In a series of classical papers in the
1960s, he described the role of MAO in the metabolism of endogenous nor-
adrenaline, and also demonstrated the accumulation and release of octopamine
following MAO inhibition. More recently, he was a major force behind the
unravelling of the MPTP story at NIH, which spawned so much excitement
and renewed interest in selective neurotoxicity, with particular application to
the role of MAO-B.

Irv Kopin was born (1929) in New York, and acquired an early interest in
applied chemistry working in his father’s mirror silvering factory. When he
finally succeeded in making a really clean mirror (he relates), his father said:
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“Now you can go to college”. Chemistry, however, is not the only of his strong
basic sciences. His first of many awards, while at the College of the City of
New York, was for excellence in pure and applied calculus. His mathematical
ability is immediately evident in the logical approach he brings to a variety of
scientific problems, and has enabled him to unravel complex problems of me-
tabolite distribution in the body. He obtained both his B.Sc. (biochemistry)
and M.D. degrees at McGill University, Montreal, and joined the National
Institutes of Health (Laboratory of Clinical Science), Bethesda, in 1957. There,
as is now well known, he joined forces with Julius Axelrod. The dingy 2D
corridor, deep in the labyrinth of the Clinical Center, seems an inappropriate
place for such a scintillating team as Kopin and Axelrod, but the results of this
combination, as well as with many other associates, are now history.

Since joining NIH, he has left the Bethesda campus for only one year, to
complete his medical residency at Columbia, New York. The medical back-
ground has played an important role in his ability to apply basic science to the
study and treatment of human illness, and is also evident in the comprehen-
siveness of his physiological knowledge. The application of his work to mental
illness earned him the Anna-Monika Award for Research on Depression (twice).
He is unrelenting in his pursuit of basic research, despite the rigors of a senior
administrative appointment in the US Government (currently, he is Director
of Intramural Research, National Institute of Neurological Disorders). Despite
his heavy administrative load, he is readily available to a large group of post-
doctoral fellows and other research workers, and revels in bringing scientific
order to a chaotic problem, such as understanding the meaning of a complex
PET scan, or the intricacies of CNS dopamine release.

In spite of responsibilities to a variety of scientific committees, editorial
boards, international congresses and currently serving as President of the Amer-
ican Society of Neuropsychopharmacology, he maintains his regular swimming
practice (was intercollegiate champion). At his home in Bethesda he is happy
to show a visitor his collection of stamps and postcards from all over the world.
With his wife Rita, whom he met at McGill, he has two daughters and a son,
Alan, who has started his career in medical research with important publications
on the molecular biology of gastro-intestinal hormones. Rita runs a center for
Hebrew teachers, and is particularly proud of her innovative resource depart-
ment.

Few researchers in the life sciences possess such diverse skills in chemistry,
mathematics, and physiology as Irv Kopin. Still fewer, who possess such skills,
are able to put them to such valuable use in their chosen branch of science;
but only a very small number are capable of instilling as much appreciation
for science in those around him, a quality for which many of us are indebted.

J. P. M. FINBERG
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Functional expression of C-terminally truncated human monoamine
oxidase type A in Saccharomyces cerevisiae

W. Weyler

Molecular Biology Division, Veterans Affairs Medical Center, and Division of
Toxicology, School of Pharmacy, University of California, San Francisco, California,
U.S.A.

Summary. The deduced amino acid sequence of human liver monoamine
oxidase type A was analyzed with secondary structure programs. These
analyses and comparison to other flavoproteins identified a single potential
transmembrane hydrophobic peptide at the C-terminus suggesting that this
peptide is a membrane anchor and that the remainder of the protein
constitutes a soluble domain. Truncation of the C-terminus by 24 amino
acids which are inclusive of the putative transmembrane peptide, however,
gave a protein which exhibited solubility properties substantially similar to
the wild type enzyme. This result indicates that the hydrophobic behavior of
monoamine oxidase type A is due to more complex features than a single
transmembrane anchor. The mutant enzyme expressed in yeast appears
to form a disulfide bond which reduces catalytic effciency by up to 90%.
Full activity, however, can be recovered by incubation with dithiothreitol,
suggesting that in the wild type enzyme the amino acid residues deleted in
the mutant protein protect two cysteine residues (those involved in the
formation of the disulfide bond in the mutant) from oxidation and that the
deleted residues are in close proximity to the active site. The activation
experiments indicated that the deleted amino acids do not contribute any
catalytic residues to the active site.

Introduction

Monoamine oxidase is a flavoprotein (Kearney et al., 1971; Weyler, 1989)
occuring in two forms, types A and B, in the outer membrane of mitochondria
(Schnaitman et al., 1967) and is found in many organisms in the animal
kingdom. The role of the enzyme is the degradation of biogenic and xeno-
biotic amines in the nervous system and other tissues. Knowledge on mono-
amine oxidase has recently been reviewed by us (Weyler et al., 1990a). The
enzyme’s mode of binding to the membrane is unknown. Common modes
of protein binding to biological membranes are by a single transmembrane
helical segment, or membrane anchor, either at the C- or N-terminus of
a protein. In the nomenclature of Blobel (1980) these are referred to as
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class T and class II intrinsic membrane proteins, respectively. A large
number of membrane proteins, particularly receptors that are components
of transmembrane signalling systems, are bound to the membranes by
multiple transmembrane helixes which often make heterosubunit contacts
that are thought to be involved in transmission of the signal; these are
referred to as class III proteins. The final type of integral membrane protein
in this system of nomenclature, type IV, are ion channel forming proteins
such as proton pumps and porins which form aqueous channels through a
membrane by the assembly, in the membrane, of multiple identical or
similar subunits. This classification system is relatively gross and within each
class of proteins there is considerable diversity in structure. Direct evidence
for these modes of binding is the exception rather than the rule as only a
few membrane proteins have been crystallized, e.g., the reaction center of
Rhodobacter sphaeroides (Allen et al., 1988), and only a few membrane
proteins have been solubilized by truncation of their putative transmembrane
sequences, €.g., cytochrome bS5 (Spatz and Strittmatter, 1971). An entirely
separate mechanism of association of proteins with their target membrane is
through the posttranslational modification of the protein with a lipid, fatty
acid, or isoprenoid anchor. To date there are five classes of these. One is
myristoylation, and this occurs exclusively at the N-terminal glycine of a
number of proteins (Gordon et al., 1991). A second is palmitoylation
mediated via a cysteine residue thioester linkage, which appears not re-
stricted to a specific region of the protein (Sefton and Buss, 1987). A third
type of anchor is the posttranslational addition of a glycosyl-phosphat-
idylinositol anchor added to a C-terminal residue that is part of a weak
consensus sequence. This modification is usually accompanied by the
concomitant trimming of a C-terminal targeting sequence (Ferguson and
Williams, 1988). The fourth and fifth types are the most recently discovered
membrane anchors and consist of the modification of a cysteine residue that
is part of a consensus amino acid tetrad at the extreme C-terminus of a
number of proteins by a farnesyl or geranylgeranyl moiety (Ishibashi et al.,
1984; Sakagami et al., 1981; Maltese, 1990). There is direct evidence for
many of these anchors, as specific processing enzymes have been identified
for all but the palmitoyl anchor. Judging from the vast number of mem-
brane proteins only poorly, or not at all, characterized with respect to their
mode of membrane attachment it is likely that additional classes of this type
will be found.

We and others recently cloned MAO from human liver (Hsu et al.,
1988; Bach et al., 1988) and have expressed MAO A in Saccharomyces
cerevisiae (Weyler et al., 1990b; Urban et al., 1991). These advances have
made possible the study of membrane interactions of MAO using molecular
biology approaches. Here I report on observations of a monoamine oxidase
type A mutant protein with the putative C-terminal membrane spanning
peptide deleted.
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Methods
General

All reagents and DNA modifying enzymes were from commercial sources. Oligonu-
cleotides were synthesized with a Biosearch DNA synthesizer (New Brunswick Scientific
Company). PCR methods were as recommended by the manufacturer of the PCR
kit (Perkin-Elmer Cetus). Growth and selection conditions for bacteria and DNA
manipulations were carried out by standard methodologies found in Maniatis et al.
(1983) or Sambrook et al. (1989). For culturing bacteria 2XYT liquid or LB solid
media was used. Large scale plasmid preparations from bacteria (75ml or larger
cultures) were performed with the aid of a Qiagen plasmid kit (Studio City, CA).
Restriction enzyme screening of clones was performed with DNA obtained by the rapid
boiling method in Maniatis et al. (1983). Competent Escherichia coli, strain DH5aF’
(BRL), were used for transformations during construction of plasmids. The S. cerevisiae
strain used for enzyme expression is designated RH218 (Mata, trpl, gal2, cir’; ATCC
#44076). Protein measurements were made with the biuret reaction (Layne, 1957).
Centrifugations were performed in Beckman J21 or L8 centrifuges operated with JA-20
or type 65 rotors, respectively; average values of g are given.

Construction of C-terminal deletion mutant (MA-CA424)

The mutant human liver MAO A from which the last 24 amino acids were deleted was
constructed from plasmid pBSMA3'ut (Weyler et al., 1990b) by deleting the cDNA
fragment from the unique internal Bst Ell site to the stop codon and replacing it with a
PCR fragment having codons for the last 24 amino acids deleted. The construction was
verified by restriction analysis. The modified gene was excised from the construction
vector with Bam HI and inserted into the yeast expression vector, pGPD(G)-2 (Bitter
and Eagan, 1988), as previously done for the wild type enzyme (Weyler et al., 1990b).
The correct orientation could be ascertained by comparison of a Hind III restriction
analysis with a similar analysis for the wild type enzyme the orientation of which had
been verified by DNA sequencing and expression of the enzyme (Weyler et al., 1990b).
The expression vector carrying the truncated MAO A gene in the correct orientation
was designated pMA-CA24.

Expression of mutant enzyme in yeast

PMA-CA24 was transformed into S. cerevisiae by the method found in Sherman et al.
(1986). Selection and growth conditions were as previously described for the wild type
enzyme (Weyler et al., 1990b).

Partial purification of mutant MAO A

The enzyme was characterized both in crude yeast cell extracts and as a partially pu-
rified preparation. Crude homogenates were prepared by homogenizing yeast cells
with glass beads in 0.1 M triethanolamine HCL buffer, adjusted to pH 7.2 with NH,OH,
0.5 mM PMSF, and depending on the experiment, either with or without, SmM dithio-
threitol, 5mM EDTA, and 1 mM amphetamine. The homogenate was centrifuged at
800g and the supernatant was recentrifuged at 48k g for 30 min. Further fractionation
was achieved by centrifugation of the 48k g supernatant at 250k g and suspending the
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pellet at 30mg protein/ml in the same buffer and treating with phospholipase A and C
as previously reported for the isolation of human placenta enzyme (Weyler and Salach,
1985). After the 1h treatment, Triton X-100 was added to 0.5% from a 20% stock
solution; the mixture was homogenized with a glass/Teflon homogenizer at 4°C for
Smin and chromatographed on DEAE Sepharose CL-6B as previously reported in
the purification of human placenta MAO A (Weyler and Salach, 1985). The fractions
showing MAO A activity were combined into a single pool, concentrated by ultra-
filtration with an Amicon PM30 membrane, made 50% in glycerol, and stored at
1.25 mg protein/ml in liquid nitrogen until used. Both the mutant enzyme and wild type
enzyme did not lose activity under these storage conditions.

Attempt to solubilize MA-CA424 protein without prior phospholipase treatment

Triton X-100, at a final concentration of 0.5%, was homogenized into the 250k g
pellet material from above prior to phospholipase treatment and the homogenate was
recentrifuged at 250k g.

Primary structure analysis

Hydropathy plots and overall hydrophobicity of the deduced sequence of human liver
c¢DNA were calculated by the method of Kyte and Doolittle (1982) using the computer
program SOAP. Hydrophobic transmembrane peptides were predicted by the method
of Klein et al. (1985), also using SOAP, and by the methods of Eisenberg et al. (1984)
with the program HELIXMEM. All three analysis programs are part of the software
PCGENE from IntelliGenetics Inc., CA.

Results
Primary structure analysis

Figure 1 shows the Kyte-Doolittle hydropathy plot of human liver MAO A.
In conjunction with the transmembrane helix analysis, using the algorithms
of Klein et al. (1985) and Eisenberg et al. (1984), two potential transmem-
brane peptides were identified. The first at the N-terminus and the other
at the C-terminus. Only the peptide at the C-terminus was considered a
plausible membrane anchor (see Discussion). The overall calculated hy-
drophobicity, using Kyte and Doolittle (1982) parameters, of wild type
monoamine oxidase was —2.79 which is in the range of a soluble protein
rather than indicative of an intrinsic membrane protein. This result sup-
ported the notion that the putative transmembrane peptide at the C-terminus
was the only domain interacting with the membrane and that it represented
a membrane anchor. The possibility was tested by deletion of 24 amino
acids from the C-terminus of the wild type enzyme.
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Fig. 1. Hydropathy plot according to Kyte and Doolittle (1982) for human liver MAO
A amino acid sequence deduced from cDNA. Sequence analyzed is that of Hsu et al.
(1988). Window size was set at 9 residues for this analysis. Only peptides at the
extreme N- and C-termini appear to be of sufficient hydrophobicity and length for
classification as transmembrane sequences. The average hydrophobicity for the entire
sequence has a GRAVY score of —2.79 (Kyte and Doolittle, 1982) suggesting that the
protein is soluble. The methods of Klein et al. (1985) and Eisenberg et al. (1984)
similarly predict the sequences at the termini as potential transmembrane spanning
helices

Construction of the C-terminal deletion mutant

Construction of the mutant gene is described in ‘“Methods”. After substi-
tution of the Bst Ell/Afl II fragment of pPBSMA3'ut (Weyler et al., 1990b)
with the PCR fragment lacking the codons for the last 24 amino acids, the
mutant gene, contained in a Bam HI fragment, had the expected size as is
indicated in Fig. 2a. This fragment was inserted into the Bam HI cloning
site of the expression vector pGPD(G)-2 (Bitter and Eagan, 1988) to yield
PMA-CA24.

Expression of the mutant enzyme in yeast

Yeast transformed with pMA-CA24 expressed MAO A activity at levels
equal to about 10% of yeast transformed with wild type enzyme. The
first evidence of expression was obtained by direct assay of yeast cells
permeabilized to the MAO A substrate kynuramine (Weissbach et al.,
1960) by 5 cycles of freezing at —70°C and thawing at 30°C, 2 and 1min,
respectively, as small pellets and immediately suspending treated cells in
assay medium for 10 min at 30°C. The change in absorbance at 316 nm due
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Fig. 2. DNA agarose gel and Western blot showing changes in size of human liver
MAO A cDNA and protein due to truncation. The panels show: a DNA gel, 0.8%
agarose. I and 4 100 and 200ng, respectively, of ADNA/Hind III fragments; size is
indicated in kb on left margin. 2 and 3 upper bands are due to linearized Bluescript
vector; lower bands are Bam HI fragments of full length MAO A gene in lane 2 and
truncated gene in lane 3; b Western blot showing wild type and mutant MAO A ex-
pressed in yeast. Samples were electrophoresed in a 7.5% acrylamide SDS denaturing
gel (Laemmli, 1970). Protein was transblotted onto nitrocellulose (Harlow and Lane,
1988) and developed with sheep anti-human placenta MAO A (Kirchgessner and
Pintar, 1991) and anti-sheep IgG alkaline phosphatase-coupled antibodies. / and 2
purified human liver monoamine oxidase expressed in yeast, 600 and 300 ng, respectively;
3 and 4 crude homogenate of yeast transformed with wild type human liver monoamine
oxidase, 15 and 7.5 pg total protein; 5 and 6 crude homogenate of yeast transformed
with truncated monoamine oxidase, 15 and 7.5 pg total protein. Protein concentration
for the purified enzyme was estimated from the flavin®°*™¢ extinction coefficient of
10,800cm~'M™! at 450nm (Weyler and Salach, 1985) and protein for the crude
homogenates was determined with the biuret reaction (Layne, 1957)

to the product 4-hydroxyquinoline was then recorded. Enzyme was also
detected by SDS-PAGE and Western blot assay (Fig. 2b). The Western blot
indicated that although enzymatic activity was only 10% of the wild type
the amount of protein expressed was at a level similar to wild type expres-
sion, suggesting that the catalytic efficiency of the mutant enzyme was
substantially decreased.

Partial purification of the mutant protein

A significant difference of MA-CA24 protein was that centrifugation at
48k g was not sufficient to sediment the mutant protein as is observed for
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the wild type enzyme. Centrifugation at 250k g, however, gave a loose
pellet containing most of the enzyme activity with less than 10 percent
remaining in the supernatant. This indicated that the mutant enzyme is still
membrane bound although probably not to the mitochondrial fraction.
Treatment of this membrane fraction with 0.5% Triton X-100 alone did not
liberate activity from the membrane. Both phospholipase A and C digestion
and extraction with this detergent were required to solubilize activity. Thus,
while the distribution of the enzyme in the membrane fractions differed
from wild type enzyme the solubility behavior remained similar.

Size of the mutant enzyme

The size of the mutant enzyme was expected to be 2,400 Da smaller than
the wild type enzyme. This was verified by analysis of crude homogenate
and partially purified enzyme on SDS-PAGE and subsequent analysis by
Western blot using sheep anti-human placenta monoamine oxidase A anti-
body (Kirchgessner and Pintar, 1991) and alkaline phosphatase-coupled
rabbit anti-sheep lgG (Zymed Laboratories). The Western blot in Fig. 2b
shows a comparison of wild type enzyme produced in yeast strain RH218,
both in purified form and from a crude homogenate to the C-terminally
deleted mutant protein from a crude cell homogenate. There is evidence of
proteolytic modification in all samples indicated by the doublet structure
of the immunoreactive bands. Since the purified wild type enzyme consisted
of at least 95% catalytically active molecules (Weyler et al., 1990b) and
extensive kinetic analysis has shown it to be virtually identical to human
placenta monoamine oxidase A (Tan et al., 1991) we believe that any
proteolytic modification is due to nicking of the native protein and that this
has no significant effect on catalytic properties. It is important to note in
Fig. 2b that both bands of the doublet structure of the mutant enzyme are
shifted by similar amount when compared to the doublet structure of the
wild type enzymes. The similar shifts of both bands in the wild type and
mutant enzymes suggests that the proteolytic nick is near the N-terminus.

Activation of the mutant enzyme with dithiothreitol

During partial purification steps, that included dialysis against buffers con-
taining low concentrations of DTT, the mutant enzyme exhibited small
but consistent increases in catalytic activity. Consequently, aliquots of the
enzyme were incubated with DTT to determine if the presence of DTT
could account for the increased activity. Indeed, these incubations gave
variable activation, the effect being greatest with the least pure enzyme
preparations. The effect was seen in at least four independent enzyme
purification experiments. An up to 14-fold increase in enzyme activity was
observed with the 48k g supernatant, whereas, as is shown in Fig. 3, only
a 3.6-fold increase in activity was observed after an overnight dialysis of
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Fig. 3. Activation of mutant monoamine oxidase by dithiothreitol. Triton X-100 was
added to the 800 g supernatant described in ‘“Methods” to a final concentration of 0.5%
and this was further centrifuged at 48k g for 30 min. The supernatant was then dialyzed
overnight against 100 volumes of S0mM NaPOy, pH 7.2, 20% glycerol, and 0.5 mM
PMSF. Reaction was initiated by the addition of DTT from a 1M stock solution and
incubation at 30°C. @ no addition; O 5mM; X 10mM; A 40mM, DTT, respectively.
Prior to dialysis the same sample gave a fourteen-fold activation with 40mM DTT

this same fraction against buffer containing 20% glycerol, 5SmM DTT and
0.5mM PMSF. As is seen in Fig. 3 extent of activation was dependent on
DTT concentration. The relative decrease in activation in the latter sample
could be attributed to an increase of basal activity occuring during the
dialysis, since the final activity was the same for both samples. Enzyme
purified with a DEAE-Sepharose column step could not be activated and
was very labile, losing activity with a half-life of 25 min at 30°C in the pres-
ence or absence of 0.5mM PMSF or 40mM DTT. Under similar conditions
the half-life of activity of enzyme from the 48k g supernatant was on the
order of 3 to 4h, determined after maximal activity due to DTT activation
was recorded. In anaerobic spectrophotometric experiments (Weyler, 1987)
with partially purified enzyme the flavin spectrum was 50% reducible with
excess tyramine and the remainder could be reduced with dithionite. Based
on enzymatic assay with kynuramine and the substrate reducible fraction of
the flavin spectrum it was evident that the enzyme had a turnover number
2.5 to 3.1-fold lower than the wild type enzyme. Since this enzyme could
not be activated with DTT because of competing irreversible inactivation it
is not possible from these experiments to determine if the lower turnover
number is due to the putative disulfide bond or due to other factors.



Monoamine oxidase type A 11

Discussion

Monoamine oxidase is an intrinsic membrane protein which has been lo-
calized to the outer membrane of mitochondria (Schnaitman et al., 1967).
The mode of binding to the membrane is unknown. Analysis of the deduced
amino acid sequence by the method of Kyte and Doolittle (1982) indicates
that monoamine oxidase type A does not have multiple membrane spanning
sequences. This and the methods of Klein et al. (1985), and Eisenberg et
al. (1984), predict only two potential transmembrane spanning sequences;
one at the N-terminus and one at the C-terminus. The hydrophobic peptide
at the N-terminus could be ruled out as a transmembrane helix since this
sequence is involved in the binding of the adenine moiety of the FAD
prosthetic group as deduced from homology to an increasing number of
FAD proteins, many of which are soluble proteins (Weyler et al., 1987).
The overall hydrophobicity or GRAVY score (Kyte and Doolittle, 1982) of
the enzyme suggests it to be soluble, which is entirely contrary to observed
properties.

These observations suggested the possibility that monoamine oxidase
type A is a class I membrane protein (Bloble, 1980), anchored to the mem-
brane with a single short hydrophobic C-terminial sequence. This prediction
was tested by deleting the C-terminal 24 animo acids which include all of
the hydrophobic residues in the predicted transmembrane peptide, and
expressing the truncated protein in yeast as previously reported for the
wild type enzyme (Weyler et al., 1990b). The solubility properties of the
resultant protein, however, do not support this model. Enzyme activity
remained associated with a membrane fraction through all centrifugation
steps and solubilization required treatment with phospholipase A and C and
detergent similar to the wild type enzyme, thereby suggesting that the
truncated protein was still membrane bound. These results clearly rule
out that monoamine oxidase is anchored to the outer membrane of the
mitochondria through a single C-terminal hydrophobic peptide. Other
modes of binding involving the C-terminus are also eliminated. Glycosyl-
phosphatidylinositol (Ferguson and Williams, 1988) and isoprenoid mem-
brane anchors of the type discovered to date cannot be involved (Maltese,
1990). It is possible that monoamine oxidase is a multimeric structure where
subunit/subunit contacts mask charged faces and only a relatively small
fraction of the surface on each subunit interacts with the lipid bilayer as has
been suggested for porins (Kleffel et al., 1985). Support for a model which
has monoamine oxidase deeply buried in the membrane comes from very
recent protein import studies that have revealed the membrane bound
protein to be highly insensitive to proteinase K digestion (Zhuang et al.,
1992). A recent report has identified the C-terminal hydrophobic peptide to
be involved in targeting of monoamine oxidase type B to the mitochondrial
membrane (Mitoma and Ito, 1992). In this study, deletion of 28 amino acids
from the C-terminus prevented specific targeting of rat liver monoamine
oxidase type B, transiently overexpressed in COS cells, to the mitochondria.
In a sucrose gradient sedimentation experiment the CA28 mutant protein
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co-sedimented with cytochrome P4so reductase, a microsomal marker pro-
tein. This observation could explain the higher g-force required to sediment
the MA-CA24 mutant enzyme from the initial yeast homogenate in the
present work and supports the notion that the truncated protein remains
membrane bound.

Enzymatic activity of crude extract of the mutant protein was about
10% of wild type, but SDS-PAGE followed by Western blot analysis with
antibody to human placenta MAO A indicated that the protein was ex-
pressed at similar levels as the wild type enzyme. This initially suggested
that the truncated protein had only 10% of the wild type catalytic efficiency.
During purification trials which included dialysis against DTT small but
significant increases in activity were noted and subsequent experiments in
which the enzyme was incubated with 5 to 40 mM DTT showed that activity
could be increased 0 to 14-fold depending on the enzymes state of purity.
Activation potential was inversely related to purity. The purest enzyme
could not be activated and was labile under conditions of the experiment
with a half-life for inactivation of 25min. The activation behavior suggests
that a fraction of the enzyme as isolated from the yeast cells has a pair
of oxidized sulthydryl groups which are reduced on incubation with DTT.
This behavior is consistent with the C-terminus of the wild type enzyme
protecting these sulthydryl groups in the wild type enzyme against oxidation
and that they are exposed in the mutant enzyme. These observations also
suggest that the C-terminus may be in close proximity to the active site, but
since the final activity of the crude activated enzyme is about the same as
wild type enzyme it is clear that the deleted amino acids do not contribute
any catalytic residues to the active site. In addition the C-terminus appears
to make a major contribution to the enzymes thermal stability when it
is removed from its native environment. Conversely, the membrane en-
vironment has a stabilizing effect on the mutant enzyme as is evident from
the 7 to 10-fold greater half-life of enzyme activity in the crude homogenate
compared to the purified enzyme under similar conditions of temperature
and reducing agent.

The observation that the MA-CA24 mutant protein has virtually full
activity suggests that the C-terminal peptide is part of the proteins envelope
and not a protein core peptide. If the C-terminus were part of the core, the
mutant enzyme would most likely not fold properly. This peptide is most
probably in contact with the membrane in the native condition.

We previously reported that at least two cysteine residues of human
placenta MAO A are modified by the sulfhydryl reagent 2-pyridyldisulfide
(Weyler and Salach, 1985). Since modification of one of these residues led
to only partial inactivation we concluded that this residue was not involved
in catalysis. It is possible that the cysteine residues oxidized in the mutant
protein are the same residues responsible for the inactivation in the chem-
ical modification experiments. This hypothesis can be tested by site-directed
mutagenesis experiments.

Results with this mutant protein have made significant contributions
toward our understanding of how MAO interacts with its membrane en-
vironment and provides a basis for further investigations.
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Conclusion

1. We demonstrated that MAO is not a class [ membrane protein, i.e., it is
not bound to the membrane by a simple C-terminal membrane anchor.

2. We deduced that the enzyme is not bound to the membrane by either
glycosyl-phosphatidylinositol, farnesyl, or geranylgeranyl membrane
anchors.

3. The high catalytic activity of this mutant enzyme (after DTT activation)
suggests that the C-terminal 24 amino acids do not contribute any cat-
alytic residues to the active site. Our data further suggests that this
peptide is on the surface of the protein since proper folding would not be
likely if the deleted peptide constituted a core peptide.

4. It is clear that the C-terminal peptide makes a large contribution to
the stabilization of the purified wild type enzyme and conversely, the
membrane environment makes a large contribution to the stability of the
MA-CA24 mutant enzyme.
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Summary. Monoamine oxidases deaminate many amines, including
neurotransmitters, by oxidation followed by spontaneous breakdown of the
imine product. The reduced enzyme is reoxidized slowly by oxygen, but in
the presence of amines, the rate of reoxidation is markedly enhanced.
The extent of enhancement depends on the amine substrate, kynuramine
enhancing the rate 125-fold, but 5-hydroxytryptamine only 6-fold. Here we
describe the properties of human liver monoamine oxidase A which has
been cloned into and overexpressed in yeast. The purified enzyme has a
higher K, for oxygen than does the placental enzyme, but the steady-state
parameters for the endogenous amines are the same. Tertiary amines are
oxidized at slightly different rates by the two enzymes. The consequences of
the branched pathway mechanism with substrate-dependent enhancement
of reoxidation for the steady-state levels of the various enzyme species is
discussed.

Introduction

The oxidation of amines by monoamine oxidases has been studied intensively
for many years (for recent reviews, see Singer, 1991, and Weyler et al.,
1990a). Although the role in peripheral tissues may be a general one, the
monoamine oxidases in brain play a crucial role in maintaining low levels of
transmitter amines and their by-products. Monoamine oxidase inhibitors
result in elevated levels of brain amines and thus are used in antidepressants
and as adjuncts in the treatment of Parkinson’s disease. It is the search for
the perfect MAO inhibitor, as well as the need to understand how the two
forms of MAO (A and B) work on neurotransmitters in different parts of
the brain, that makes it essential to understand the kinetic mechanism of
these enzymes.

Most steady-state studies of MAO suggest a simple ping-pong mech-
anism but detailed analysis of the steady-state (Pearce and Roth, 1985;
Husain et al., 1982) and presteady-state (Husain et al., 1982; Ramsay et al.,
1987; Ramsay, 1991) kinetics revealed that both binary and ternary complex
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pathways can occur with any given substrate (see Scheme 1). The mechanism
followed in any given turnover depends on the relative rate constants and
the dissociation constants for the complexes.

For both MAO A and MAO B, the free reduced enzyme (Eg) is
oxidized at a rate less than the observed steady-state rate. The reduced
enzyme-substrate complex (Eg-S) is reoxidized dramatically faster, partic-
ularly for MAO A (Ramsay et al., 1987; Ramsay, 1991). However the
extent of the enhancement of the rate was different for the two substrates
examined for each enzyme (Ramsay et al., 1987; Ramsay, 1991). We have
now established that the enhancement of the oxidative half-reaction is
dependent on the particular substrate used (Tan and Ramsay, submitted)
and here discuss some consequences of this feature of the mechanism.

The enzyme used in this work was human liver MAO A cloned and
overexpressed in yeast as described by Weyler et al. (1990b).

Material and methods

Enzyme

Human Liver Monoamine Oxidase A was overexpressed in yeast as described by
Weyler et al. (1990b) and purified as described by Tan et al. (1991). As a result of the
overexpression, 287mg of pure enzyme was obtained from 10L of yeast cells. This
large quantity of enzyme was necessary for the stopped-flow experiments where the
oxidation or reduction of the flavin is measured at 450nm (¢, = 10,800M 'cm™!
(Weyler and Salach, 1985)).

Reagents

Amine substrates and detergents were purchased from Sigma Chemical Company.
MPTP, MPDP* and MPP™" were purchased from Research Biochemicals, Inc.

Steady-state assays were performed spectrophotometrically (kynuramine, benzyla-
mine, MPTP, MPDP™) or polarographically (all other substrates) at 30°C in 50 mM
Na™ phosphate buffer, pH 7.2, containing 0.5% (w/v) Brij 35. The values given for the
kinetic constants are averages of at least 3 separate determinations.

Stopped-flow measurements were carried out as described by Ramsay (1991) except
that all measurements were made at 30°C in 50mM Na™ phosphate — 0.8% octyl-B-D-
glucopyranoside.

The reactions studied were:

k; k
Reduction Eox + S = Eq,$ 2 EgxP
Reoxidation EgS + 0, 3 E, S + H,0,

It should be noted that during turnover, the oxidative half-reaction can take either of
the pathways described in Scheme 1. In the experiments reported here, reduced
enzyme is premixed anaerobically with substrate to measure only the reoxidation of the
reduced enzyme-substrate complexes.
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Results
Steady-state kinetics

Table 1 lists the steady-state rate constants (k. or turnover number) and
K., values for the purified human liver MAO A with various substrates. The
data (with a few corrections for turnover numbers calculated without taking
account of the presence of catalase) are taken from Tan et al. (1991). All
the natural substrates have very similar k., values but the low K, for
tryptamine makes it the best substrate. Tryptamine excepted, the MPTP
derivatives (k.,/K,, > 20) are all better substrates than the natural primary
amines (k. /K, = 8 — 18). MPTP itself turns over fairly slowly despite a
low K,,, suggesting that all the substitutions tested make the pyridine ring
more susceptible to oxidation. The last column in Table 1 compares the
efficacy of the liver and placental enzymes with each substrate as a ratio of
the k.,./K,, values for liver/placenta. For the endogenous amines this ratio
is 1, but for the neurotoxic MPTP derivatives it is >1.5, indicating that the
liver enzyme catalyzes the oxidation of these substrates more efficiently
than does placental MAO A.

The second substrate for MAO A is oxygen. Figure 1 shows the effect of
oxygen concentration on rate of oxidation of kynuramine by the liver and
placental enzymes. Despite having the same V,,, and very similar K,
values for kynuramine, the two enzymes are affected quite differently by
the oxygen concentration. The K, values for oxygen from Fig. 1 and 6 upM
for the placental enzyme (in agreement with Ramsay, 1991) are 60 uM for
the liver enzyme. Thus there are significant kinetic differences between the
two enzymes.

Table 1. Substrate specificitiecs of MAO A from human liver

Keat/Km (liver)

kcat Km kcat/Km
Substrate (s7hH (mM)  (s7!M™Y) k.. /K, (placenta)
Kynuramine 2.65 0.147 18 0.92
Tryptamine 2.65 0.032 83 0.93
Serotonin (5-HT) 2.78  0.251 11 1.06
Dopamine 1.83 0.234 7.8 0.98
Tyramine 3.63 0.244 15 1.09
MPTP 0.20  0.081 2.5 1.46
2'-n-propyl MPTP 6.10  0.277 22 1.89
2,6-dimethyl MPTP 3.72  0.161 23 1.76
4-(4'-iodobenzyl) MPTP 1.23  0.033 37 1.76
4-(1-naphthylmethylene)-MTP? 131 0.182 72 1.52

Data are taken from [9] with some corrections
#4-(1-naphthylmethylene)-N-methyltetrahydropyridine
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Fig. 1. Dependence on oxygen of the steady-state rate of oxidation of kynuramine by
MAO A from human liver and placenta. The oxidation of kynuramine (1 mM) was
followed spectrophotometrically at 316 nm. The assay cuvette contained 50mM Na™
phosphate, pH 7.2, 0.2% Triton X-100 at 30°C and MAO purified from human liver
(O) or placenta (A). Closed cuvettes were equilibrated with various concentrations of
oxygen before the reaction was initiated by the addition of kynuramine

Half reactions of MAO A

The rate of oxidation of the FAD cofactor of MAO A by substrate depends
on the nature of the amine. Three indole substrates which differ only
at the 5 position remote from the amine group were examined, namely
tryptamine, S5-hydroxytryptamine (serotonin) and 5-methoxytryptamine.
Figure 2 shows that although all give the same value for k; (the rate
constant for E,;S — ERrP, (see Scheme 1), which is obtained from the
reciprocal of the y intercept), the Kp values differ greatly (see Table 2).
At low amine concentrations, tryptamine oxidation is fastest, then 5-me-
thoxytryptamine, then 5-HT. The differences in Ky, (tryptamine, 0.07 mM;
5-MT, 0.16 mM; 5-HT, 0.40 mM) indicate that substitutions at the 5 position
hinder binding, and that the OH group is worse than the methoxy group.
Table 2 lists the kinetic constants for all the amines studied. Note that in
all cases, the k, values obtained for the reductive half-reaction are very
close to the k., values for the steady state reaction. For all these amines,
the reductive half-reaction appears to be the rate limiting step in turnover.
In the oxidative half-reaction, all the amines strongly stimulated the
observed rate of the reaction between the reduced enzyme and oxygen.
Figure 3A shows the slow first order reaction of the free enzyme with
oxygen in contrast to the much faster rates observed in the presence of
indoleamines. MPTP (40-fold) and kynuramine (125-fold) stimulate so
strongly that the rate constant scale is 0-250s~" in Fig. 3B in contrast to
0-15s~"in Fig. 3A. The second order rate constants (Table 2, last column),
show that the substrates can be divided arbitrarily into two groups, namely
those that enhance strongly, such as kynuramine, benzylamine, MPTP and
MPDP, and those that enhance modestly such as the indoleamines. These
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Fig. 2. Rate constants for the reduction of MAO A by indole substrates. The reduction

of the flavin was followed at 450nm as described in the Methods section after rapid

mixing of the anaerobic enzyme and substrate solutions. The final enzyme concentra-

tion was 8puM and the substrates (2mM) were tryptamine (O), S-hydroxytryptamine
(A), and 5-methoxytryptamine (OJ)
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Scheme 1. Kinetic pathways for monoamine oxidase

differences in rate will effect the regeneration of oxidized enzymes ready for
the next catalytic cycle. In all cases, ErS reacts more rapidly with oxygen
than does free enzyme (Egr) alone. The flux through the accelerated EgS
reoxidation pathway will depend not only on the relative rate constants but
also on the rate of association of the substrate with Er. Since the oxidative
half-reaction for MAO A is apparently first order, Kp values for EgS
cannot be extracted from the data reported here. Further experiments
are in progress to see if the Kp for EgxS differs from the Kp for E,,S
determined in the reductive half-reaction. For MAO B, the K values are
quite different. For MPTP, the Ky, for the E ,-MPTP complex is 0.04 mM,
whereas that for the Eg-MPTP complex is greater than 2mM (Ramsay et
al., 1987).
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Table 2. Kinetic parameters for human liver MAO A from steady-state and stopped-
flow half-reaction experiments

Steady-State Reduction Oxidation

kcal Km kZ I<D kapp#< kox
Substrate (s7hH (mM) (s7hH (mM) (s7hH (mM~1s71)
Kynuramine 2.65 0.15 3.1 0.58 120 508
Benzylamine 0.02 0.90 0.06 0.23 23 106
Phenylethylamine 0.75 0.50 1.10 0.90 12 48
Tryptamine 2.65 0.03 21 0.07 8 29
Serotonin (5-HT) 2.80 0.40 2.1 0.40 5.7 24
5-methoxytryptamine 1.81 0.184 1.72 0.161 2.8 11
MPTP 0.20 0.09 0.2 0.04 40 166
MPDP™ 0.018 0.024 0.017 0.10 29 130
MPP* No Reoxidation
NONE 0.94 4.0

* At 0.238 mM O,. All rates were measured at 30°C

Turnover experiments

The relative rates of the reductive and oxidative half-reactions (and the
relevant dissociation constants) will determine the distribution of the enzyme
between the oxidized and reduced states. Figure 4 shows stopped-flow
monitored turnover experiments for liver (panel A) and placental (panel B)
MAO A with an excess of several amine substrates. In each experiment,
there is an initial rapid bleaching of the flavin absorbance at 450nm,
followed by slower changes between the oxidized and reduced pools of
enzyme in the steady state. Finally, as the oxygen concentration decreases,
the flavin becomes fully reduced. The extent of reduction of the flavin in the
steady state is an indication of the difference between the rate of reduction
and the rate of oxidation for each substrate. With MPTP, which has a low
rate of turnover and reduces the flavin only slowly (Ramsay, 1991), most
(98%) of the flavin remains oxidized. With kynuramine approximately 80%
remains oxidized, but for 5-HT only 10% is oxidized in the steady-state
(Fig. 4). Kynuramine and 5-HT are oxidized by MAO A at the same rate
(2.65 and 2.80s™! respectively), and the reductive half-reaction is actually
faster for kynuramine (3.1 versus 2.1s™"). The more rapid accumulation of
the reduced enzyme species with 5-HT indicates that the reduction alone
does not determine the distribution of the enzyme between the oxidized and
reduced forms and that the rate of reoxidation must be taken into account.
For kynuramine, the ratio of the rate constants for oxidation and reduction
(kapp’kz) is 39, whereas for 5-HT the ratio is only 2.7, so that although the
substrates are turned over at the same rate, the proportion of reduced flavin
accumulates faster with 5-HT.

Although the amount of enzyme used in each panel is different (28 uM
in A, 17uM in B) and the K, value for O, is different for the two enzymes
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Fig. 3. The enhancement of the rate constants for the oxidative half-reaction by sub-

strates. MAO A was reduced as described in the Methods and incubated anaerobically

with substrate for five minutes before mixing with oxygen in the stopped-flow spectro-

photometer. The substrates were, in A, no amine present (O), 2mM serotonin (5-HT,

0), 2mM 5-methoxytryptamine (A ); in B (note the change in scale), 2 mM kynuramine

(O), 2mM MPTP (A). The standard deviations are smaller than the size of the
symbols

(60pM in A, 6puM in B), internal comparisons can be made relative to
the MPTP curve. For MPTP, the k, and oxidative k p are the same for
the liver (0.2 and 40s™') and placental (0.19 and 36s™ ) enzymes In relative
terms, the placental enzyme remains oxidized longer than the liver enzyme
with kynuramine but is reduced faster with 5-HT. Further information
about the molecular mechanism must be sought to explain these differences.

Discussion

The kinetic properties of human liver MAO A are not identical to those for
the placental enzyme. In particular, the K, value of O, for liver enzyme
(60uM) is 10-fold higher than that for the placental enzyme (6 uM) when
assayed with kynuramine. The rates for the oxidation of primary amines are
virtually the same for both, but differences are found for the tertiary
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Fig. 4. Variation in the steady-state concentration of oxidized MAO A during stopped-

flow monitored turnover in the presence of substrates. MAO A (final concentration

8 uM) was mixed with 10 mM MPTP (7), kynuramine (2) or serotonin (5-HT, 3) in the

presence of 0.238mM oxygen and the decrease in the absorbance at 450nm was

monitored. When the O, is exhausted, the enzyme becomes fully reduced. A shows
human liver MAO A; B shows human placental MAO A

amines. The k., /K, values for the liver enzyme oxidizing MPTP and its
derivatives are all at least 50% higher than those for the placental enzyme.
However, the K,, values are only slightly altered and K; values for the
pyridinium products are the same for both enzymes, suggesting that binding
is not affected. Rather, the differences seem to be kinetic. The high yield of
pure recombinant human liver MAO A obtained from yeast facilitated
extensive stopped-flow studies to determine the rate constants for the
reductive and oxidative half-reactions. For all the substrates investigated,
the reductive half-reaction is rate-limiting for MAO A, in contrast to MAO
B where the oxidative half-reaction is at least partly rate-determining for
some substrates (Ramsay et al., 1987). The rate of the oxidative half-
reaction was different for all 8 substrates studied, confirming that the
difference between the rates for kynuramine and MPTP reported earlier
(Ramsay, 1991) was indeed substrate-induced. From the data in Table 2, we
conclude that:

1. The reduced enzyme-substrate complex (EgS) is reoxidized faster than
free enzyme alone.
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2. The stimulation of the rate of reoxidation is dependent on the nature of
the amine substrate.
3. The product (MPP™) inhibits the reoxidation.

The inhibition by product and differential stimulation by substrate suggest
that the reactivity of the reduced flavin with oxygen is altered. However,
the best substrates for the reductive half-reaction are not best for the
enhancement of the oxidative half-reaction. For example, MPTP reduces
MAO A at a tenth of the rate observed with 5-HT, yet the Ex-MPTP
complex is reoxidized 5 times faster than the Eg-5-HT complex. Further
investigation into the mechanism of the stimulation of reoxidation is neces-
sary, but one can speculate that some conformation change alters the
reactivity of the FAD with O,. This could be a consequence, for example,
of an altered redox potential, promotion of O, binding, or stabilization of
the one electron transfer intermediate.

Overall, those complex properties and the alternate pathway mechanism
shown in Scheme 1 mean that complex steady state kinetics may be observed
for this enzyme. A good example of this is the biphasic kinetics observed for
the oxidation of trans-stylbasole by MAO A (Bachurin et al., 1989) which
was originally interpreted as due to two binding sites. Current studies in
our laboratory (S. O. Sablin and T. P. Singer, unpublished) show that it is
rather a consequence of the branched mechanism where the Kp of EgS is
very different from that of E. S so that at low substrate concentrations
reoxidation of the free enzyme predominates whereas at high substrate
concentration, the faster ERS — E,,S pathway determines the steady-state
rate. Although not so obvious for the more usual substrates, the differences
in the steady-state redox state of the enzyme with different amines and
potentially different inhibitor binding characteristics for the oxidized and
reduced enzyme mean that simple inhibition studies must be analyzed with
caution.

Lastly, we would like to point out general consequences of the branched
mechanism with substrate-dependent stimulation of oxidation which are
of relevance to the pharmacology of the enzyme and to the design of
inhibitors. Our initial data suggest that the Ky for ERS is much higher than
that for E,,S (Ramsay et al., 1987; Ramsay, 1991; Sablin and Singer,
unpublished). Thus at high substrate concentrations an apparent activation
of MAO can occur. At low substrate concentration the slower Eg path will
predominate whereas at high concentrations the fast EgS path will become
important. The redox state of MAO A during turnover is predominantly
oxidized (Fig. 4), but that of MAO B is much more reduced (Husain et al.,
1982). For example, with phenylethylamine, MAO B is completely reduced
in the steady-state. The consequence of this is a potential heterogeneity
of the observed response of cells with different complements of amine
substrates to a given inhibitor, assuming that the binding of inhibitors, like
that of substrate, is different for the reduced and oxidized forms of the
enzyme. Further data are needed to support this hypothesis, but if it holds it
might explain puzzling discrepancies in the potency of MAO inhibitors on
different cell populations.
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Identification of human monoamine oxidase (MAQO)
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J. C. Shih, Q.-S. Zhu, J. Grimsby, and K. Chen

Department of Molecular Pharmacology and Toxicology, School of Pharmacy,
University of Southern California, Los Angeles, California, U.S.A.

Summary. The promoter of human monoamine oxidase (MAO) A and B
genes have been identified. The core promoter region of MAO A is com-
prised of two 90bp repeats each of which contains two Spl elements and
lacks a TATA box. The MAO B core promoter region contains two sets of
overlapping Spl sites which flank a CACCC element all upstream of a
TATA box. The different organization of the MAO A and B promoters
may underlie their different cell and tissue specific expression.

Introduction

Monoamine oxidase A and B (MAO A and B; flavin-containing deaminat-
ing amine:oxygen oxidoreductase, EC 1.4.3.4) catalyze the oxidative
deamination of a number of neurotransmitters, dietary amines and xenobiotics
including the Parkinsonism-producing neurotoxin 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (Chiba et al., 1984). Both forms are located in
the outer mitochondrial membrane and are distinguished by their different
substrate preference and sensitivity to inhibitors. Cloning of the cDNAs for
MAO A and B demonstrates that these two forms of the enzyme are coded
by different genes (Bach et al., 1988; Hsu et al., 1988; Lan et al., 1989;
Shih, 1990) which were derived from the same ancestral gene (Grimsby et
al., 1991). Both genes are closely linked and located on the X chromosome
at Xp11.23 to Xp22.1 and are deleted in some patients with Norrie’s disease
(Ozelius et al., 1988; Lan et al., 1989).

MAO A and B transcripts are coexpressed in most human tissues ex-
amined (Grimsby et al., 1990). However, they do show different tissue and
cell distribution, and they are regulated differently during development. In
addition, abnormal MAO activity may be associated with mental disorders
and MAO inhibitors have been used for the treatment of Parkinsonism and
mental depression. In order to understand the mechanisms controlling the
expression of these two forms of MAO, it is essential to characterize the
promoter regions of their genes. This report shows that the immediate 5’
flanking sequences of both MAO A and B genes contain cis-elements
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needed for active transcription, but the organization of these elements are
different.

Materials and methods

The 5' flanking sequences of MAO A and B genes are isolated from corresponding
genomic clones and sequenced after being subcloned into M13. On the basis of se-
quence analysis, various DNA fragments from the presumed promoter regions are
isolated and measured for promoter activity by inserting them into the promoterless
expression vector pPOGH which contains human growth hormone as the reporter gene.
These constructs are transfected into SHSY-5Y (human neuroblastoma) and NIH3T3
(mouse fibroblast) cells. The human growth hormone synthesized is secreted into the
medium and is measured with a Kit from Nichols Institute Diagnostics. MAO catalytic
activities are assayed as previously described (Chen et al., 1984), using serotonin and
phenylethylamine as substrate for MAO A and B, respectively.

Results and discussion

Sequence analysis of the 5’ flanking region of MAO A and B exon 1
revealed potential DNA sequences involved in regulating transcription
(Table 1). The first 200bp 5’ of the cDNA start site for MAO A and B are

Table 1. Potential cis-elements in the promoter of MAO A and B genes. These sites

are numbered from 3’ to 5" as in Fig. 1-3. The location of these sites are indicated by

the distance to the A of the translation initiation codon ATG, which is defined as +1.
The negative sign indicates that they are upstream of the ATG

MAO A MAO B
site sequence location (bp) site sequence location (bp)
1 CTCCGCCC -9%4 1 GGGCGGG -82
2 cccaeece —142 2 TAATATA —146
3 CTCCGCCC —184 3 GGGCGGG —181
4 TCCGCCC —237 4 GGGCGGG —-185
5 TAATAA -269 5 AGGCGGG —189
6 CACCC —-316 6 CACCC =210
7 CACCC —404 7 GGGCGGTG —226
8 CCAAT —443 8 GGGCGGG —-233
9 CACCC —521 9 CCCGCCC —267
10 CACCC —531 10 CACCC =270
11 CCAAT =570 11 CTCccGcecc —278
12 TGACCTCA —618 12 GGGCGGG =310
13 CACCC -670 13 CCAAT —405
14 CCCcGCce -729 14 CACCC —409
15 CCAAT =777 15 AATTGG —430
16 CCAAT —920 16 CACCC —442
17 CACCGCCC -1,325 17 GGGTG =709
18 CCCGCCC —1,418 18 TGATGTCA —807

19 TGACTCA —1,340
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Fig. 1. Sequence comparison of the core promoter regions of MAO A (A) and B (B)
genes. The position of the two promoter regions are aligned to yield the highest degree
of homology as determined by computer analysis. The potential cis-elements 1-7 of
MAO A and 1-16 of MAO B as shown in Table 1 are marked. The sequences of
A0.14 and BO0.15 fragments are in bold type. The two 90bp repeats of MAO A are
marked by solid arrows ( — < ). The cDNA start site is indicated by an open arrow (| ).
Transcription initiation sites as determined by primer extension analysis (figure not
shown) are marked with asterisks (*)

comprised of 68% and 82% GC residues respectively. These two regions,
later shown to contain the core region of promoter activity, also share the
highest homology (61%, Fig. 1), suggesting that these two promoters may
be derived from a common ancestral gene. However, none of the transcrip-
tion factor binding sequences are conserved at their corresponding positions
(Fig. 1) suggesting that these two promoters have functionally diverged
during evolution and thus their expression are differently regulated (Zhu et
al., 1992).

Promoter activity measurements with DNA fragments obtained from
both 5" and 3’ deletions show that the MAO A promoter activity is located
in the two 90 bp direct repeat region (Fig. 2, each repeat is represented with
an arrow). These two 90 bp repeats share 83% sequence identity and each
contains two Spl elements in reversed orientation (Fig. 2, site 1-4). Dele-
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Fig. 2. Restriction map of the MAO A promoter region and promoter activity mea-
surements. At the top is the restriction enzyme map, where only restriction enzyme
sites used for subcloning for promoter activity measurement are marked. The open box
on the top line represents untranslated region and the closed box for the coding
sequence of MAO exon 1. The potential transcription factor binding sites are num-
bered as in Table 1. The A of the codon ATG is defined as +1bp. The pOGH
constructs containing DNA fragments to be tested are named according to the size of
the inserts (kb). A denotes DNA fragments of MAO A gene. The activity of the A0.14
construct is taken as 100% for each cell lines. pXGHS represents the plasmid containing
mouse metallothionein promoter instead of the MAO promoter fragments, which was
used to monitor the transfection efficiency. The last line shows MAO A enzymatic
activity measured in each cell line

tion of the 3" 90bp repeat from A0.24, a 0.24kb Pvull/Drall fragment,
which contains both 90bp repeat and an upstream TAATAA sequence,
decreases promoter activity by approximately 50% (compare A0.24 (53%)
and A0.12 (25%) in Fig. 2). However, deletion from the 5’ end which
removes the TAATAA sequence and the Spl site 4, results in the most
active fragment (A0.14) which contains Spl sites 1-3 and its activity is
taken as 100%. A0.09 and A0.12 containing Spl sites 2—3 and 3—-4 are
capable of transcription activation although with only 20-25% the activity
of A0.14. This means that at least three Spl sites or yet undetermined
elements located within this region work cooperatively to activate transcrip-
tion. DNA fragments containing only one Spl site (site 4, see A0.37 and
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Fig. 3. Restriction map of the MAO B promoter region and promoter activity mea-

surements. The symbols used in this figure are the same as in Fig. 2. The potential

transcription factor binding sites are numbered as in Table 1 (1-19). B denotes DNA

fragment of MAO B gene. The last line shows MAO B enzymatic activity measured in
each cell line

AO0.25) display very low promoter activity. Lack of a Spl site (A0.21)
has no detectable promoter activity. The decreased promoter activity
by upstream sequences that contain possible binding sites for transcription
factors (compare Al.4, A0.52, A0.24 and A0.14), (A0.41, A0.29 and
A0.12) and (A0.37 and A0.25) may result from down regulating transcrip-
tion factors or competition of transcription factors for the activating sites on
the polymerase complex.

Figure 3 shows that the 0.15kb Pstl/Nael fragment exhibits the highest
MAO B promoter activity. This fragment contains a TAATATA box (site
2), three overlapping Spl elements (site 3, 4 and 5), a CACCC element
(site 6) and two overlapping Spl elements (site 7 and 8) therefore has a
structure:

5'-(Sp1),-CACCC-(Sp1);-TAATATA-3’

Deletion from the 5’ end of the B0.15kb fragment, resulting in a
stepwise loss of 5’ Sp1 sites (site 7, 8: B0.13), the CACCC element (site 6:
B0.12) and the 3’ Spl1 sites (site 3, 4 and 5: B0.07) resulted in 38%, 28%
and 2% of the promoter activity, respectively. Deletion of the TATA box
(B0.10) results in 64% activity thus demonstrating the positive role of the
TATA box. Like the MAO A promoter, inclusion of further upstream
sequences results in a stepwise decrease in the maximal promoter activity
observed with B0.15 in NIH3T3 cells (B1.0: 18%, B0.48: 32%, B0.44: 44%
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and B0.19: 58%). B0.26 has no promoter activity despite the presence of
potential cis-elements.

The fact that the core region of both MAO A and B promoters are GC
rich, contain potential Sp1 binding sites and can activate transcription initia-
tion in the absence of a TATA box or a CCAAT box demonstrates these
two promoters are housekeeping like. On the other hand, the differences in
their cis-element organization and their behavior in human (SHSY-5Y) and
mouse (NIH3T3) cells indicate that the mechanisms regulating MAO A and
B expression are quite different.

In the human cell line SHSY-5Y the core MAO A and B promoter
activities (4,356 cpm for A0.14 and 2,742 cpm for B0.15) correlate well with
catalytic activities (3.36 nmol/mg/20min for MAO A and 3.03nmol/mg/
20min for MAO B). The unusually high MAO B promoter activity in
NIH3T3 cells (12,787 cpm) compared with moderate mouse MAO B en-
zymatic activity (1.82nmol/mg/20 min) suggests that the mouse fibroblasts
contain sufficient activating factors or less inhibiting factors for human
MAO B constructs. The poor correlation observed in mouse (NIH3T3) cells
between measured human MAO promoter activities (332 cpm for A0.14 and
12,787 cpm for B0.15) and mouse catalytic activities (15.59 nmol/mg/29 min
for MAO A and 1.82nmol/mg/20min for MAO B) suggests that mouse
MAO promoters are different from humans.

Abnormal levels of MAO activity have been reported in a number of
mental disorders and may result from promoter sequence changes. It will be
interesting to investigate whether the varied MAO levels in disease states is
caused by promoter modification (cis-element changes), or by changes of
transcription factors required for MAO expression. The knowledge of the
mechanism for MAO expression regulation can also be used to design new
generation of MAO inhibitors based on altering gene transcription. This
work opens up a new area of research concerning the molecular basis of
MAO gene expression in disease states.
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Some problems associated with measuring monoamine oxidase
activity in the presence of sodium azide

C. J. Barwell and S. A. Ebrahimi

School of Pharmacy and Biomedical Sciences, University of Portsmouth,
Portsmouth, United Kingdom

Summary. The colourimetric assay of monoamine oxidase activity, as
hydrogen peroxide production, normally requires the use of sodium azide to
inhibit breakdown of hydrogen peroxide by catalase. Sodium azide was
shown to act as an uncompetitive inhibitor of benzylamine deamination
with an inhibitor constant of 1.5mM. Catalase activity of isolated rat liver
mitochondria could be eliminated with the irreversible inhibitor of catalase,
3-amino-1,2,4-triazole. The treatment did not affect benzylamine deaminat-
ing activity. The catalase-free preparation could be used to assay monoa-
mine oxidase activity colourimetrically, as hydrogen peroxide production, in
the absence of sodium azide.

Introduction

Monoamine oxidase (MAO) can be assayed by a variety of methods (Tipton
and Youdim, 1983). A colourimetric method described by Szutowicz et al.
(1984) is both sensitive and economical. It is based upon measurement
of hydrogen peroxide, produced in the MAO catalysed reaction, with per-
oxidase. The method has become popular as it has a sensitivity similar to
the widely used but more expensive radiometric assay. Preparations of
MAO, such as tissue homogenates and isolated mitochondria, normally
contain high catalytic activities of catalase, which must be inhibited in
order to conserve hydrogen peroxide produced by MAO. Inhibition of
catalase is commonly achieved by including sodium azide in the assay at
a concentration of 1mM to 10 mM, which has been reported (Szutowicz et
al., 1984) and is assumed to have little or no effect upon MAO activity.
When benzylamine is used as the MAO substrate, enzyme activity
may be assayed spectrophotometrically by determining the increase in
absorbance at 250nm due to production of benzaldehyde (Tabor et al.,
1954). This method does not require the inclusion of sodium azide in the
assay. During studies of benzylamine deamination we have measured
enzyme activity as both hydrogen peroxide production, in the presence of
SmM azide, and benzaldehyde production, in the absence of azide. The
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activity measured in the presence of azide was normally approximately one
half that in its absence. The reason for this discrepancy was investigated and
found to be due to inhibition of MAO by azide.

Materials and methods

Male Wistar rats were killed by asphyxiation with carbon monoxide. Livers were
removed, rinsed and homogenized in 0.3M sucrose with a Thomas homogenizer.
Mitochondria were isolated by centrifugation and washed twice by homogenization and
centrifugation in 10 mM potassium phosphate buffer, pH 7.4.

Monoamine oxidase activity was assayed with 5SmM benzylamine at 37°C in 50 mM
sodium phosphate buffer pH 7.4, both as hydrogen peroxide production (Szutowicz et
al., 1984) and by determining the increase in absorbance at 250 nm due to production
of benzaldehyde (Tabor et al., 1954). For kinetic investigations the concentration of
benzylamine was varied and kinetic constants were determined from Hanes plots of
substrate concentration divided by initial velocity against substrate concentration (S/v
against S) with lines of best fit calculated by linear regression.

Catalase activity was assayed with 50 uM hydrogen peroxide at 37°C in 50 mM
sodium phosphate buffer pH 7.4, using peroxidase and 2,2’-azinodi(3-ethylbenzthiazo-
line-6-sulphonic acid) to measure the hydrogen peroxide remaining.

Isolated mitochondria were treated with aminotriazole by suspending the washed
mitochondria from 1g liver in 10mL of 10mM potassium phosphate buffer pH 7.4
containing 100 mM aminotriazole and 4 mM ascorbic acid then incubating at 37°C for
30 min (Margoliash et al., 1960). The treated mitochondria were recovered and washed
twice by centrifugation.

Results

In the method which measures MAO activity as hydrogen peroxide produc-
tion no activity was detectable when sodium azide was omitted from the
assay. When azide was included activity became detectable and was ap-
parently optimal at concentrations between 2mM and 10mM in the assay.
Benzylamine deamination, measured as hydrogen peroxide production in
the presence of 5mM azide, was approximately one half that measured, as
benzaldehyde production in the absence of azide. A similar relationship was
found when enzyme activity was measured as benzaldehyde production,
both in the absence and presence of 5mM azide.

The apparent inhibitory effect of azide was investigated using the assay
based upon benzaldehyde production. At 5mM, sodium azide reduced both
the Michaelis constant (K,) and maximum velocity (V... The ratio
(Km/Vmax) of these kinetic constants was essentially the same in the absence
and presence of azide. From the kinetic data an inhibitor constant of
1.5mM was calculated. A typical experiment is illustrated as a Hanes plot
(S/v against S) in Fig. 1.

A mitochondrial preparation with a catalase activity of 50,000 nmolh™!
mL~" and benzylamine deaminating activity, measured as benzaldehyde
production, of 1,630nmolh™'mL™! was treated with aminotriazole. The
treatment inhibited more than 99% of catalase but had no statistically
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Fig. 1. Effect of sodium azide upon benzylamine deamination. Activity was measured

as benzaldehyde production at pH 7.4 and 37°C. Reactions were started, after 5Smin
preincubation, by addition of benzylamine. With 5mM azide (O), without azide (@)

Table 1. Effect of sodium azide upon kinetic parameters for benzylamine deamination
measured as hydrogen peroxide production

Kinetic parameter

Condition K., (M) Vimax (nmolh™'mL™1) K/ Vinax (X10%)
No azide 132 1,760 75
SmM azide 75 1,060 71

Isolated rat liver mitochondria were treated with 3-amino-1,2,4-triazole to inhibit
catalase, as described in Materials and methods. Benzylamine deamination was
measured as hydrogen peroxide production at pH 7.4 and 37°C

significant effect upon benzylamine deaminating activity. The aminotriaz-
ole-treated preparation could be used to measure benzylamine deaminating
activity as hydrogen peroxide production, in the absence of sodium azide.
The activity, measured as hydrogen peroxide (1,500 = 13nmolh™!mL™})
was essentially the same as that measured as benzaldehyde production
(1,630 £ 52nmolh™'mL™!), (mean * SE, n = 10). Using the assay which
measures hydrogen peroxide production, the kinetics of benzylamine de-
amination were measured with and without 5mM azide in the assay. Results
were similar to those obtained when activity was measured as benzaldehyde
production. The values in Table 1 show that both the Michaelis constant
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and maximum velocity were reduced by azide and the ratio K,/V .« Was
similar in the absence and presence of SmM azide.

Discussion

Colorimetric measurement of hydrogen peroxide with peroxidase and a
reduced dye provides a simple and economical assay of MAO. With ABTS
as the dye, measurement of 1nmol product is possible, due to its high
absorption coefficient of 24,600M™'cm ! (Szutowicz et al., 1984). This
sensitivity is similar to that of the widely used but more expensive radio-
metric assay (Tipton and Youdim, 1983).

Catalase occurs in most mammalian tissues and when MAO is assayed in
tissue homogenates and isolated mitochondrial fractions, this enzyme will
normally be present. Consequently it must be inhibited to prevent loss of
hydrogen peroxide and underestimation of MAO activity. Sodium azide is
commonly used as a catalase inhibitor and the concentration required for a
particular preparation would be found by using a fixed concentration of
enzyme preparation and measuring colour formation, due to hydrogen
peroxide production, in the presence of various azide concentrations. In our
experience, a concentration in the range 1mM to 10mM is required for
apparently optimal recovery of hydrogen peroxide. It has been reported
that such concentrations of azide have little or no effect upon MAO activity
(Szutowicz et al., 1984). However, our observations show that sodium azide
inhibits benzylamine deamination and therefore at least MAO-B. The form
of Hanes plots and the essentially equal effect upon the Michaelis constant
and Maximum velocity indicates that azide acts as an uncompetitive in-
hibitor. The inhibitor constant was 1.5mM. This means that azide con-
centrations commonly used in the colorimetric assay would result in apparent
MAO activities which are approximately half the true value.

Aminotriazole was used successfully to essentially eliminate catalase
activity from isolated mitochondria preparations which could be used to
measure benzylamine deamination, as hydrogen peroxide production,
without azide in the assay. The conditions used to inhibit catalase did not
affect benzylamine deaminating activity. Aminotriazole is an irreversible
inhibitor of catalase (Margoliash et al., 1960), therefore, catalase activity is
not regained during manipulation of the treated preparations and their
dilution for subsequent assays. Treatment of MAO preparations, such as
tissue homogenates, with aminotriazole could be used to eliminate the
requirement for azide in assays which measure MAO activity as hydrogen
peroxide production. The catalytic activities and substrate affinities mea-
sured would be more representative of physiological values and would be
obtained using a simple and economical assay.
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Some Kkinetic properties of guinea pig liver monoamine oxidase

C. J. Barwell and S. A. Ebrahimi

School of Pharmacy and Biomedical Sciences, University of Portsmouth,
Portsmouth, United Kingdom

Summary. Titration of monoamine oxidase activity in isolated guinea pig
liver mitochondria with clorgyline and assay of remaining activity with
tyramine yielded biphasic inhibition curves. The position of the plateaus
obtained with mitochondria from four animals, indicated that the B form of
monoamine oxidase accounted for 30% to 70% of the tyramine deaminating
activity. Benzylamine deamination was selectively inhibited by (—)-deprenyl.
However, benzylamine and other amines which are selective substrates
for the B form of monoamine oxidase from the rat, were deaminated at
only low rates by the guinea pig liver enzyme. Guinea pig liver contains
a monoamine oxidase-B which is unusual in that although it exhibits ap-
parently normal sensitivity to selective irreversible inhibitors, it has a low
catalytic activity with substrates which the enzyme from rat liver deaminates
rapidly.

Introduction

The monoamine oxidase (MAQ) of guinea pig liver has often been used
in studies upon substrate deamination. Generally it has been found that
tyramine, a substrate for both MAO-A and MAO-B and S5-hydroxytry-
ptamine (5-HT), a selective substrate for MAO-A are deaminated rapidly
and at similar rates. In contrast, deamination of amines, which are now
normally regarded as selective for MAO-B (Dostert et al., 1989), occurs
either at low rates or is not detectable (Alles and Heegaard, 1943; Randall,
1946). Such studies upon substrate selectivity indicate that guinea pig liver
contains little or no activity of the B form of monoamine oxidase. However,
studies with selective irreversible inhibitors indicate the occurrence of
MAO-B and that it constitutes approximately one half of the total tyramine
deaminating activity (Squires, 1972; Das and Guha, 1980). We have carried
out an investigation of guinea pig liver MAO in an attempt to resolve the
apparent contradiction between results obtained with substrate selectivity
and inhibitor sensitivity.
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Materials and methods

Male guinea pigs and Wistar rats were killed by asphyxiation with carbon monoxide.
Livers were removed, rinsed and homogenized, in 0.3M sucrose, with a Thomas
homogenizer. Mitochondria were isolated by centrifugation and washed twice by
homogenization and centrifugation in 10mM potassium phosphate buffer, pH 7.4.

Monoamine oxidase activity was assayed at 37°C in S0mM sodium phosphate
buffer, pH 7.4. Deamination of 5-HT (2 mM) was measured with an oxygen electrode.
Deamination of the following amines was measured colorimetrically as hydrogen
peroxide production (Szutowicz et al., 1984): tyramine (5 mM), N,N-dimethyltyramine
(5§ mM), benzylamine (5 mM), and N,N-dimethylphenethylamine (0.5 mM). Under the
conditions, the method detected 1 nmol hydrogen peroxide in the assay.

Deamination of benzylamine (5mM) was also measured using an HPLC assay in
which benzaldehyde was converted to benzaldehyde semicarbazone by addition of
semicarbazide. The semicarbazone was separated on a C;g reverse phase column
and detected at 280 nm The method detected 0.01 nmol on the column (Barwell and
Ebrahimi, unpublished).

Enzyme preparations were incubated with clorgyline, selective irreversible inhibitor
of MAO-A, and (—)-deprenyl, selective irreversible inhibitor of MAO-B, (see Dostert
et al., 1989) for 30 min at pH 7.4 and 37°C, the remaining activity was then assayed by
addition of 5mM substrate.

Results

Tyramine deaminating activity of both rat and guinea liver mitochondria
was inhibited in a biphasic manner, with a plateau between 1078M
and 1077 M. This is illustrated in Fig. 1, for preparations containing ap-
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Fig. 1. In vitro effect of clorgyline upon tyramine deaminating activity of rat (O) and
guinea pig (@) liver mitochondria. Enzyme preparation was incubated with clorgyline
for 30 min at pH 7.4 and 37°C then remaining activity assayed with SmM tyramine
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Table 1. Some properties of rat and guinea pig liver monoamine oxidase

Deaminating activity
(nmolh ™! gliver 71)

Mitochondria Benzylamine as
preparation Benzylamine  Tyramine percentage tyramine %MAO-B*
Guinea pig
A 4,428 44,800 10 30
B 4,476 58,856 8 70
C 4,374 53,356 8 85
D — 41,200 — 50
Rat
A 8,600 24,800 35 47
B 5,200 13,800 38 50
C 4,098 12,428 33 55

Deaminating activities were measured at pH 7.4 and 37°C with 5mM benzylamine and
tyramine. * The percentage of monoamine oxidase B in each preparation was deter-
mined from the plateau obtained by titration with clorgyline and assaying remaining
activity with 5SmM tyramine, see Fig. 1

proximately equal activities of MAO-A and MAO-B, as defined by inhibitor
sensitivity. The proportion of tyramine deaminating activity due to MAO-B
in mitochondria isolated from different animals is shown in Table 1. The
proportion in preparations from three rats was similar and approximately
50%. In contrast the proportion in four preparations from guinea pig varied
from 30% to 85%.

Each preparation deaminated both tyramine and benzylamine. Ben-
zylamine deaminating activity, as a percentage of tyramine deaminating
activity, was four times lower in guinea pig. It was inhibited in an essentially
monophasic manner and (—)-deprenyl was the most potent inhibitor, as is
shown in Fig. 2.

A guinea pig preparation containing 50% MAO-B activity as defined by
its sensitivity to clorgyline with tyramine as substrate, deaminated tyramine
and 5-HT at similar rates of; 52,300 + 4,100 and 47,000 + 3,000 nmolh™! g
liver™!, respectively. Benzylamine deamination was 4,200 + 200nmolh™'g
liver™! but deamination of N,N-dimethylphenethylamine and N,N-dime-
thyltyramine was not detectable and therefore less than 800nmolh~'g

liver 1.

Discussion

Catalytic activities of the isoenzymes of monoamine oxidase may be dif-
ferentiated kinetically by their substrate specificity and inhibitor sensitivity
(Dostert et al., 1989). MAO-A selectively deaminates 5-HT and is selec-
tively inhibited by clorgyline. MAO-B selectively deaminates benzylamine
and is selectively inhibited by (—)-deprenyl. Both isoenzymes deaminate
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Fig. 2. Invitro effect of clorgyline and deprenyl upon benzylamine deaminating activity of

guinea pig liver mitochondria. Enzyme preparation was incubated with either clorgyline

(O) or deprenyl (@) for 30 min at pH 7.4 and 37°C then remaining activity assayed with
5mM benzylamine

tyramine. The catalytic activity of MAO-A with 5-HT and tyramine is
similar and the catalytic activity of MAO-B with benzylamine and tyramine
is similar. It follows that a preparation containing approximately equal
catalytic activities of the two isoenzymes would deaminate 5-HT and ben-
zylamine at similar rates and at approximately half the rate of tyramine.
These kinetic characters apply to “typical” monoamine oxidases which are
represented by the isoenzymes found in rat liver. However the enzymes of
some species and tissues can exhibit different kinetic properties (Fowler et
al., 1981).

In this study, with rat liver mitochondria and tyramine as substrate,
clorgyline yielded typical biphasic inhibition curves, indicating approxi-
mately equal catalytic activities of MAO-A and MAO-B, and tyramine and
benzylamine were deaminated at similar rates. Therefore the isolation
procedure for mitochondria and conditions used to investigate kinetic
characters yielded typical results.

Titration of tyramine deaminating activity of guinea pig liver mitoch-
ondria with clorgyline also yielded biphasic inhibition curves, indicating the
occurrence of two forms of MAO and with similar inhibitor sensitivities to
the isoenzymes of the rat. Thus the preparations contained both MAO-A
and MAO-B as defined by inhibitor sensitivity. Benzylamine deaminating
activity of guinea pig was selectively inhibited by (—)-deprenyl and therefore
was an apparently typical MAO-B. However, compared to the rat, ben-
zylamine was deaminated at a low rate by preparations containing 4 times
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greater tyramine deaminating activity of which 70% to 85% was apparently
due to an MAO-B (see data in Table 1). The tertiary amines, N,N-dime-
thylphenethylamine and N,N-dimethyltryamine, are highly selective sub-
strates for the MAO-B of rat liver and are deaminated at approximately one
half the rate of benzylamine (Barwell et al., 1988, 1989). Deamination of
these amines by guinea pig preparations was not detectable.

The results presented here indicate that guinea pig liver contains an
MAO-B which is similar to the rat isoenzyme with regard to both inhibitor
sensitivity and selectivity for benzylamine. However, the guinea pig MAO-
B is unusual in that it exhibits a relatively low catalytic activity with ben-
zylamine. Results obtained by earlier workers who measured little or
no activity with benzylamine and other amines now known to be highly
selective substrates for MAO-B, can be explained by the low activity of
guinea pig liver MAO-B with such amines, together with the low sensitivity
of the assay methods used in the investigations.
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Estimation of monoamine oxidase concentrations in soluble and
membrane-bound preparations by inhibitor binding

M. C. Anderson and K. F. Tipton
Department of Biochemistry, Trinity College, Dublin, Ireland

Summary. A modification of the [*H]-pargyline labelling technique is
presented for determining the active-site concentration of monoamine
oxidase in soluble preparations. Kinetic considerations show that the rate of
reaction of MAO-A with low concentrations of free pargyline will be very
much slower than that of MAO-B. Failure to use adequate reaction times
for the concentration of pargyline added can lead to gross underestimation
of the quantity of MAO-A present.

Introduction

The determination of the irreversible binding of [*H]-labelled pargyline to
monoamine oxidases A and B provides a simple, accurate and sensitive
method for determining the active-site concentrations of these enzymes in
tissue preparations (see Parkinson and Callingham, 1980; Gomez et al.,
1986; O’Carroll et al., 1989). It can be applied even to preparations of the
enzyme as crude as tissue homogenates.

In these procedures separation of enzyme-bound from free pargyline can
be readily achieved by centrifugation or filtration. Such an approach cannot,
however, be applied to preparations of the enzyme that have been rendered
soluble. In this work we describe a simple procedure whereby separation of
free from bound pargyline from soluble preparations of the enzyme can be
effected by treatment with charcoal. The incubation times necessary to
achieve complete labelling of both MAO-A and -B are also estimated from
the known kinetic parameters for the irreversible inhibition of both enzymes
by pargyline.

Materials and methods

Monoamine oxidase-B was partially purified from ox liver by the procedure of Salach
(1979). Activity was determined radiochemically (Tipton, 1985) or spectrophotome-
trically (Tabor et al., 1954). Labelled pargyline hydrochloride (phenyl-3, benzyl-[*H])
was obtained from New England Nuclear and diluted to the required specific activity
with unlabelled pargyline HCL.
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Pargyline binding was determined by the following procedure. Enzyme samples
were incubated at 37°C with different concentrations of [*H]-pargyline (1.25Ci.mol™!)
for 60min. The reaction was then terminated by removing the unbound pargyline by
treating the incubation mixtures with 1% (w/v) activated charcoal and 2% (w/v) Bovine
Serum Albumin followed by rapid centrifugation.

Non-specific pargyline binding was determined by preincubating the enzyme sample
at 37°C for 60min with 2mM unlabelled pargyline before determining the binding of
labelled pargyline as described above. The alternative procedures of pretreating the
enzyme samples with low concentrations of I-deprenyl, or with higher concentrations of
clorgyline in order to inhibit the activity of MAO-B (see Gomez et al., 1986; O’Carroll
et al., 1989) gave results that were not significantly different.

Results and discussion

The procedure for use with insoluble preparations of MAO is compared
with that for soluble preparations in Schemes 1 and 2.

Scheme 1. Radioactive pargyline binding to mitochondrial MAO preparations

Total binding Non-specific binding
mitochondria mitochondria
+ +
buffer buffer
_+_

2mM unlabelled pargyline

1h
37C

add varying amounts of radioactive pargyline

1h
37C

cool on ice, add 1 ml buffer

\l/ centrifuge

resuspend pellet, wash as before

\L centrifuge

resuspend pellet in buffer add scintillant
and count for radioactivity

The procedures are described in detail in Gomez et al. (1986) and O’Carroll et al.
(1989)
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Scheme 2. Radioactive pargyline binding to soluble MAO preparations

Total binding Non-specific binding
soluble MAO soluble MAO
+ +
buffer buffer
+

2mM unlabelled pargyline

1h
37C

add varying amounts of radioactive pargyline

1h
37C

add 1 ml buffer + BSA/Charcoal solution

l

Mix

\L centrifuge

remove aliqot of supernatent
add to scintillant and
count for radioactivity

Further details are given in the text

Figure 1 shows the determination of the concentration of MAO in a
soluble and partly purified preparation of ox liver MAO-B by this latter
procedure. As might be expected the degree of non-specific binding of
labelled pargyline was considerably lower than that obtained in previous
studies with crude tissue preparations.

To assess the performance of the procedure, the active-site concentra-
tions of soluble preparations of the enzyme from ox liver (Salach, 1979)
of different degrees of purity were determined by the pargyline-binding
procedure. Despite the disparities in specific activities, the turnover num-
bers (mol.product.active site~!.min"') were the same, with a value of 375
+ 42.

Since the above procedure relies on the separation of the insoluble
chacoal-bound inhibitor from the soluble enzyme, it is unsuitable for use
with the insoluble preparations of the enzyme in crude tissue preparations.
In such cases the procedures relying on direct filtration or centrifugation to
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Fig. 1. The binding of [*H]-labelled pargyline to a partially purified soluble preparation
of ox liver monoamine oxidase-B. The enzyme sample was prepared by the procedure
of Salach (1979). Charcoal treatment was used for separating free from irreversibly
enzyme-bound pargyline. Other experimental details were as described in the text.
Non-specific binding ((O) was determined after preincubation of the sample for 60 min
at 37°C with 2mM unlabelled pargyline before incubation for a further 60 min at 37°C
with [*H]-labelled pargyline. The preincubation step was omitted for determination of
total binding (@). Specific binding (JJJ) was calculated as the difference between the
total and non-specific binding values. Data are given as mean values * s.e.m.

separate bound and free inhibitor (see Parkinson and Callingham, 1980;
Gomez et al., 1986; O’Carroll et al., 1989) would be appropriate.

If the pargyline binding procedure is to give accurate measures of the
active-site concentrations of MAO-A and -B, it is essential that the condi-
tions under which the enzyme preparation and labelled-pargyline are in-
cubated are sufficient to ensure complete reaction of both enzyme forms.
Examination of the published results that have used this procedure suggest
that in some instances the concentration of MAO-A may have been un-
derestimated by failure to ensure that labelling conditions were adequate.

Pargyline is a mechanism-based inhibitor of MAO for which the in-
hibitory process may be described by the kinetic pathway shown below
(Fowler et al., 1982):

k, k,
E + I T(—*_l E.I—% E-I

-1
where E and I represent the enzyme and inhibitor, respectively, and E.I.
and E-I represent the initial, noncovalent, enzyme-inhibitor complex and
the irreversibly inhibited enzyme, respectively. The dissociation constant
(K;) for initial, non-covalent, enzyme.inhibitor complex (E.I) formation is
given by the relationship:
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Fig. 2. Times taken for the mechanism-based irreversible inhibition of MAO by

pargyline to reach 95 percent of maximum. Values were calculated with respect to the

free pargyline concentration for MAO-A (A) and MAO-B (B) using the reaction
mechanism and kinetic constants given in the text

Ki = k_l/k+1

The kinetic constants defining the inhibition of MAO-A and -B, at 30°C,
according to this mechanism have been previously reported (Fowler et al.,
1982). Unlike clorgyline and deprenyl, the rates of irreversible enzyme-
inhibitor adduct formation depend solely on the K; values (13 + 5 and 0.5 +
0.08uM for MAO-A and -B, respectively), since the values of the first-
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order rate constants k5 (0.2 + 0.06 min~') are the same for both enzymes.
Because of this, the rates of irreversible inhibition of MAO-A and -B will
be the same when the pargyline concentrations are high enough to saturate
both of them (>10 times the K; value for MAO-A). Under such conditions
the half-life for enzyme labelling will tend to the minimum value of about
3-4min (Fowler et al., 1982).

As the concentrations of pargyline are decreased the rates of irreversible
reaction with both enzymes will decline but those for MAO-A will decrease
much more sharply than those for MAO-B. This is illustrated in Fig. 2
where the values were calculated from the data of Fowler et al. (1982), with
the reasonable assumption (see Gomez et al., 1986; O’Carroll et al., 1989)
that the enzyme concentration was much less than that of the inhibitor. It
can be seen that, although MAO-B will be essentially fully labelled within
60 min at a pargyline concentration as low as 0.5uM, a concentration of
5uM would be required for the labelling of MAO-A to reach 95% of the
maximum within this time. Even at free pargyline concentrations as high as
10 uM a 30 min incubation time would inadequate for complete labelling of
MAO-A.

Such data indicate the importance of using sufficiently high pargyline
concentrations and incubation times to ensure complete reaction of both
MAO-A and -B. The pargyline concentrations in these calculations repre-
sents the free concentration. The relatively high proportions of non-specific
binding of pargyline in crude tissue preparations (see Gomez et al., 1986;
O’Carroll et al., 1989) would reduce the effective concentration so that even
longer times would be required to achieve complete labelling of MAO.
Thus the only effective way of ensuring that the incubation time used is
adequate for complete labelling is to determine the time-courses of in-
corporation of label. Any loss of enzyme function, for example as a result of
denaturation or proteolysis, during extended incubation periods would also
result in an underestimation of the quantity of enzyme originally present,
since the irreversible reaction with mechanism-based inhibitors relies on the
retention of the oxidative catalytic function. The use of higher concentra-
tions of labelled pargyline could minimize this problem, but this may be
limited by the need to ensure that the specific radioactivity is high enough
for adequate sensitivity and also by cost considerations.
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Summary. The enzyme which has come to be known as monoamine oxi-
dase was discovered in liver over 60 years ago as tyramine oxidase (Hare,
1928). Almost 10 years later, Blaschko et al. (1957a,b) established that
epinephrine, norepinephrine and dopamine were also substrates for this
enzyme. Zeller (1938) distinguished monoamine oxidase as different from
several other amine oxidases, such as diamine oxidase. Although it was
generally assumed that catecholamines were metabolized by MAO, this
was not established until isotopically labelled epinephrine and an MAO
inhibitor became available. Schayer (1951) found that after administration
of N-methyl-"*C-epinephrine, only about 50% of the radioactivity appeared
in the urine, whereas when the '*C label was incorporated into the B-
position on the side chain, almost all of the radioactivity could be recov-
ered. One year later, Zeller et al. (1952) discovered that isonicotinic acid
hydrazide (iproniazid) inhibited MAO. When animals pretreated with the
MAO inhibitor were administered N-methyl-'*C-epinephrine, almost all
of the radioactivity was recovered (Schayer et al., 1955), indicating that
the enzyme was responsible for the metabolism of about half of the admin-
istered catecholamine. Schayer et al. (1952, 1953) had found that five
urinary metabolite products of B-labelled-'*C-norepinephrine could be
separated by paper chromatography, but the chemical structures of these
compounds were not known.

Armstrong et al. (1957) showed that 3-methoxy-4-hydroxymandelic acid
(vanillyl mandelic acid, VMA) was the major metabolite of norepinephrine
and Shaw et al. (1957) demonstrated that large amounts of homovanillic
acid (HVA) were excreted in urine after administration of 3,4-dihydroxy-
phenylalanine (DOPA). These observations led Axelrod to examine the
possibility that O-methylation might precede deamination and to his dis-
covery of catechol-O-methyl transferase (Axelrod, 1957, 1959). At that time
it became apparent that there were two possible routes for metabolism of
norepinephrine to VMA — either deamination followed by O-methylation
or O-methylation and subsequent deamination. The relative roles of these
two pathways in terminating the physiological actions of catecholamines
then became a focus of attention. Biochemical methods were used to access
directly the relative importance of the two metabolic pathways. Physiological
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methods, based on the effects of drugs which alter metabolism of the cate-
cholamine, were used to examine the role of MAO and COMT in termi-
nating the actions of administered or endogenously released catecholamines.

Biochemical assessment of catecholamine metabolism

As indicated above, the demonstration by Schayer et al. (1955) that in-
hibition of MAO enhanced recovery of N-methyl-'*C-norepinephrine pro-
vided the first direct in vivo evidence that MAO was important in the
metabolism of catecholamines and the discovery of VMA by Armstrong et
al. (1957) confirmed this conclusion. When *H-epinephrine was adminis-
tered to humans about 40% of the administered radioactivity was recovered
in the urine as metanephrine (LaBross et al., 1958). When corrected for
conversion of the O-methylated amine to VMA, it was calculated that initial
O-methylation amounted to about 2/3 of the administered catecholamine in
humans (Kopin, 1960) and rats (Kopin et al., 1961). This is also the case for
most of intravenously administered *H-norepinephrine (Kopin and Gordon,
1962). Administered norepinephrine, however, is metabolized differently
from the endogenous compound. Whereas, initially (0-3hrs) excreted
metabolites of the labelled catecholamine were mostly norepinephrine and
normetanephrine, at later times (10—13hrs) the deaminated metabolites
predominated (Kopin and Gordon, 1962). Furthermore, when reserpine
was administered, the increment in tritium excreted from the released
catecholamine was predominantly as deaminated compounds, whereas after
tyramine administration, the pattern of metabolite excretion resembled that
seen during the initial interval. This was also apparent in isolated perfused
rat hearts previously exposed to *H-norepinephrine (Kopin et al., 1962).
Activity of drugs promoting intraneuronal metabolism by MAQO versus
extraneuronal release and metabolism by COMT could be distinguished
by the patterns of metabolite excretion (Kopin and Gordon, 1963). This
established that O-methylation is the predominant means of metabolic inac-
tivation of released norepinephrine, whereas deamination is the metabolic

route of intraneuronal norepinephrine metabolism (Kopin and Axelrod,
1963).

Physiological assessment of the role of MAO and COMT

After the introduction of iproniazid, as a potent inhibitor of MAOQ, it was
shown that inhibition of this enzyme potentiated the actions of tyramine and
phenylethylamine, but not that of norepinephrine (Greisemer et al., 1953).
Also, inhibition of MAO did not slow the disappearance of administered
catecholamines from the blood (Celander and Mellander, 1955) nor in-
crease urinary catecholamine excretion (Corne and Graham, 1957). The
effects of nerve stimulation on release of norepinephrine were not poten-
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tiated by MAO inhibition (Brown and Gillespie, 1957). All of these results
were consistent with the notion that MAO was not the means for inactivating
released norepinephrine.

When pyrogallol, which was known to potentiate the effects of admin-
istered catecholamines, was shown to be a COMT inhibitor (Axelrod and
Laroche, 1959), it appeared that COMT might be responsible for physio-
logical inactivation of released catecholamines. Although MAO inhibition
appeared to prolong the effects of sympathetic nerve stimulation in some
tissues (Wylie et al., 1960), inhibition of both COMT and MAO failed to
alter cardiovascular responses to intravenously administered catecholamines
(Crout, 1961). The observation that reuptake of norepinephrine from the
synapse into the presynaptic noradrenergic terminal is the major means for
terminating the action of norepinephrine physiologically released from the
sympathetic nerve terminals (Hertting and Axelrod, 1961) clarified the issue
and explained the dissociation between metabolic routes and physiological
effects of catecholamines.

Oxidative deamination by MAO is responsible for metabolic inactivation
of cytoplasmic norepinephrine, whether derived from reuptake (although
most norepinephrine captured by reuptake is stored in vesicles) or from
leakage for vesicular storage sites. O-methylation is the main means of
metabolism of norepinephrine which escapes recapture, whether in the
tissues or after delivery by the circulation to the liver and kidney (Kopin,
1985).

In a wide variety of sympathetically innervated tissues studied in vitro
using tritium labelled catecholamines, it has been shown that the predom-
inant deaminated metabolites are >H-3,4-dihydroxy phenylethyleglycol
(DHPG) from *H-norepinephrine and *H-3,4-dihydroxphenyl acetic acid
(DOPAC) from *H-dopamine (Graefe and Bonisch, 1988). Endogenous
DHPG had been discovered many years earlier (Kopin and Axelrod, 1960)
and was considered to be the precursor of *H-3-methoxy-4-hydroxy phen-
ylethylene glycol (MHPG). When endogenous metabolites were examined
in 1solated tissues, DHPG was found to account for almost all the norepine-
phrine metabolites (Starke et al., 1981; Majewski et al., 1982) indicating
O-methylation occurs in other tissues, presumably the liver. In the in-
tact animal also, DHPG in plasma appears to be derived mostly from
intraneuronal metabolism of norepinephrine (Eisenhofer et al., 1987;
Goldstein, 1988). Both DHPG and its O-methylated derivative, MHPG,
are derived mainly from norepinephrine deaminated intraneuronally.
During free movement, without stress, about 2/3 of rat plasma DHPG (and
MHPG) appear to be derived from norepinephrine that “leaks” from the
vesicular storage sites into the axoplasm and only one third of the metabo-
lites are the products of norepinephrine recaptured after exocytotic release.
Administration of reserpine markedly reduces plasma DHPG and MHPG
levels, presumably as a result of blockade of vesicular uptake (and sub-
sequent B-hydroxylation) of dopamine. This is consistent with the reserpine-
induced decrease in MHPG excretion attended by an increase in HVA
excretion in rats (Kopin and Weise, 1968).
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Fig. 1. Schematic representation of gradients in concentration of norepinephrine be-
tween plasma and effector sites during infusion or during release of endogenous
neurotransmitter. The concentration at the receptor is reflected by a physiological
response, whereas the concentration at the uptake site is similarly reflected by the rate
of DHPG formation (Eisenhofer et al., 1987). It is assumed that the gradient is
reciprocal. This has been supported by symmetrical effects of desipramine on the
response-NE concentration relationship (see Kopin et al., 1984), but not established
for plasma levels of DHPG, although the data obtained using the metabolite yield
gradients which are similar to those obtained using blood pressure responses (Goldstein
et al., 1988)

Since DHPG is derived almost wholly from intraneuronal metabolism of
norepinephrine (Eisenhofer et al., 1987), it is possible to estimate the
concentration of norepinephrine at sympathetic neuron uptake sites by
relating the changes in steady state plasma DHPG levels to changes in
plasma norepinephrine levels during enhanced norepinephrine release
and during infusion of norepinephrine (Fig. 1). During release, changes
in plasma norepinephrine levels, A[NE],,, are a constant fraction, F, of
changes in concentration of norepinephrine at the uptake site, A[NE],,.
Thus,

A[NEl,, =  F.A[NE],

Since a constant fraction of norepinephrine taken up into the neuron is
deaminated to DHPG, in a steady state, changes in DHPG plasma levels
are related by a constant, K4, to the changes in norepinephrine at the
uptake site:

A[DHPG], = K,A[NE],
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Thus, during release of NE
A[DHPG],, = Kq0A[NE),, = (1/F)K,A[NE],,

During an infusion of NE, changes in plasma NE concentration A[NE],,
are reduced by the same fraction, F, so that

A[NE],; = FA[NE],,

As during release, the plasma DHPG level is related to the concen-
tration of norepinephrine at the uptake site as during release.

A[DHPG],; = KDA[NE],; = K;. FA[NE],,;
From the above equations and, we obtain:

_ AIDHPG),,/A[NE],,
~ A[DHPG,/A[NE],,

The concentration at the uptake site is then the geometric mean of
the plasma concentration during the infusion and that during release of
the endogenous catecholamine. In humans, the concentration of norepine-
phrine at the uptake site has been estimated to be between about one fourth
to one third of that in plasma (Goldstein et al., 1988). Thus, understanding
the origin and disposition of the deaminated norepinephrine metabolite,
DHPG, provides insights into the kinetics of norepinephrine disposition.

Considerable amounts of dopamine formed in the axoplasm of noradre-
nergic neurons (from the decarboxylation of DOPA) appears to escape
capture into the storage vesicular and subsequent B-hydroxylation to nore-
pinephrine. This dopamine is deaminated to form DOPAC. Thus, Anden
and Gradowski-Anden (1983) could demonstrate formation of DOPAC in
rat brain noradrenergic neurons. Later they reported the rapid turnover of
dopamine in these neurons (Anden et al., 1985). Deamination of dopamine
appears to occur also in human peripheral adrenergic neurons since there
are parallel decreases in plasma levels of MHPG and of HVA in patients
with peripheral autonomic failure (Kopin et al., 1988b).

The peripheral origin of HVA 1is a confounding variable which limits the
usefulness of measurements of its levels in plasma or of its urinary excretion
rate as an index of central dopaminergic functions. Attempts to improve the
reliability of plasma HVA as an index of brain dopamine metabolism have
been based on inhibition of peripheral HVA production using a MAO
inhibitor which does not act in brain. Debrisoquin has been used for that
purpose in experimental animals (Kendler et al., 1981; Sternberg et al.,
1983) and in humans (Swann et al., 1980; Maas et al., 1985; Riddle et al.,
1986). The affinity of debrisoquin for the norepinephrine transporter is the
same as that for norepinephrine (Langeloh et al., 1987), so that high
intraneuronal concentrations are attained. This results in selective inhibition
of peripheral sympathetic intraneuronal MAO (Pettinger et al., 1969).
After administration of debrisoquin there are parallel decrements in plasma
levels of DOPAC, HVA, DHPG, MHPG as well as in DOPA. These
results indicate that elevated levels of cytoplasmic intraneuronal norepine-

FZ
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phrine, with consequent inhibition of tyrosine hydroxylation, contribute to
the decline in plasma catecholamine metabolites. The decrement in plasma
dopamine metabolites is relatively less than that of the norepinephrine
metabolites, since brain dopamine metabolism is not affected by debrisoquin.
Use of debrisoquin along with extrapolation of plasma dopamine metabolite
levels to the level expected when plasma MHPG levels would be zero, has
provided a more sensitive method for indirectly assessing brain dopamine
metabolism (Kopin et al., 1988a).

Clinical effects of MAO inhibitors

Although MAO inhibitors do not appear to be important in the inactivation
of peripheral catecholamines, they do have significant pharmacological
effects and have been found to be of some therapeutic benefit. After the
antidepressant effects of iproniazid were described (Crane, 1957; Klein,
1958), a host of compounds were reported to be inhibitors of this enzyme.
Several of these were hydrazides, chemically related to iproniazid, but a
number of highly potent irreversible non-hydrazine MAO inhibitors soon
appeared. Treatment with these MAO inhibitors elevated brain levels of
dopamine and norepinephrine in rabbits, rats, and mice (Spector et al.,
1958, 1960) but not in cats or dogs (Spector, 1960; Vogt, 1959).

These observations provided a cornerstone of the biogenic amine hypo-
thesis of endogenous depression (Schildkraut and Kety, 1967). The tranqui-
lizing effects of reserpine in animals and the side effect of depression in
hypertensive patients supported this hypothesis. Another important factor
was the observation by Axelrod et al. (1961) that imipramine, an effective
antidepressant, blocks inactivation by reuptake of norepinephrine released
into the synapse.

In contrast with the central stimulatory effects of MAQ inhibitors, and
contrary to expectations, these drugs often produced orthostatic hypoten-
sion. MAO inhibitors were at one time considered as potential therapeutic
agents for hypertension, but they have been replaced by safer and more
effective anti-hypertensive agents. The mechanism of the hypotensive effect
of MAO inhibitors, however, is of interest because it appears to involve
displacement of norepinephrine by a false transmitter (Kopin et al., 1968).
MAO inhibitors, in combination with foods which contain high levels of
tyramine, will precipitate hypertensive crises (Marley and Blackwell, 1970);
with an ordinary diet, however, octopamine, the B-hydroxylated derivative
of tyramine, accumulates in the tissues and replaces norepinephrine in the
vesicular sympathetic nerve terminal. When the nerves are stimulated, a
mixture of the false transmitter and norepinephrine are released, resulting
in release of less active amines (Kopin, 1968). Thus MAO is important in
removing tyramine and related amines from the circulation and preventing
inappropriate intraneuronal amine accumulation.
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MAO subtypes

There are at least two types of MAO. Initially, these were distinguished by
their substrate preference and by selective inhibitors, as well as by their
physical properties (Youdim et al., 1988), MAO-A, was designated by
Johnston (1968) as the form which is sensitive to clorgyline and which
deaminated serotonin. The other form, MAO-B, is insensitive to clorgyline
and selectively deaminates benzylamine. Deprenyl was found to be most
potent in selectively and irreversibly inhibiting MAO-B (Knoll and Magyar,
1972). Tyramine is an equally good substrate for MAO-A and MAO-B, but
inhibition of MAO-B with deprenyl does not potentiate the sympathomi-
metic actions of tyramine. This might be the result of inhibition by deprenyl
of tyramine uptake by the norepinephrine transporter (Knoll, 1978) and the
rapid deamination by intact MAO-A of any tyramine which does enter the
nerve terminal. Predominance of MAO-A in the intestine, where it acts as
an enzymatic barrier, as well as in the axoplasm of sympathetic nerves,
where it protects against accumulation of amines, could account for MAO-
A (or nonselective MAO) inhibition-mediated potentiation of the effects of
tyramine in foods noted above.

Deprenyl treatment in Parkinson’s disease

Because MAO-B was considered a “safe” MAO inhibitor, deprenyl came
into use in conjunction with levodopa to potentiate the effects of the
dopamine precursor in treating patients with Parkinson’s disease (Birkmayer
et al., 1975). An unexpected finding was that patients treated with deprenyl
along with levodopa/benserazide lived longer than patients not treated with
the MAO-B inhibitor (Birkmayer et al., 1985). This, combined with the
discovery of MPTP toxicity and the role of MAO-B in bioactivation of
MPTP to form MPP*, gave impetus to exploring the possibility that an
environmental or endogenous protoxin might be of etiological importance
in Parkinson’s disease and that, like MPTP, its bioactivation might be
blocked by treatment with deprenyl. Oxidative stress has also been pro-
posed as a potential pathogenetic factor in Parkinson’s disease. The possibi-
lity that inhibition of MAO-B might reduce oxidative stress due to hydrogen
peroxide generated during MAO-B-mediated oxidative deamination of
dopamine, provided another rationale for use of deprenyl as a neuroprotective
agent.

Two studies have demonstrated that deprenyl treatment delays the onset
of disability of requiring DOPA therapy in early, otherwise untreated
parkinsonians (Tetrud and Langston, 1989; The Parkinson Study Group,
1989). Whether this effect is due to neuroprotection or is symptomatic, is
controversial and remains a subject of active research. The outcome will
certainly provide new information regarding the mechanism of action of this
MAO-B inhibitor.
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Conclusion

MAO subtypes have an important role in the metabolism of catechola-
mines. Use of MAO inhibitors as pharmacological tools to further our
understanding of amine metabolism and selective inhibition of subtypes of
MAO provide useful diagnostic strategies as well as therapeutic opportunities.

References

Anden NE, Grabowska-Anden M (1983) Formation of deaminated metabolites of
dopamine in noradrenaline neurons. Naunyn Schmiedebergs Arch Pharmacol 324:
1-6

Anden NE, Grabowska-Anden M, Lindgren S, Oweling M (1985) Very rapid turnover
of dopamine in noradrenaline cell body regions. Naunyn Schmiedebergs Arch
Pharmacol 329: 258-263

Armstrong MD, McMillan A, Shaw KNF (1957) 3-Methoxy-4-hydroxy-D-mandelic
acid, a urinary metabolite of norepinephrine. Biochem Biophys Acta (Amst) 25:
422-423

Axelrod J (1957) O-Methylation of catecholamines in vitro and in vivo. Science 126:
400-401

Axelrod J (1959) The metabolism of catecholamines in vivo and in vitro. Pharmacol
Rev 11 (Part 2): 402-408

Axelrod J, Laroche MJ (1959) Inhibitor of O-methylation of epinephrine and nore-
pinephrine in vitro and in vivo. Science 130: 800-801

Axelrod, J, Whitby LG, Hertting G (1961) Effect of psychoactive drugs on the uptake
of H-norepinephrine by tissues. Science 133: 338-384

Birkmayer W, Knoll J, Riederer P, Youdim MBH, Haas V, Marton J (1985) Increased
life expectancy resulting from addition of L-deprenyl to madopar treatment in
Parkinson’s disease: a long term study. J Neural Transm 64: 113-127

Birkmayer W, Riederer P, Youdim MBH, Linauer W (1975) Potentiation of antikinetic
effect after L-dopa treatment by an inhibitor of MAO-B, L-deprenyl. J Neural
Transm 36: 303-323

Blaschko H (1957a) Metabolism and storage of biogenic amines. Experimentia (Basel)
13: 9-12

Blaschko H (1957b) Formation of catecholamines in the animal body. Br Med Bull 13:
162-165

Brown GL, Gillespie JS (1957) Output of sympathetic transmitter from the spleen of
the cat. J Physiol (Lond) 138: 81-102

Celander O, Mellander S (1955) Elimination of adrenaline and noradrenaline from
circulating blood. Nature (Lond) 176: 973

Corne SJ, Graham JDP (1957) Effect of inhibition of monoamine oxidase in vivo on
administered adrenaline, noradrenaline, tyramine and serotonin. J Physiol (Lond)
135: 339-349

Crane GE (1957) Iproniazid (Marsilid) phosphate: a therapeutic agent for mental
disorders and debilitating illness. Psychiat Res Rep Am Psychiat Ass 8: 142-152

Crout JR (1961) Effect of inhibiting both catechol-O-methyl transferase and monoa-
mine oxidase on cardiovascular responses to norepinephrine. Proc Soc Exp Biol
108: 482484

Eisenhofer G, Goldstein DS, Stull R, Ropchak TG, Keiser HR, Kopin 1J (1987)
Dihydroxyphenylglycol and dihydroxymandelic acid during intravenous infusions of
noradrenaline. Clin Sci 73: 123-127



Monoamine oxidase and catecholamine metabolism 65

Eiesnhofer G, Ropchak TG, Stull RW, Goldstein DS, Keiser HR, Kopin 1J (1987)
Dihydoxyphenylglycol and intraneuronal metabolism of endogenous and exogenous
norepinephrine in the rat vas deferens. J Pharmacol Exp Ther 142: 547-553

Griesemer EC, Barsky J, Dragstedt CA, Wells JA, Zeller EA (1953) Potentiating
effect of iproniazid on the pharmacological actions of sympathomimetic amines.
Proc Soc Exp Biol 84: 699-701

Goldstein DS, Eisenhofer G, Stull R, Folio CJ, Kerier HR, Kopin 1J (1988) Plasma
dihydroxyphenylglycol and the intraneuronal disposition of norepinephrine in
humans. J Clin Invest 81: 213-220

Graefe KH, Bonisch H (1988) The transport of amines across the axonal membranes of
noradrenergic and dopaminergic neurons. In: Catecholamines, vol 90. Springer,
Berlin Heidelberg New York Tokyo, pp 193-245

Hare MLC (1928) Tyramine oxidase. A new enzyme system in liver. Biochem J 22:
968-979

Hertting G, Axelrod J (1961) Fate of tritiated noradrenaline at the sympathetic nerve
endings. Nature 192: 172-173

Johnston JP (1968) Some observations upon a new inhibitor of monoamine oxidase in
brain. Biochem Pharmacol 17: 1285-1297

Kendler KS, Heninger GR, Roth RH (1981) Brain contribution to the haloperidol-
induced increase in plasma homovanillic acid. Eur J Pharmacol 71: 321-326

Klein NS (1958) Clinical experience with iproniazid (Marsilid). J Clin Exp Psychopathol
19: 72-78

Knoll J (1978) The possible mechanisms of action of (—)-deprenyl in Parkinson’s
disease. J Neural Transm 43: 177-198

Knoll J, Magyar K (1972) Some puzzling pharmacological effects of monoamine oxi-
dase inhibitors. Adv Biochem Psychopharmacol 5: 393-408

Kopin 1J (1960) Technique for the study of alternative metabolic pathways: epine-
phrine metabolism in man. Science 131: 1372-1374

Kopin 1J (1968) False adrenergic transmitters. Ann Rev Pharmacol 8: 377-394

Kopin 1J (1985) Catecholamine metabolism: basic aspects and clinical significance.
Pharmacol Rev 37: 333-364

Kopin 1J, Axelrod J (1960) 3,4-Dihydroxyphenylglycol, a metabolite of epinephrine.
Arch Biochem Biophys 89: 148—149

Kopin 1J, Axelrod J (1963) The role of monoamine oxidase in the release and metabo-
lism of norepinephrine. Ann NY Acad Sci 107: 848-855

Kopin 1J, Axelrod J, Gordon EK (1961) The metabolic fate of H*-epinephrine and C*-
metanephrine in the rat. J Biol Chem 136:2109-2113

Kopin 1J, Fischer JE, Musacchio J, Horst WD (1964) Evidence for a false neurochem-
ical transmitter as a mechanism for the hypotensive effect of monoamine oxidase
inhibitors. Proc Natl Acad Sci 52: 716-721

Kopin 1J, Gordon EK (1962) Metabolism of norepinephrine-H? released by tyramine
and reserpine. J Pharmacol 138: 351-357

Kopin 1J, Gordon EK (1963) Metabolism of administered and drug-released norepine-
phrine-7-H? in the rat. J Pharmacol 140: 207-216

Kopin 1J, Harvey-White J, Bankiewicz K (1988a) A new approach to biochemical
evaluation of brain dopamine metabolism. Cell Mol Neurobiol 8: 171-179

Kopin 1J, Hertting G, Gordon EK (1962) Fate of norepinephrine-H® in the isolated
perfused rat heart. J Pharmacol Exp Ther 138: 34-40

Kopin 1J, Oliver JA, Polinsky, RJ (1988b) Relationship between urinary excretion of
homovanillic acid and norepinephrine metabolites in normal subjects and patients
with orthostatic hypotension. Life Sci 43:125-131

Kopin IJ, Weise VK (1968) Effect of reserpine and metaraminol on excretion of homo-
vanillic acid and 3-methoxy-4-hydroxyphenylglycol in the rat. Biochem Pharmacol
17: P1461-1464



66 I. J. Kopin

Kopin IJ, Zukowska-Grojec Z, Bayorh MA, Goldstein DS (1984) Estimation of intra-
synaptic noradrenaline concentrations at vascular neuroeffector junctions in vivo.
Naunyn Schmiedebergs Arch Pharmacol 325: 298-305

LaBrosse EH, Axelrod J, Kety SS (1958) O-Methylation, the principal route of meta-
bolism of epinephrine in man. Science 128: 593-594

Langeloh A, Bonisch H, Trendelenburg U (1987) The mechanism of 3H-noradrenaline
releasing effect of various substrates of uptake 1: multifactorial induction of out-
ward transport. Naunyn Schmiedebergs Arch Pharmacol 336: 603—-610

Maas JW, Contreras SA, Bowden CL, Weintraub SE (1985) Effects of debrisoquin on
CSF and plasma HVA concentrations in man. Life Sci 36: 165-176

Majewski H, Hedler L, Steppeler A, Starke K (1982) Metabolism of endogenous and
exogenous noradrenaline in the rabbit perfused heart. Naunyn Schmiedebergs Arch
Pharmacol 319: 125-129

Marley E, Blackwell B (1970) Interactions of monoamine oxidase inhibitors, amines
and foodstuffs. Adv Pharmacol Chemother 8: 186-239

Pettinger WA, Korn A, Spieger H, Solomon HM, Porcelinko R, Abrams WB (1969)
Debrisoquin, a selective inhibitor of intraneuronal monoamine oxidase in man.
Clin Pharmacol Ther 10: 667-674

Riddle MA, Leckman JF, Cohen DJ, Anderson M, Ort SI, Caruso KA, Shaywitz BA
(1986) Assessment of central dopaminergic function using plasma-free homovanillic
acid after debrisoquin administration. J Neural Transm 67: 31-43

Schayer RW (1951) Metabolism of B-C'* DL-adrenaline. J Biol Chem 189: 301-306

Schayer RW, Smiley RL, Davis KJ, Kobayashi Y (1955) Role of monoamine oxidase in
noradrenaline metabolism. Am J Physiol 182: 285-286

Schayer RW, Smiley RL, Kaplan EH (1952) Metabolism of adrenaline containing
isotopic carbon (II). J Biol Chem 198: 545-551

Schayer RW, Smiley RL, Kennedy J (1953) Metabolism of epinephrine containing
isotopic carbon (IIT). J Biol Chem 202: 425-430

Schildkraut JJ, Kety S (1967) Biogenic amines and emotion. Science 156: 21-55

Shaw KNF, McMillan A, Armstrong MD (1957) Metabolism of 3,4-dihydroxypheny-
lalanine. J Biol Chem 226: 255-266

Spector S, Prockop D, Shore PA, Brodie BB (1958) Effect of iproniazid on brain levels
of norepinephrine and serotonin. Science 127: 704-705

Spector S, Shore PA, Brodie BB (1960) Biochemical and pharmacological effects of
monoamine oxidase inhibitors, iproniazid, 1-phenyl-2-hydrazine propane (JB 516)
and 1-phenyl-3-hydrazinobutane. J Pharmacol Exp Ther 128: 15-21

Starke K, Hedler L, Steppeler A (1981) Metabolism of endogenous and exogenous
noradrenaline in guinea-pig atria. Naunyn Schmiedebergs Arch Pharmacol 317:
193-198

Sternberg DE, Heninger GR, Heninger RH (1983) Plasma homovanillic acid as an
index of brain dopamine metabolism: enhancement with debrisoquin. Life Sci 32:
2447-2452

Swann AC, Maas JW, Hattox SE, Landis H (1980) Catecholamine metabolites in
human plasma as indices of brain function: effects of debrisoquin. Life Sci 27:
1857-1862

Tetrud JW, Langston JW (1989) The effect of deprenyl (selegiline) on the natural
history of Parkinson’s disease. Science 41: 519-522

The Parkinson Study Group (1989) Effect of deprenyl on the progression of disability
in early Parkinson’s disease. N Engl J Med 321: 1364-1371

Vogt M (1959) Catecholamines in brain. Pharmacol Rev 11: 483

Wylie DW, Archer S, Arnold A (1960) Augmentation of pharmacological properties of
catecholamines by O-methyl transferase inhibitors. J Pharmacol Exp Ther 130:
239-244

Youdim MBH, Finberg JPM, Tipton KF (1988) Monoamine oxidase. In: Catecho-
lamines, vol 90. Springer, Berlin Heidelberg New York Tokyo, pp 117-192



Monoamine oxidase and catecholamine metabolism 67

Zeller EA (1938) Uber den enzymatischem Abbau von Histamin und Diaminen. Helv
Chim Acta 21: 880-890

Zeller EA, Barsky J, Berman ER, Fouts JR (1952) Action of isonicotinic acid hydrazide
and related compounds on enzymes of brain and other tissues. J Lab Clin Med 40:

965-966

Author’s address: Dr. 1. J. Kopin, National Institute of Neurological Disorders and
Stroke, National Institutes of Health, Building 10, Room 5N214 9000 Rockville Pike,
Bethesda, MD 20892, U.S.A.



J Neural Transm (1994) [Suppl] 41: 69-73
© Springer-Verlag 1994

Monoamine oxidase (MAQO; E.C. 1.4.3.4) characteristics of platelets
influenced by in vitro and in vivo ethanol on alcoholics and on
control subjects
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Summary. Ethanol (ETOH) in vitro displays a competitive inhibition of
human platelet MAO-B with a K; of 270 * 30mM. Lineweaver-Burk
analyses with 6 substrate concentrations (5-160puM kynuramine) in the
presence or absence of 200mM ETOH were performed with platelets of
alcoholics before withdrawal (Alc day 1), one week (Alc day 8) and 3
months (Alc mon 3) after withdrawal as well as in control subjects without
and after ETOH intake.

In all groups the K, increases highly significantly (p < 0.001) but the
Vax 18 unchanged by the presence of ETOH in vitro supporting the view of
a competitive inhibition in each group.

The V. of Alc day 1 is significantly 25% decreased, of Alc day 8
unchanged and of Alc mon 3 nonsignificantly 19% decreased in comparison
with the controls. The increase of the K, in the presence of 200mM ETOH
is significantly 15% reduced in Alc day 1 and 9% in Alc day 8 but unchanged in
Alc mon 3 compared with the controls.

Introduction

The MAO in human platelets is often used as a peripheral marker of
vulnerability in psychic disorders like schizophrenia and depression as well
as in alcoholism (Faraj et al., 1987; Major et al., 1981; von Knorring et al.,
1991; Yates et al., 1990).

Tabakoff et al. (1985) determined a competitive inhibition of human
platelet MAO with [**C]phenylethylamine as substrate by ETOH in vitro
with a K; of about 170mM. Furthermore, Tabakoff et al. (1988) described
a stronger inhibition by in vitro ETOH (400 mM) of platelet MAO in alco-
holics with one substrate concentration of 12 uM [**C]phenylethylamine.

The aim of the present study was to monitor the in vitro and in vivo
effects of ETOH in controls as well as the in vitro ETOH effects in
alcoholics before and during different abstinence periods on the charac-
teristics (K, and V,,,,) of platelet MAO.
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Materials and methods

Subjects

The alcoholics were diagnosed by research criteria of ICD-10 and DSM-IIIR. The
blood was withdrawn from the alcoholics after chronic ethanol intoxication (Alc day 1),
after one week of withdrawal (Alc day 8) as well as after 3 months of abstinence (Alc
mon 3). Furthermore, blood of the control subjects was used without ETOH consump-
tion (Con — ETOH) and 4h after drinking 1g ETOH/kg (Con + ETOH).

Chemicals

Kynuramine and 4-hydroxyquinoline were purchased from Sigma (Munich, F.R.G.),
pargyline from Serva (Heidelberg, F.R.G.), L-deprenyl and clorgyline from RBI,
BIOTREND (Koln, F.R.G.). Brofaromine was a gift from Ciba Geigy (Basel, Swit-
zerland).

Preparation of platelet membranes

30ml venous blood were withdrawn into 2.5ml 1.5% EDTA/0.7% NaCl and centri-
fuged 15 min at 4°C (200 X g). The supernatant containing the platelet rich plasma was
centrifuged 10min at 2,000 X g. The platelet pellet was frozen at —80°C until use. The
thawed pellet was homogenized in 10ml of 50 mM K,HPO,/KH,PO,, pH 7.4, 5mM
EDTA by glass/teflon Potter and centrifuged 10min at 40,000 X g. This washing
procedure was repeated once and the final pellet was homogenized in 4ml of 0.2M
K,HPO,/KH,PO,, pH 7.4, 5mM EDTA and used for the MAO assay.

MAO assay

The fluorometric assay was performed according to a method slightly modified from
that of Kraml (1965) in Eppendorf micro tubes containing 600 ul of 115mM K,HPO,/
KH,PO,4, pH 7.4, 3mM EDTA. 50pl homogenate (about 15pg protein) and six
concentrations in duplicate of kynuramine (5-160pM for Lineweaver-Burk analyses)
in the absence and presence of 200mM ETOH or a single concentration (20puM
kynuramine for inhibition analyses) with several different concentrations of inhibitors
(ETOH, pargyline, clorgyline, L-deprenyl, brofaromine). After 30 min preincubation
of the samples at 37°C, the assay was started by the addition of 50 pl of the substrate.
30 min later the assay was stopped by the addition of 400 ul 10% trichloroacetic acid and
6 min centrifugation at 10,000 X g. 800 pl of the resultant supernatant were stirred with
2ml of 1 M NaOH and the fluorescence of the enzyme product 4-hydroxyquinoline was
measured in a fluorescence-spectrometer (excitation: 315nm; emission: 380nm). The
results were calculated by the aid of internal 4-hydroxyquinoline (product) standards
and after protein determination with bovine serum albumin as standard (Bradford,
1976) in nmol 4-hydroxyquinoline formed/mg protein/min.

Data analyses

All data were analyzed by Hewlett-Packard table computers (series 200/300). Lineweaver-
Burk analyses were calculated with multipurpose computer programs. The MAO inhi-
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bition experiments were analyzed, applying a nonlinear, unweighted least squares
procedure (Wiemer et al., 1982).

The results are presented as means * S.E.M. values. Significant differences (p <
0.05) were calculated by analyses of variance and two-tailed Student’s t-tests.

Results and discussion

Inhibition studies (n = 3—4) of platelet MAO revealed with the potent and
selective MAO-A inhibitors clorgyline (Johnston, 1968) and brofaromine
(Waldmeier et al., 1983) ICsy values of about 1puM as well as with the
potent and selective MAO-B inhibitors pargyline (Squires, 1968) and L-
deprenyl (Knoll and Magyar, 1972) ICs, values of about 10nM. Further-
more, the Hill coefficients of all four inhibitors were about unity and
therefore a solely MAO subtype was found with the pharmacological profile
of MAO-B.

ETOH was tested in vitro and displayed a competitive inhibition with a
K; of 270 + 30mM and a Hill coefficient of 1.17 + 0.15 (n = 4) similar as
described with [**C]phenylethylamine as substrate by Tabakoff et al. (1985)
but with a higher K; value in the present study.

In the five groups of this clinical study ETOH in vitro evoked a highly
significantly increase in the K,, (decrease in substrate affinity) but did not
influence the V,,,, (maximum of enzyme activity), i.e., ETOH is obviously
a competitive inhibitor in all groups (Table 1). The extent of the inhibition
by ETOH in vitro is not influenced by the acute ETOH intake of the
controls but significantly reduced, by 15%, in the intoxicated ALC day 1
and 9% in the short-term abstinent Alc day 8 but not in the long-term
abstinent Alc mon 3 (Table 1). This phenomenon of a reduced inhibiting
efficacy of the membrane fluidizing ETOH after chronic ETOH intoxication
could be caused by a biochemical/biophysical alteration in the membrane
fluidity and represents, therefore, a kind of membrane tolerance and is a
possible state marker. This result of a reduced in vitro ETOH inhibiting
efficacy is contradictory to results of Tabakoff et al. (1988). They found an
increased inhibition from 6.1% in controls to 12.5% in alcoholics (this
group combined alcoholics with 5-90 days since the last ETOH intake) with
400mM ETOH and a single substrate concentration of 12 uM [**C]phenyle-
thylamine but not with 1.2 uM of the substrate.

The Vpax (in the presence and absence of ETOH in vitro) in Alc day 1 is
significantly 25% reduced and nonsignificantly 19% decreased in Alc mon 3
but unchanged in Alc day 8 in comparison with the controls. The results of
a decreased MAO enzyme activity in alcoholics compared with the controls
(Table 1) is in accordance with many previously described clinical studies
(Major et al., 1981; Faraj et al., 1987; Yates et al., 1990; von Knorring et
al., 1991) but in disagreement with the study of Tabakoff et al. (1988) who
found no difference between alcoholics and controls.

An increase of the MAO V,,,, during the ETOH withdrawal has also
been described previously as well as a later decrease in the abstinence
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period (Major et al., 1981). The significance of a further decrease of platelet
MAO activity and, therefore, the presence of a possible trait marker will be
validated in the present study with a larger sample size at Alc mon 3 and a
further MAO testing after 6 mon of abstinence.
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The effects of ethanol on rat brain monoamine oxidase activities
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Summary. In contrast to the reported behaviour of human platelet MAO-
B, chronic ethanol feeding does not significantly affect the sensitivities of
either MAO-A or -B from rat brain to inhibition by ethanol in vitro. The
thermal stabilities of rat brain MAO-A and -B are not significantly affected
by chronic ethanol feeding.

Introduction

There have been conflicting reports on the effects of chronic alcohol con-
sumption on the activities of monoamine oxidase (EC 1.4.3.4; MAO).
Relatively low activities of platelet MAO have been reported in some (see
von Knorring et al., 1985; Pandey et al., 1988; Sullivan et al., 1990) but not
all (Tabakoff et al., 1985) studies. It has been suggested that low platelet
MAO is associated with the hereditable class of alcoholism, which is class-
ified as Type 2 alcoholism by Cloninger (1987), rather than the more com-
mon “milieu-limited”” or Type 1 alcoholism (Pandey et al., 1988; Sullivan et
al., 1990) but this has not been confirmed by others (Yates et al., 1990). An
alternative explanation is that individuals with low platelet monoamine
oxidase represent a ‘‘sensation-seeking’” personality group who may, thus,
be predisposed to substance abuse (see Fowler et al., 1980a; Anokhina et
al., 1988). Studies with post-mortem brain samples have also suggested the
enzyme from this source to be less active in alcoholics (Oreland et al.,
1983). However, chronic ethanol consumption has been reported to be
without effect on the activities of brain MAO-A or -B in either rat liver or
brain (Romanova, 1980; Wiberg et al., 1977).

Ethanol, in common with other lipophilic compounds (Fowler et al.,
1980b), has been reported to inhibit human platelet MAO-B in vitro (Tabakoff
et al., 1985) and the sensitivity of this enzyme to such inhibition was
reported to be greater in In human alcoholics than in control subjects
(Tabakoff et al., 1985).

Changes in the sensitivities of monoamine oxidase to inhibition by
ethanol might have important implications in terms of the central actions of
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this drug. In the present study we have examined the effects of chronic
ethanol consumption on the behaviour of rat brain MAO-A and -B with
particular reference to their sensitivities to inhibition by ethanol.

Methods

Three groups of male Wistar rats (mean weight 140 g) were used:

Alcohol group (Group C)

These were fed a liquid diet (Lieber and DeCarli, 1986, 1989) containing 5%, (w/v)
ethanol, representing 36% of their total calorie intake, for a period of 4 weeks after a
induction period of 1 week during which the ethanol concentration in the diet was
gradually increased to this level.

Pair-fed controls (Group B)

Pair-fed (isocaloric) controls received the same diet in which dextrin-maltose (1:1,
w/w) was substituted for the ethanol. Dietary intake was monitored each day and the
quantity available to this control group was adjusted to ensure that they only received
the same calorie intake as the alcohol-fed group.

Ad-lib. controls (Group A)

This group had unrestricted access to the same liquid diet as the pairfed controls.

The use of two control groups was believed to be desirable, since the animals
receiving the ethanol and pair-fed diets gained weight more slowly than the ad lib.
group and it is thus necessary to distinguish the effects of semi-starvation from those of
ethanol consumption.

Brain homogenates were prepared as previously described (Fowler and Tipton,
1982) and stored frozen until assay. Monoamine oxidase A and B activities were
determined radiochemically (Tipton, 1985). MAO-A activity was determined using
100 uM 5-HT as substrate. Two concentrations of 2-phenylethylamine (PEA), 2 uM and
20 uM, were used to determine the activity of MAO-B. The former concentration was
that used by Tabakoff et al. (1988) in their studies on the sensitivity of human platelet
MAO-B to inhibition by ethanol. The concentration of ethanol used in the inhibition
experiments was 400mM, as used by Tabakoff et al. (1988) in their studies on the
inhibition of the human platelet enzyme. Protein concentrations were determined
by the method of Markwell et al. (1978). Unless otherwise indicated, data are mean
values = S.E.M. (n = 3).

Results and discussion

There was no significant difference between the activities of MAO-A from
alcohol-fed rats and the ad lib. controls. However, the activity in the pair-
fed controls was significantly higher than those of the other groups (Fig. 1).
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Fig. 1. The activities of monoamine oxidase-A in homogenates of brain prepared from
chronic alcohol-fed (C), isocalorically pair-fed (B) and ad lib.-fed control (A) rats.
Activities were determined with 100uM 5-HT as substrate. Closed columns show
activities in the absence of added alcohol and open columns show the activity deter-
mined in the presence of 400 mM ethanol. Experimental details are given in the text
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Fig. 2. The activities of monoamine oxidase-B in homogenates of brain prepared from

chronic alcohol-fed (C), isocalorically pair-fed (B) and ad lib.-fed control (A) rats.

Activities were determined with 20 uM 2-phenylethylamine as substrate. Closed col-

umns show activities in the absence of added alcohol and open columns show the

activity determined in the presence of 400 mM ethanol. Experimental details are given
in the text
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Fig. 3. The activities of monoamine oxidase-B in homogenates of brain prepared from

chronic alcohol-fed (C), isocalorically pair-fed (B) and ad lib.-fed control (A) rats.

Activities were determined with 2uM 2-phenylethylamine as substrate, as used by

Tabakoff et al. (1988) in their studies with human platelet MAO-B. Closed columns

show activities in the absence of added alcohol and open columns show the activity

determined in the presence of 400 mM ethanol. Experimental details are given in the
text

This may represent an effect of starvation which is countered by the met-
abolic effects of ethanol. Such results emphasise the importance of including
both pair-fed and ad lib. controls in such studies. As shown in Fig. 1,
400 mM ethanol had no significant effects on the activities of MAO-A from
any of the groups. There were no significant time-dependent changes in the
activities of the samples when they were preincubated at 37°C for periods of
up to 30min with 400 mM ethanol before the addition of 5-HT to start the
assay.

Figures 2 and 3 show that the basal levels of MAO-B in rat brain were
not significantly different between the alcohol-fed group and either control
group, whether determined at 2 or 20pM PEA. These results, therefore,
suggest that the ethanol consumption had no significant effects on the K,
value or maximum velocity of MAO-B towards this substrate. The lack
of effect of chronic ethanol consumption is consistent with the results of
Wiberg et al. (1977) and Romanova (1980), although one preliminary
report (Carrilho et al., 1988) has suggested that chronic ethanol consump-
tion results in an increase in the K, value of rat liver MAO-B.

Ethanol at a concentration of 400mM had a significant inhibitory effect
on MAO-B activity in vitro when assayed at both concentrations of PEA.
However, there were no significant differences between the sensitivities of
the enzyme from any of the groups. In all cases the degree of inhibition was
not significantly changed by preincubation of the tissue samples at 37°C for
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Table 1. Thermal denaturation of rat brain monoamine oxidase-A

Preincubation 37°C Preincubation 60°C
Group activity remaining activity remaining % inhibition
Isocaloric (A) 0.79 £ 0.03 0.26 = 0.03 66.7 = 4.0
Ad Lib. (B) 1.34 + 0.04 0.49 £ 0.12 63.4 +9.0
Alcohol (C) 0.66 + 0.07 0.23 65.2 £ 3.7

Activity determined at 37°C, after 20 min preincubation at the stated temperature, with
100puM 5-HT. Percentage inhibition values for the samples incubated at 60°C were
calculated with respect to the samples preincubated at 37°C, and are given as mean
values * standard error of ratio. Experimental details are given in the text

Table 2. Thermal denaturation of rat brain monoamine oxidase-B

Preincubation 37°C Preincubation 60°C
Group activity remaining activity remaining % inhibition
Isocaloric (A) 0.22 £ 0.10 0.06 = 0.003 72.7 £ 12.5
Ad Lib. (B) 0.29 + 0.11 0.04 £ 0.004 86.2 £ 9.0
Alcohol (C) 0.25 = 0.09 0.07 £ 0.03 72.0 = 3.7

Activity determined at 37°C, after 20 min preincubation at the stated temperature, with
2uM 2-phenylethylamine. Percentage inhibition values for the samples incubated at
60°C were calculated with respect to the samples preincubated at 37°C, and are given
as mean values * standard error of ratio. Experimental details are given in the text

periods of up to 30 min with 400 mM ethanol before the addition of PEA to
start the assay.

Since MAO is tightly bound to the mitochondrial outer-membrane, the
membrane-perturbing effects of ethanol and subsequent adaptive changes
might be expected to have some effects on its environment (see Fowler et
al., 1983). To assess this, the effects of thermal denaturation were studied
by incubating the enzyme preparation at 60°C for 20 min before assaying the
activities at 37°C. The activities remaining were compared with samples that
had been incubated for 20 min at 37°C. As shown in Table 1, there was a
considerable loss of activity of MAO-A on incubation at 60°C but there was
no significant difference between the thermal stabilities of the alcohol-fed
group and either control group. MAO-B activity, whether assayed at 2 or
20uM PEA was even less stable to thermal denaturation (see Table 2).
Although the relatively high degree of activity loss at this temperature
would make it difficult to detect small alterations in thermal stability, there
were no significant differences between the sensitivities of the groups.
Further studies at lower temperatures and shorter incubation times (not
shown) confirmed that there were no significant differences between the
thermal stabilities of the groups studied.

The results reported here suggest that changes in the levels of the
biogenic amine neurotransmitters in the brain, that have been reported to



80 L. Della Corte et al.

follow ethanol consumption (see Tipton, 1988) do not result from any gross
direct effects on the monoamine oxidase activities or on their sensitivities to
inhibition by ethanol.
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Species differences in changes of heart monoamine oxidase activities
with age
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Summary. Ithas previously been established that MAO-A activity markedly
increases (about 600%) with age in the rat heart. The aim of the present
study was to examine the effect of age on the activity of MAO-A and -B in
the mouse heart. _

In contrast to the rat heart, B-phenylethylamine is deaminated by MAO-
B in the mouse heart. Heart MAO-B activity was found to significantly
increase (about 70%) with age in both male and female mice, whereas
MAO-A activity remained unchanged. Compared to age-matched rats,
serotonin-deaminating activity was about 35 times and 204 times lower in
young and old mice, respectively.

Introduction

Monoamine oxidase (MAO) has been shown to increase with age in the
heart of Osborn & Mendle and Sprague Dawley rats (Novick, 1961; Horita
and Lowe, 1972; Fuentes et al., 1977). Cao Danh et al. (1984) have re-
ported that in the heart of 3-month-old male Wistar rats serotonin (5-HT)
deaminating activity was about 14 times higher than B-phenylethylamine
(PEA) deaminating activity. In this strain both 5-HT (+623%) and PEA
(+575%) deaminating activities markedly increased in heart with ageing, in
contrast with modest, although statistically significant, changes in other
tissues.

The purpose of the present study was to investigate whether this phe-
nomenon is peculiar to the rat heart. Another rodent, the C57 B1/6J
mouse, was chosen and the 5-HT and PEA deaminating activities were
measured in the heart of 2- and 23-month-old male and female animals as
well as of 23-month-old male and female animals as well as of 23-month-old
male and female animals having received acetyl-L-carnitine (AC), as AC
has been shown to improve energy production and to display protection
against lipid peroxidation in mitochondria.
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Material and methods

Sixteen 2-month-old mice (8 males and 8 females) (group A) and 17 23-month-old
mice (7 males and 10 females) (group B) were used. An additional group of 18 23-
month-old mice (7 males and 11 females) (group C) was given AC (150 mg/kg/day,
added in the drinking water) during the last 11 months.

Mice were killed by decapitation and whole heart rapidly removed, washed in
saline, dried on filter paper, frozen in a mixture of petroleum ether and dry ice, and
weighed.

MAQ activity was assayed basically as described by Strolin Benedetti et al. (1983),
using 5-HT (400 uM) and PEA (50 uM) as substrates. Contribution of MAO-A and -B
to the metabolism of 5-HT and PEA in the mouse heart was assessed by experiments
where the decrease in oxidative deamination of 400uM 5-HT or 50puM PEA was
measured as a function of increasing concentrations of the selective MAO-A inhibitor,
clorgyline (107'°~107*M). Preincubation time with clorgyline was 1h at 37°C. Hearts
were homogenized in phosphate buffer 0.1M, pH 7.4, using an Ultra Turrax (1g
tissue/16 ml buffer). Aliquots (0.1 ml) of heart homogenates were taken for the deter-
mination of MAO activity in a final volume of 0.5ml. The reaction was started by
addition of "““C-PEA or '*C-5-HT. After incubation at 37°C in normal air for 5 and
3min for 5-HT and PEA, respectively, the reaction was stopped by cooling the tubes
on ice and addition of 0.2ml of 4N HCI. Blank samples were prepared with 0.1 ml of
heart homogenate, 0.3ml of buffer and acidification with 0.2ml HCI 4N before the
addition of C-5-HT or '“C-PEA. The deaminated products were extracted with 7 ml
of toluene-ethyl acetate (1/1, v/v). The tubes were kept at —20°C for 1h to allow the
aqueous layer to freeze.

The organic layer was poured into a scintillation vial, and 10ml of Instafluor was
then added. The samples were counted in a Packard scintillation counter and the values
obtained were corrected for the quenching, but not for the efficiency of extraction. The
value of blank samples was subtracted from the value of the reaction samples. Enzyme
activity was expressed as nmol.mg protein !.min~!. Protein concentrations of the
homogenates were determined by the method of Bradford (1976).

Results and discussion

Average whole body and heart weights for the males and females of the
three groups are presented in Table 1. Both whole body and heart weights
significantly increased in groups B and C as compared to group A. However,
when the ratios heart weight/body weight of the old and young mice were
compared, a statistically significant difference was found in females but not
in males. The protein content of heart from young and old mice was not
different (Table 2). The oxidative deamination of 5-HT and PEA in the
heart of young mice as a function of increasing concentrations of clorgyline
is presented in Fig. 1. In the mouse heart, PEA was a substrate of the B
form of MAO, whereas 5-HT was deaminated essentially by the A form.

In the heart of 2-month-old male and female mice PEA deaminating
activity (MAO-B) was about 7 times higher than 5-HT deaminating activity
(MAO-A) (Table 3). A relatively modest, although statistically significant,
increase in PEA deaminating activity (71%) was found to occur with ageing
in the male mice, whereas no significant changes occurred in the 5-HT
deaminating activity.
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Table 1. Average weights of whole body (WB) and heart (H), and H to WB ratio for
male and female mice of the three groups

WB (g) H (g) H/WB x 100

Group A Male (n = 8) 245+ 1.4 0.118 + 0.00 0.484 + 0.039

Female (n = 8) 189 + 1.1 0.106 + 0.014 0.560 + 0.062
GroupB  Male (n = 7) 442 £7.7%*  0.189 + 0.023**  0.433 £ 0.066

Female (n = 10)  34.2 £ 5.8**  0.165 + 0.025**  0.490 + 0.092*
GroupC  Male (n = 7) 45.1 £4.2**  0.194 + 0.015**  0.433 + 0.044

Female (n = 11)  34.1+53**  0.150 £ 0.018**  0.441 + 0.030**
Mean = SD

Significantly different from group A of the same sex, *p < 0.05, **p < 0.01
ANOVA one-way followed by simple contrast (Siphar package)

Table 2. Protein content of heart from young and old mice

Group A Male (n = 8) 134 £ 18
Female (n = 8) 131 £ 43
Group B Male (n = 7) 136 = 10
Female (n = 10) 128 + 35
Mean *+ SD

Values are expressed as mg prot/g of fresh tissue

Table 3. Average MAQO activities for male and female mice of the three groups.
For each heart the mean value of MAO activity was determined from triplicate

measurements
MAO activity
(nmol.mg protein—!.min—1)
PEA (50 uM) 5-HT (400 uM)
Group A Male (n = 8) 0.783 + 0.323 0.110 £ 0.046
Female (n = 8) 0.687 = 0.231 0.103 + 0.083
Group B Male (n = 7) 1.341 £ 0.459* 0.138 £ 0.045
Female (n = 10) 1.170 + 0.474* 0.119 + 0.057
Group C Male (n = 7) 1.618 + 0.427** 0.173 + 0.042*
Female (n = 11) 1.156 + 0.455* 0.117 £ 0.024
Mean * SD

Significantly different from group A of the same sex, *p < 0.05, **p < 0.01
ANOVA one-way followed by simple contrast (Siphar package)

Results in female mice were very similar, with a significant increase in
PEA deaminating activity of 70%. AC treatment did not affect mouse heart
5-HT and PEA deaminating activities, as no significant differences were
found between groups B and C (Table 3). No sex differences in 5-HT and
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Fig. 1. Oxidative deamination of 5-HT (400pM) and PEA (50 pM) in the heart of

young mice as a function of increasing concentrations of clorgyline. Each point repre-

sents the mean of duplicate measurements from a typical experiment and is expressed
as a percentage of the activity in the absence of clorgyline.

PEA deaminating activities were found in groups A and B, whereas both 5-
HT and PEA deaminating activities were found to be higher in male than in
female mice in group C (Student’s t-test, p < 0.05).

Conclusion

In the mouse heart PEA is deaminated by MAO-B, in contrast with the rat
heart, where it is deaminated by MAO-A (Cao Danh et al., 1984). A
significant increase in PEA deaminating activity occurs in the mouse heart
with age (about 70%). This effect is modest compared to the large increase
in PEA deaminating activity occurring in the male rat heart with age, where
it is actually due to the increase in MAO-A activity (Cao Danh et al., 1984).
In the mouse heart 5-HT is deaminated by MAO-A and this activity is not
affected by age. The 5-HT deaminating activity in the heart of young male
rats (Cao Danh et al., 1984) is at least 35 times higher than in the heart of
young male mice. The species difference is much more important in old
animals, where the 5-HT deaminating activity of old male rats (Cao Danh et
al., 1984) is about 204 times higher than that of old male mice. According to
Parkinson and Callingham (1971) PEA is deaminated by MAO-B and 5-HT



Changes in heart MAO with age 87

by MAO-A in the human heart, as in the mouse heart. However, the effect
of age was not examined in that study.
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Summary. The distribution of MAO-A and -B in brain and peripheral
tissues of BI/C57 mice and their changes during ageing were studied by
quantitative enzyme radioautography with [°’H]R041-1049 and [’H]Ro19-
6327. In the brain, MAO-A decreased between weeks 4 and 8 and then
remained unchanged until 25 months, whereas MAO-B increased for the
whole period studied. Heart also showed a continuous increase in MAO-B,
but not MAO-A, with ageing, and liver showed a decrease in MAO-B in
the older animals. These results show marked species differences in the
distribution and age-related changes of MAO and might help to elucidate
the high sensitivity of BI/C57 mouse of MPTP, which increases with age.

Introduction

Monoamine oxidases (EC 1.4.3.4.; MAO) are the main enzymes respon-
sible for the catabolism of monoamine neurotransmitters and trace amines.
The enzyme exists in two forms, MAO-A and MAO-B, identified by their
inhibitor sensitivity and substrate selectivity. In rodent brain, serotonin,
dopamine and noradrenaline are preferentially deaminated by MAO-A;
the trace amines phenethylamine and methylhistamine, by MAO-B; and
tyramine and octopamine by both enzymes. The CNS cellular localization
of the enzymes does not always correspond with the presence of their
preferred substrates: MAO-A is found in adrenergic and noradrenergic
neurons and, probably in low levels, in glia, whereas MAO-B is found
in astrocytes, serotoninergic and histaminergic neurons. Dopaminergic
neurons seem not to express MAO-A or MAO-B.

Most previous studies have shown age-related changes in both enzymes
corresponding to their main cellular localization. MAO-A, mainly neuronal,
shows a decrease with ageing whereas MAO-B, mainly glial, increases
(Strolin Benedetti and Keane, 1980; Jossan et al., 1989). The possibility of
applying new tools, [?’H]R041-1049 and [*H]R019-6327 (Saura et al., 1992),
sensitive and selective MAO radioligands, to quantify and spatially resolve
MAQO, led us to the study of age-related changes on MAO in a rodent
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strain, BI/C57 mouse, especially interesting for its high sensitivity to the
Parkinson-inducing neurotoxin MPTP (1-methyl-4-phenyl-1,2,5,6-tetra-
hydropyridine), which is also age-related (Walsh and Wagner, 1989).

Materials and methods

BI1/C57 male mice aged 4 weeks (young), 9 weeks (adult), 19 months (old,) and 25
months (old,) were used in the experiments.

After decapitation under ether anaesthesia, brain and peripheral organs-liver,
kidney, pancreas, spleen, heart and lung- were quickly removed and frozen. Tissues
were kept at —80°C until sectioning. 12 um cryostat sections were obtained and mounted
on gelatinized slides.

Sections were kept at —30°C until incubation with either [°’H]-Ro41-1049 (MAO-A
marker) or [°’H]-R019-6327 (MAO-B marker). Both radioligands were used at 2 con-
centratins: 15nM (for measuring most structures) and 3.75nM (for measuring struc-
tures with very high binding). Incubations were performed for 60 min at 37°C (for [*H]-
R041-1049) and for 90 min at 22°C (for [°’H]-R019-6327) followed by a 30" + 30" + 60"
wash in cold buffer and a quick dip in cold distilled water. A buffer solution (pH = 7.4)
containing 50 mM Tris, 120 mM NaCl, 1 mM MgCl,, 5mM KCI and 0.5mM EGTA was
used in all experiments. Non-specific binding was determined by incubation in the
presence of 1M of Clorgyline or 1-deprenyl.

After drying under a stream of cold air, sections were exposed to 3H-sensitive film
(Hyperfilm”-"H, Amersham) for 2 weeks (total binding) or 4 weeks (non-specific
binding). Films were then developed and quantified by means of plastic standards (°H-
micro scales, Amersham) with a computer-assisted Image Analysis System (Interdens,
Microm).

The statistical significance of changes amongst age groups was analyzed by variance
analysis. Homogeneity of variance was checked by Cochran’s test.

Results
MAQO-A, brain

In all brain structures studied, with the only exception of the molecular
layer of the cerebellum, a significant decrease in MAO-A was found be-
tween young and adult animals (Fig. 1). This decrease was of 50% (corpus
callosum), 40-42% (frontal cortex, caudate putamen), 29-32% (hip-
pocampus) and 13-22% (cerebellum).

No significant differences were found between adult and old; animals.

Some structures (frontal and parietal cortex, stratum radiatum of hip-
pocampus) showed a moderate increase (23-26%) between old; and old,
animals. In other structures i.e. inferior colliculus, substantia nigra, the
levels of old; and old, animals did not differ.

MAO-B, brain

A continuous age-related increase in MAO-B was found in all structures.
Comparison between young and old, animals always gave a statistically
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Fig. 1. Age-related changes in specific binding of [?’H]R041-1049 (MAO-A) and [*H]

Ro019-6327 (MAO-B) to BI/C57 mouse nucleus accumbens. Note the decrease in

MAO-A between young (4 week) and adult (8 week) animals and the continuous

increase in MAO-B. This pattern of changes was observed in most brain structures
studied. Error bars shown SEM (n = 4-8)

significant increase, varying from 20% (corpus callosum), 30% (hippocam-
pus, substantia nigra, inferior colliculus), 60-70% (parietal cortex, caudate
putamen) to 90% (nucleus accumbens) (Fig. 1) and was highest in the
molecular layer of cerebellum (144%).
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Fig. 2. [°’H]R019-6327 binding (MAO-B) to lung and heart of BI/C57 mice aged 4
weeks (a), 8 weeks (b), 19 months (¢) and 25 months (d). Note that heart MAO-B
content increases with age, whereas lung content remains unchanged. Bar: 2mm

MAO-A, periphery

In most peripheral tissues studied (spleen, pancreas, heart and lung) no age-
related changes in MAO-A were observed.

In the cortex of kidney, but not in the medulla, a significant decrease
(—46%) was seen. A unique situation was observed in the liver, with 2
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peaks of MAO-A in young and old; animals and 2 troughs in adults and
old,.

None of the peripheral organs studied followed the pattern of age-
related changes in MAO-A observed in the brain.

MAO-B, periphery

The most interesting finding was the age-related increase in MAO-B (190%,
young vs old,) observed in heart (Fig. 2).

On the other hand, an age-related decrease in MAO-B was observed in
liver, both in periportal and in central spaces. This decrease was especially
marked in the last period of life, between old; and old, animals.

Discussion

The decrease in brain MAO-A found in the early weeks of life (young-
adult) agrees with previous studies, including some dealing with human
brain (Kornhuber et al., 1989). Histogenetic cell death might underlie this
phenomenon. In aged animals, MAO-A appears not to change, or even to
increase slightly. Most previous reports dealing with rat and human brain
have found MAO-A to decrease in senescence, this being interpreted as an
effect of natural neuronal death. The absence of such MAO-A decrease in
B1/C57 mouse brain could mean that in this strain, glial cells are enriched in
MAO-A as compared with glial cells in other species such as man or rat.

The increase in MAO-B in the brain of old animals agrees with previous
reports and is most probably due to the gliosis secondary to the neuronal
death associated with ageing (Tatton et al., 1991). The increased MAO-B
levels in the brain of old animals might explain the higher sensitivity to
MPTP observed in these animals. At the same time, the reduced levels of
MAO-B in the liver of old, animals could lead to an increased availability of
MPTP in the brain and therefore contribute to a greater sensitivity to the
neurotoxin.

Finally, the marked age-related increase of MAO-B in BI/C57 heart
parallels the age-related increase in MAO-A in rat heart (Lyles and Cal-
lingham, 1979). Moreover, whereas MAO-A is the predominant form in the
rat heart, MAO-B is the most abundant in BI/C57 mouse heart. This
suggests that the physiological role of MAO-A in rat heart is played by
MAO-B in Bl/C57 mouse heart. This differential content and age-related
pattern of changes observed for MAO-A and -B in rat and B1/C57 mouse
heart has recently been confirmed by measuring in vitro MAO-A and -B
activities (Strolin-Benedetti et al., this meeting).
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The FAD dependent amine oxidases in relation to developmental
state of enterocyte

W. A. Fogel and C. Maslinski

Department of Biogenic Amines, Polish Academy of Sciences, Lodz, Poland

Summary. Epithelial cells from bovine and guinea pig small intestines
contain monoamine and polyamine oxidases with MAO-A preponderance
at any maturational stage. For either species, K, values for SHT and
N'acetylspermine remain throughout cellular maturation on the same
levels, whereas the V,,,, values do not. For serotonin, the dividing crypt
cells showed in cow lower and in guinea pig higher V., than the mature
cells; for N'acetylspermine, mature cells, independently of species, showed
lower V.«

Introduction

The mature intestine with its permanent enterocyte proliferation and re-
placement (Lipkin, 1981) offers a good model for studying the relation
between cellular growth processes and aminergic system. Amongst amines
putrescine and polyamines, spermidine and spermine, are known to re-
gulate the activity of various proliferating and differentiating cells, enter-
ocytes including (Heby, 1981; Luk and Baylin, 1982). There are some
indications that also histamine (Tutton, 1976) and serotonin (Tutton, 1974)
may influence the proliferation of gastrointestinal cells. It has been reported
that diamine oxidase (DAO), the enzyme involved in regulation of cellular
concentration of putrescine and histamine, is more abundant in the func-
tional than in proliferative compartment of the crypt-villus axis (Shakir et
al., 1977) and it was even postulated to use DAO as a marker of enterocyte
maturation (Luk et al., 1980). However, in regard to FAD dependent
amine oxidases that play a role in maintenance of appropriate levels of
serotonin and polyamines such information is missing. This prompted us to
examine whether monoamine and polyamine oxidase activities are de-
pendent upon the developmental state of the enterocyte.

Materials and methods

Segments of guinea pig and cow small intestine were used to isolate epithelial cells
at various developmental state. The cells were obtained from different levels of the
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Fig. 1. Distribution of activity of FAD dependent amine oxidases: monoamine oxidase

A (—M-A), monoamine oxidase B (- - -M-B) and polyamine oxidase (-.—.—PAO)

along villi-tip crypt axis. Enterocytes were isolated in 10 sequential fractions using

thymidine kinase (....TK) as a marker of proliferative compartment. A Enterocytes

isolated from guinea pig small intestine (n = 4); B enterocytes isolated from bovine
small intestine (n = 4)

villous and crypt zones by successive elutions with calcium-free EDTA buffer solutions
according to Weiser (1973). Thymidine kinase activity (Ives et al., 1969) served as a
marker of proliferating zone. The activity of monoamine oxidase A and B and polya-
mine oxidase were measured in individual cell fractions using the fixed substrate
concentrations, e.g. 500 uM serotonin (SHT), 20puM B-phenylethylamine (PEA) and
100 uM N'-acetylspermine (AcSp). Kinetic parameters for MAO-A, MAO-B and PAO
were determined with SHT (40-1,000 uM) in the presence of deprenyl (0.3uM), PEA
(1-40uM) in the presence of clorgyline (0.3uM) and AcSp (50~1,000uM) in the
presence of pargyline and semicarbazide (1 mM each), respectively. Pooled cell fractions
1-6 represented villi and fractions 7-10, crypts.

MAO activity was assayed in cell lysates by radiometric (Wurtman and Axelrod,
1963) and PAO by fluorometric (Matsumoto et al., 1982) method.
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Results

All individually measured isolated cell fractions irrespectively of their origin
showed activity against serotonin, phenylethylamine and acetylspermine
(Fig. 1A,B). Monoamine oxidase A was the most active enzyme and at the
same time the prevailing form of MAO in the material studied. In guinea
pig enterocytes MAO-A activity decreases whereas in cow enterocytes, on
the contrary, it tends to increase with cell maturation. Polyamine oxidase
activity shows consistently lower values in mature cells the opposite being
true for MAO-B. To find out whether the changes in the enzymes are
related to their different kinetic behaviour as the cell gets mature, pools of
fractions 1-6 and 7-10 representing villi and crypts, respectively, were used
to obtain apparent kinetic constants. As seen in Table 1, K, values of the
enzymes towards their specific substrates do not change upon maturation
but V.« do so, indicating that the observed changes in the enzyme activi-
ties are due to varying concentration of the enzymes.

Discussion

The data presented here show that the enterocyte, irrespectively of the
developmental stage, is able to degrade monoamines and acetylspermine.
During cellular maturation quantitative changes in the activity of FAD
dependent amine oxidases occur, albeit less dramatic than those described
for Cu-dependent diamine oxidase from rat intestinal mucosa (Shakir et al.,
1977). 1t appears that maturation affects a particular enzyme in a different
way in a given species. Thus, MAO-A activity was lower in the guinea pig
but higher in the cow mature enterocytes as compared to proliferating
crypts.

Table 1. Kinetic parameters’ for two forms of monoamine oxidase (MAO-A, MAO-B)
and polyamine oxidase (PAO) in isolated crypt and villi cells

Kn, tM Vmax> Mole/min/mg protein

Species/cell fraction MAO-A MAO-B PAO MAO-A MAO-B PAO

Guinea pig  crypt 270 9.8 68 15.42 0.196 0.182
villi 275 8.4 76 3.06 0.253 0.133
Cow crypt 144 11.2 73 1.79 0.058 0.154
villi 139 9.0 67 2.68 0.097 0.092

! Apparent K, and V,,,, values were obtained with serotonin (40-1,000 uM) as sub-
strate and cell lysates preincubated with 0.3uM deprenyl for MAO A; B-
phenylethylamine (1-40uM) and 0.3uM clorgyline for MAO B; N'acetylspermine
(50-1,000uM) and 1mM of each, pargyline and semicarbazide for PAO. SEM is
within £10% of the given values which are the mean of 3—4 determinations. Crypt
denotes pool of fractions 7-10; villi” fractions 1-6
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It is worth noting that although the activity of monoamine oxidase-A is
extremely high in cells isolated from guinea pig small intestine, the enzyme
affinity towards serotonin is significantly lower than that exhibited by MAO-
A from other sources (Gomez et al., 1986). Similarly, for partially purified
polyamine oxidase from rat liver K, value of 0.6 uM for acetylspermine was
reported (Seiler et al., 1981); yet, in enterocytes of either guinea pig or cow
the corresponding value is two orders of magnitude higher. In conclusion, it
appears from our data that intestinal amine oxidases, though very potent,
are of low specificity and their activities may be regulated in different
species in a totally different way.
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Role of monoamine oxidase and cathecol-O-methyltransferase
in the metabolism of renal dopamine*

M. H. Fernandes** and P. Soares-da-Silva

Department of Pharmacology and Therapeutics, Faculty of Medicine, Porto, Portugal

Summary. Incubation of slices of rat renal cortex with S0uM L-DOPA
during 15 min resulted in the formation of dopamine and of its deaminated
(3,4-dihydroxyphenylacetic acid; DOPAC), methylated (3-methoxytyra-
mine; 3-MT) and deaminated plus methylated (homovanillic acid; HVA)
metabolites. The presence of pargyline (100 uM) resulted in a 90% reduction
in the formation of DOPAC and HVA; levels of dopamine and 3-MT were
found to be significantly increased. A concentration dependent decrease in
the formation of methylated metabolites was obtained in the presence of
(10, 50 and 100 uM) tropolone (10-50% reduction) and (0.1, 0.5, 1.0 and
5.0uM) Ro 40-7592 (50-95% reduction). Ro 40-7592 was also found to
significantly increase DOPAC (20-40%) and dopamine (10-30%) levels,
whereas tropolone slightly increased DOPAC (10%) levels. These results
show that deamination represents the major pathway in the metabolism of
newly formed dopamine under in vitro experimental conditions in the rat
kidney. In addition, only when MAO is inhibited does methylation appear
to represent an alternative metabolic pathway.

Introduction

In kidney, a major source of dopamine results from the decarboxylation of
filtered 3,4-dihydroxyphenylalanine (L-DOPA) in tubular epithelial cells
(Baines and Chan, 1981). The formation of dopamine and its metabolic
degradation is a matter of particular importance because of the natriuretic
and diuretic effects of the amine (Siragy et al., 1989). Renal tissues are
endowed with one of the largest monoamine oxidase (MAO) activity in the
body (Caramona and Soares-da-Silva, 1990; Fernandes and Soares-da-Silva,
1992) and previous work has shown a relevant role of MAO in the dea-
mination of newly-formed dopamine in kidney slices loaded with L-DOPA
(Fernandes and Soares-da-Silva, 1990). Catechol-O-methyltransferase

* Supported by grant number CEN 1139/92 from the JNICT. ** Permanent address:
Faculty of Medical Dentistry, 4200 Porto, Portugal
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(COMT) is another key enzyme in the metabolic degradation of catechol-
amines and its intervention has been shown in several circunstances to
follow or to preeced that of MAO (Kopin, 1985). The most common
situations are the methylation of the deaminated metabolite of dopamine,
3,4-dihydroxyphenylacetic acid (DOPAC), into homovanillic acid (HVA)
or the methylation of dopamine itself into 3-methoxytyramine (3-MT),
which can, thereafter, be also deaminated into HVA. Inhibition of MAO
frequently results in an amplification of the effects of dopamine and a
similar picture might be expected to occur during inhibition of COMT,
namely when MAO and COMT inhibitors are employed together or when
methylation of dopamine assumes particular importance.

The aim of the present work was to study the role of MAO and COMT
in the metabolism of dopamine formed from L-DOPA in the rat kidney
under in vitro experimental conditions and to assess the eficacy of two
COMT inhibitors, tropolone and Ro 40-7592 (Ziircher et al., 1990), in the
methylation of both dopamine and DOPAC.

Materials and methods

Slices of the rat (male Wistar, Biotério do Instituto Gulbenkian de Ciéncia, Oeiras,
Portugal) renal cortex approximately 0.5mm thick and weighing about 30 mg wet
weight were prepared with a scalpel, as previously described (Soares-da-Silva and
Fernandes, 1992). Thereafter, renal slices were preincubated for 30 min in 2 ml warmed
(37°C) and gassed (95% O, and 5% CO,) Krebs’ solution. The Krebs’ solution had the
following composition (mM): NaCl 120, KCI 4.7, CaCl, 2.4, MgSO, 1.2, NaHCO; 25,
KH,PO, 1.2, EDTA 0.4, asorbic acid 0.57, glucose 10 and sodium butyrate 1; 1-alpha-
methyl-p-tyrosine (50 uM) and copper sulphate (10 uM) were also added to the Krebs’
solution in order to inhibit the enzyme tyrosine hydroxylase and inhibit the endogenous
inhibitors of dopamine B-hydroxylase, respectively. After preincubation, renal slices
were incubated for 15min in Krebs’ solution with 50 uM L-DOPA. The preincubation
and incubation were carried out in glass test tubes, continuously shaken throughout the
experiment. In experiments in which the effects of pargyline (100 uM), tropolone (10,
50 and 100 pM) or Ro 40-7592 (0.1, 0.5, 1.0 and 5.0uM) on the renal production of
dopamine were tested, the compounds were present during the preincubation and
incubation periods. At the end of incubation, the reaction was stopped by the addition
of 250 ul of 2M perchloric acid and samples were stored at 4°C until the quantification
of catecholamines, within the next 24 hours.

The assay of L-DOPA, dopamine, DOPAC, 3-MT and HVA in renal tissues was
performed by means of high pressure liquid chromatography with electrochemical
detection, as previously descibed (Soares-da-Silva and Garrett, 1990).

Mean values £ SEM of n experiments are given. Significance of differences be-
tween one control and several experimental groups was evaluated by Tuckey-Kramer
method. A P value less than 0.05 was assumed to denote a significant difference.

Dopamine hydrochloride, L-B-3,4-dihydroxyphenylalanine (L-DOPA), 34-
dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA), 3-methoxytyraime
(3-MT) and tropolone hydrochloride were purchased at Sigma Chemical Company
(St Louis, M), USA). Ro 40-7592 (3,4-dihydroxy-4'-methyl-5-nitrobenzophenone) was
kindly donated by Prof. M. Da Prada, Hoffmann-La Roche (Basle, Switzerland).
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Results

Incubation of slices of rat renal cortex with exogenous L-DOPA (50 uM)
resulted in the formation of considerable amounts of dopamine and of its
deaminated, methylated and deaminated plus methylated metabolites
(Table 1). The levels of dopamine in kidney slices incubated in the absence
of exogenous L-DOPA were 3,000-fold lower than in those loaded with L-
DOPA (50pM) and DOPAC, 3-MT and HVA were found not detectable.
The formation of dopamine in rat kidney slices loaded with exogenous L-
DOPA has been found to be dependent on the concentration of L-DOPA
added to the incubation medium (Fernandes et al., 1991). In these ex-
perimental conditions, DOPAC was found to be the major metabolite and
significantly lower amounts of the methylated (3-MT and HVA) compounds
were found to occur. The presence of pargyline (100 uM) resulted in a 90%
reduction in the formation of DOPAC and HVA; levels of dopamine and 3-
MT were found to be increased by 37.3% and 100%, respectively (Table 1).

Figure 1 shows the effect of tropolone and Ro40-7592, two inhibitors of
the enzyme COMT, on the formation of dopamine and its metabolites,
DOPAC, 3-MT and HVA, in kidney slices loaded with 50 uM L-DOPA. A
concentration dependent decrease in the formation of the methylated
metabolites (3-MT and HVA) was obtained in the presence of tropolone
(10 to 50% reduction) and Ro 40-7592 (50 to 95% reduction). Ro 40-7592
was also found to increase the formation of both DOPAC (20 to 40%
increase) and dopamine (14 to 31% increase) levels; the increased forma-
tion of both dopamine and DOPAC by tropolone was found to be lower
than that observed with Ro 40-7592 (Fig. 1).

Discussion

The results presented here show that deamination represents a major
pathway in the metabolism of newly-formed dopamine under in vitro
experimental conditions in the rat kidney. This suggestion is evidenced by

Table 1. Effect of pargyline (100 uM) on the accumulation

of dopamine, 3,4-dihydroxyphenylacetic acid (DOPAC), 3-

methoxytyramine (3-MT) and homovanillic acid (HVA) in
slices of rat renal cortex loaded with 50 uM L-DOPA

Control Pargyline
Dopamine 70.9 + 6.8 103.3 + 3.9*
DOPAC 146+ 1.3 1.5 £ 0.3*
3-MT 5.7%+0.7 11.0 = 0.8*
HVA 41205 0.5 £ 0.2*

Values are mean *+ SEM of five experiments per group
* Significantly different from corresponding control values

(P < 0.02)
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Fig. 1. Effect of A Tropolone (10, 50 and 100 uM) and B Ro40-7592 (0.1, 0.5, 1.0

and 5.0uM) on the accumulation of dopamine (DA), 3,4-dihydroxyphenylacetic acid

(DOPAC), 3-methoxytyramine (3-MT) and homovanillic acid (HVA) in slices of rat

renal cortex loaded with 50uM L-DOPA. Each column represent the mean of five

experiments per group; vertical lines show SEM. DA open columns; DOPAC hatched

columns; 3-MT doted columns; HVA closed columns. *Significantly different from
corresponding control values (P < 0.02)

two different sets of findings. Firstly, levels of DOPAC were found to
be higher than the algebraic sum of the levels of the two methylated
metabolites, HVA and 3-MT; some of the HVA is, however, expected
to have its origin in the methylation of DOPAC or in the deamination
of 3-MT. Secondly, the almost complete inhibition of MAO by pargyline
(100 M) results in a greater increase in the levels of dopamine (28.7 nmol/g,
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corresponding to 37% increase) than those of 3-MT (5.3nmol/g, corre-
sponding to 107% increase). This further suggests that only a minor amount
(10%) of the total dopamine which has not been deaminated undergoes
methylation into 3-MT. In addition, it might be suggested that only when
MAO is inhibited, does methylation appear to represent an important
alternative metabolic pathway.

The inhibitory effects of tropolone and Ro 40-7592 on the methylation
of dopamine and DOPAC evidenced by the increase in their respective
levels and the decrease in the production of, respectively, 3-MT and HVA,
agrees well with the effects of these two compounds upon COMT. It is
interesting to note the far greater effect of Ro 40-7592 in reducing the
formation of 3-MT and HVA in comparison with that of tropolone. In fact,
the maximal inhibitory effect of tropolone on the formation of 3-MT and
HVA was achieved at 100 uM and was only of about 50% reduction. By
contrast, Ro 40-7592 was found to reduce by half the formation of 3-MT
and HVA at the concentration of 0.1 uM; the decrease in the formation of
3-MT and HVA was maximal (95% reduction) at 5.0uM Ro 40-7592.

In conclusion, the results presented here favour the view that deamina-
tion in the rat kidney represents a major pathway in the metabolism of
newly-formed dopamine and the relative importance of COMT is only
evident during inhibiton of MAO.
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Comparison of the effect of reversible and irreversible MAO
inhibitors on renal nerve activity in the anesthetized rat
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Summary. Cardiovascular effects of the irreversible MAO-A inhibitor
clorgyline and reversible MAO-inhibitors, moclobemide and brofaromine,
were compared in the anesthetized rat. Electrical activity of the sympathetic
renal nerve was monitored as an index of central sympathetic output. A
long lasting decrease in the recorded parameters: blood pressure (BP),
renal nerve activity (RNA) and heart rate (HR) was produced by acute
administration of clorgyline (2mg/Kg, IP). Acute treatment with moclo-
bemide (10mg/Kg, IP) or brofaromine (10 mg/Kg, IP) caused only a tran-
sient decrease in RNA. Pretreatment with the o, antagonist yohimbine,
decreased significantly the inhibitory effect of clorgyline on all three par-
ameters. The selective a, antagonist CH-38083 blocked the sympathoin-
hibitory effect of brofaromine. These results indicate an a, adrenoceptor
involvement in the central sympathoinhibitory effect of MAO inhibitors,
which may be manifested as a hypotensive effect, including orthostatic
hypotension, in patients treated with irreversible selective MAO inhibitors.

Introduction

It is generally agreed that the therapeutic effect of antidepressant drugs is
connected with their action on noradrenergic and serotonergic neurons.
Noradrenaline (NA) and serotonin (5-HT) are both substrates for MAO-A
(Johnston, 1968), which is found in neuronal mitochondria (Neff and
Goridis, 1972; Denney and Denney, 1985). Inhibition of MAO-A increases
the axoplasmatic concentration of the amine neurotransmitters and may
increase their synaptic concentration in the CNS (Neff et al., 1974; Finberg
and Youdim, 1983; Haefely et al., 1992).

Noradrenergic as well as serotonergic neurons are also involved in the
CNS control or modulation of cardiovascular (CV) parameters (Guyenet et
al., 1989; Kuhn et al., 1980; Coote et al., 1987). This may explain why
cardiovascular side effects are components of treatment with antidepressant
drugs. Apart from dangerous hypertensive crises following tyramine in-
gestion (‘“‘cheese effect””) a hypotensive effect, including orthostatic hypo-
tension may accompany MAO inhibitor therapy.
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The selective reversible MAO-A inhibitors (RIMA) are new, highly
effective antidepressant drugs with few side effects, including only a negligible
hypertensive reaction to tyramine ingestion (Da Prada et al., 1984; Korn et
al., 1988).

We assessed the hypotensive action of the irreversible selective MAO-A
inhibitor clorgyline in rats, as compared with the effect of the reversible
inhibitors, moclobemide and brofaromine. The hypotensive effect of clas-
sical MAO inhibitors has been attributed to both peripheral (Neff and
Yang, 1974) and central (Fuentes et al., 1979) actions of the drugs. We
hypothesized that the hypotensive action results from an inhibitory effect of
the MAOI on the central sympathetic output, probably mediated by a,
receptors located on noradrenergic neurons which belong to CV centers in
the CNS. Monitoring the electrophysiological activity of the postganglionic
sympathetic renal nerve enabled us to evaluate the central sympathetic
output, and to assess a central action of the antidepressant drug, assuming a
lack of ganglionic effect for the MAO inhibitor.

Materials and methods

Experiments were performed on normotensive male, Sprague Dawley rats (250-330g),
anesthetized with a mixture of Na pentobarbital (15mg/Kg) and chloral hydrate
(60 mg/Kg) with an intact baroreceptor reflex. Left carotid artery and right jugular vein
catheterization was performed on every animal in order to enable systemic blood
pressure recording and drug injection, respectively. The left renal nerve was exposed
and electrical nerve activity was recorded via a pair of Pt-Ir electrodes. The pulse wave,
heart rate and integrated renal nerve activity were displayed on a chart recorder.
The electrocardiogram and rectal temperature were monitored over the time of the
experiment. Body temperature was maintained between 36—38°C by placing the animal
on a metal stage warmed with paraffin oil.

The different parameters were recorded after drug administration at predetermined
time points over the length of the experiment. All the parameters were expressed as
mean values = S.E.M. Significance levels for the difference between the experimental
and control curves were obtained by performing repeated measure analysis of variance
(ANOVA) according to “SAS General Linear Models Procedure” (SAS/STAT TM
1987). For further details on methods and data analysis see Lavian et al. (1991).

Drugs used were: clorgyline (Sigma), yohimbine hydrochloride (Sigma), moclo-
bemide (Hoffman La Roche), brofaromine (Ciba-Geigy) and CH38083 (Chinoin-
Budapest).

Results and discussion

Acute treatment with clorgyline (2mg/Kg, IP) resulted, within 30 min,
in a significant reduction in BP, RNA and HR by 28%, 34% and 16%,
respectively (Figs. la-c). As a selective MAO-A inhibitor, clorgyline
prevents the deamination of both NA and 5-HT. The dose used was chosen
to cause more than 85% inhibition of the enzyme (Goridis and Neff, 1971;
Neff et al., 1974). The persistence of reduced values in all three parameters
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Fig. 1. Effect of acute treatment with clorgyline (2mg/Kg, IP; n = 5) in anesthetized

rats on: a RNA, b BP, ¢ HR and of the same treatment after pretreatment with

yohimbine (0.3mg/Kg, IV; n = 5) on d RNA, e BP, f HR. In this and the following

figure, asterisk indicate the significance level for the difference between drug, and
control curves performed with ANOVA test (*P < 0.05)

over the time of the experiment is consistent with the irreversible nature of
the drug’s action (Neff et al., 1974).

Pretreatment with the a, adrenoceptor antagonist yohimbine (0.3 mg/Kg,
IV), reduced the inhibitory effect of clorgyline on BP and RNA and abo-
lished its bradycardic action (Figs. 1d-f).

Acute administration of moclobemide (10 mg/Kg, IP) did not reduce BP
or HR in the anesthetized rats (Figs. 2b and c), but induced a transient
significant (P < 0.05, t-test) reduction of 20% in the RNA, which attained a
minimum within 15min and returned to control value 30 min after drug
injection (Fig. 2a). The dose of moclobemide used in our experiments
inhibits MAO-A activity in rat brain by about 80% (Finberg and Youdim,
1988; Da Prada et al., 1989).

A transient inhibitory effect on RNA was also recorded after acute
treatment with brofaromine (10 mg/Kg, IP). A significant (P < 0.05, t-test)
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Fig. 2. Effect of acute treatment with moclobemide (10 mg/Kg, IP; n = 6) or bro-

faromine (10mg/Kg, IP; n = 6) on a RNA, b BP, ¢ HR and of acute treatment with the

same dose of brofaromine after pretreatment with CH-38083 (0.3 mg/Kg, IV; n = 5) on
d RNA, e BP and f HR

minimal value of 80% was recorded 15 min after drug administration. Nerve
activity returned to control value within 60 min (Fig. 2a). Acute treatment
with brofaromine did not affect BP or HR (Figs. 2b and c).

The effect of brofaromine was studied in rats pretreated with the selec-
tive ay-adrenoceptor antagonist CH-38083, a derivative of yohimbine,
devoid of 5-HT receptor mediated sympatholytic effect (McCall et al., 1991,
Vizi et al., 1986). Pretreatment of rats with CH-38083 induced a significant
increase in RNA, BP and HR and abolished the inhibitory effect of bro-
faromine on RNA (Figs. 2d—f). These results indicate an involvement of a,
adrenergic receptors in the central sympathoinhibitory effect of brofaromine.

The inhibitory effect of clorgyline and RIMA on the recorded param-
eters may be explained as follows: the increased axoplasmatic level of NA
and 5-HT in brain neurons, even if not entirely available for synaptic
release by exocytosis, may activate synaptic receptors following passive
diffusion or active transport over the synaptic membrane (Finberg and
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Youdim, 1983; Paton, 1973). Moreover, the increased axoplasmatic NA
concentration causes a reduction in its inward transport by the “uptake I”
process (Graefe et al., 1971). The central sympathoinhibitory effect of the
drugs may, therefore, result from the activation of a, adrenoceptors at
noradrenergic neurons in centers such as C1, A1, A2 located in the medulla
and involved in CV regulation (Brown and Guyenet, 1984; Guyenet et al.,
1989). The sympathoinhibitory effect, following MAO inhibition, may also
be a result of serotonergic neuronal activation. Conflicting results on the
CV effects of centrally administered 5-HT were reported in early works.
These may be due to use of various animal species (conscious or anaes-
thetized) and the dose and locus of drug administration (Kuhn et al., 1980;
Ashkenazi et al., 1983). Later works, including our unpublished data on CV
effects of fluvoxamin, show that in normotensive rats, increased central 5-
HT concentration has a predominant sympathoinhibitory effect, leading
to hypotension and bradycardia (Takahashi, 1985; Coote et al., 1987).
Moreover, central and systemic administration of 8-OH-DPAT, a 5-HT; 4
selective agonist, results in hypotension and bradycardia which can be
abolished by pretreatment with an a, adrenergic receptor blocking agent
(Fozard et al., 1987).

A ganglion blocking effect of the MAOI cannot be ruled out. Such an
effect could contribute to the hypotensive action of the drugs, although no
reports of a ganglionic action of selective MAO-A inhibitors, in clinically
relevant doses, exist.

The reversible nature of RIMA'’s action is probably responsible for the
only transient central sympathoinhibitory effect, recorded in our experiments,
after treatment with moclobemide and brofaromine (Da Prada et al., 1989;
Moeller et al., 1991). The lack of change in BP and HR may be due to
peripheral pressor and tachycardic tendencies mediated by activation of a,,
a, and B; postsynaptic adrenoceptors which balance the transient reduced
central sympathetic output.

The 5-HT uptake inhibitory properties of brofaromine may also con-
tribute to its central sympathoinhibitory effect (Waldmeier and Staecklin,
1989).

In conclusion, our results are in accord with a central sympatholytic
action of MAO-A inhibitors caused by an elevation of the synaptic level
of NA and probably 5-HT at central neurons in areas involved in CV
regulation. Alpha-2 adrenergic receptors are involved in the central sym-
pathoinhibitory effect, caused in normotensive rats by clorgyline, moclobe-
mide and brofaromine. The different time course displayed by the sym-
pathoinhibitory action of different drugs may be explained by the reversible
nature of the binding of RIMA to the enzyme vs. irreversible binding of
clorgyline. The present data are in accord with clinical reports of a lack
of hypotensive complications in patients treated with RIMA (Gasic et
al., 1983; Korn et al., 1988) in contrast to severe hypotension, including
orthostatic hypotension, reported in patients treated with irreversible MAO-
A inhibitors. These results confirm again the advantages of RIMA as safer
and better tolerated antidepressant drugs.
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Chronic administration of the antidepressant phenelzine
and its N-acetyl analogue: effects on GABAergic function
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Summary. The MAO inhibitor phenelzine (2-phenylethylhydrazine; PLZ)
is used widely in psychiatry for the treatment of depression and panic
disorder. Its N-acetyl metabolite, N2-acetylphenelzine (N?AcPLZ) is a
reasonably potent nonselective inhibitor of monoamine oxidase (MAO) that
causes elevation in brain levels of the biogenic amines. In the studies
reported here, PLZ (0.05mmol/kg/day), N*AcPLZ (0.10 mmol/kg/day)
or vehicle were administered to male rats for 28 days s.c. with Alzet
minipumps, and their effects on GABAergic function were examined.
Whole brain concentrations of y-aminobutyric acid (GABA) were signi-
ficantly elevated in the PLZ but not in the N?AcPLZ-treated group. PLZ
was found to inhibit the anabolic enzyme glutamic acid decarboxylase
(GAD) and, to a greater extent, the catabolic enzyme GABA transaminase
(GABA-T). The results of these investigations suggest that the free hydra-
zine moiety in PLZ is crucial to producing the elevated levels of GABA,
probably through inhibition of GABA-T. Despite the considerable increase
in whole brain GABA levels in the PLZ-treated rats, there were no signi-
ficant differences in GABA, or benzodiazepine receptor binding par-
ameters (Kp or B,..,) between the groups as measured using *H-muscimol
and *H-flunitrazepam in radioligand binding assays.

Introduction

Phenelzine (PLZ), a monoamine oxidase (MAQO) inhibitor, is efficacious
in the treatment of a wide spectrum of affective and anxiety disorders.
Previous attempts to explain the mechanisms of the therapeutic action of
PLZ have emphasized inhibition of MAO-A and -B, resulting in increased
brain levels of the amine neurotransmitters noradrenaline (NA), dopamine
(DA), and 5-hydroxytryptamine [serotonin; 5-HT] (Murphy et al., 1987)
and the trace amines B-phenylethylamine, tyramine and tryptamine (Philips
and Boulton, 1979). Recent research has suggested actions of both antipanic
and antidepressant medications on the inhibitory neurotransmitter -
aminobutyric acid (GABA) may be contributing to their therapeutic ef-
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fectiveness (Breslow et al., 1989). In clinical studies of depressed patients,
reduced cerebrospinal and plasma levels of GABA have been detected
(Petty et al., 1990) and the GABA agonists progabide, baclofen, muscimol
and fengabine have been reported to possess antidepressant activity (Lloyd
et al., 1989; Nielsen et al., 1991). Several of the benzodiazepines, including
clonazepam and alprazolam, and the GABA agonist baclofen are effective
in blocking panic attacks (Breslow et al., 1989). Although there is con-
siderable controversy in this area, several antidepressants have been re-
ported to cause an up-regulation of GABAg receptors (Lloyd et al., 1989)
and a down-regulation of the GABA, receptor-benzodiazepine receptor-
chloride ionophore complex (Suranyi-Cadotte et al., 1990).

PLZ has been reported to have a potent elevating effect on brain
GABA (Popov and Matthies, 1969; Perry and Hansen, 1973; Baker et al.,
1991) and alanine (ALA) levels (Wong et al., 1990a). In experiments
examining the acute effects of PLZ in rodents, an intact hydrazine group
was found necessary to affect GABA and ALA levels but not to inhibit
MAO; N*-acetylphenelzine (N*AcPLZ) was found to be a relatively potent
MAO inhibitor that elevated brain levels of NA, DA and 5-HT but had
no effect on brain GABA or ALA levels (McKenna et al., 1991). The
studies described in the present paper examined the effects of chronic (28
day) administration of PLZ and N*AcPLZ on whole brain GABA levels in
rats, and the activity of the enzymes glutamic acid decarboxylase (GAD)
and GABA-transaminase (GABA-T). The effects of drug treatment on the
affinity (Kp) and density (B.x) of GABA, and benzodiazepine (BZD)
receptors were also studied using *H-muscimol and *H-flunitrazepam respec-
tively as radioligands for in vitro binding studies.

Materials and methods
Subjects and drugs

Phenelzine sulfate (PLZ) was obtained from Sigma Chemical Company (St. Louis,
MO, USA), and N*-acetylphenelzine (N?AcPLZ) was synthesized from phenylacetal-
dehyde and acetylhydrazine by a previously reported method (Danielson et al., 1984).
Male Sprague-Dawley rats were randomly assigned to treatment with PLZ (0.05 mmol/
kg/day, sulfate salt), N°AcPLZ (0.10 mmol/kg/day, free base), or distilled water vehicle.
The doses of the drugs were chosen on the basis of findings in our laboratories using
acute administration of the drugs (McKenna et al., 1991). Drugs and vehicle were
administered with osmotic mini-pumps (Alzet Model 2ML2, Alza Corp., Palo Alto,
CA). Following 28 days of drug treatment animals were sacrificed by guillotine decapi-
tation and the whole brain was rapidly removed and frozen solid in isopentane on solid
carbon dioxide. The tissues were stored at —80°C until the time of analysis.

Analysis

An electron-capture gas chromatographic (GC) assay developed by Wong et al. (1990b)
was used for the analysis of GABA concentrations in tissue samples. GABA-T activity
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was measured with a modification of the procedure of Sterri and Fonnum (1978) in
which *H-GABA is incubated with tissue homogenates and the products extracted with
a liquid anion exchanger. The activity of GAD was measured using a radiochemical
assay in which *CO, is formed from [1-'*C]-glutamate (Albers and Brady, 1958). *H-
Muscimol was used as radiolabel to determine the number (B,,.x) and affinity (Kp) of
GABA 4 binding sites in rat brain homogenates; the procedure used was a modification
of that of Schwartz et al. (1986), as described by Bristow and Martin (1990). Aliquots
of the final membrane suspension were incubated for 60 min at 0°C in tubes containing
3H-muscimol (20 Ci/mmol) [5nM] and concentrations of unlabelled muscimol ranging
from 2 to 64 nM. Non-specific binding was defined using unlabelled GABA (1 mM) and
represented approximately 10-20% of total binding. *H-Flunitrazepam was used to
define the Kp and B, of benzodiazepine binding sites in rat cortex and hippocampus
(Kimber et al., 1987). *H-Flunitrazepam at concentrations ranging from 0.25 to 7.5nM
was used as the radioligand and nonspecific binding was defined using clonazepam
(3uM). To examine GABA-facilitation of *H-flunitrazepam binding, GABA (100 uM)
and NaCl (150 mM) were added to a series of tubes.

Statistics

Data were analyzed by ANOVA followed by the Newman Keuls multiple comparison
test with a probability value of p < 0.05 used to establish statistical significance.

Results

The effects of chronic (28 d) administration of PLZ and N*AcPLZ on brain
levels of GABA are shown in Fig. 1. PLZ induced sustained elevations in
the levels of GABA while N>AcPLZ had no effect.

The effects of PLZ treatment on the activity of GABA-T and GAD are
shown in Table 1. Chronic PLZ treatment induced a significant decrease in
the activity of GAD and GABA-T compared to N*?AcPLZ- and vehicle-
treated animals. The effects of PLZ on GABA-T (33% inhibition) were
more pronounced than on GAD (18% inhibition). The net effect appears to
be an elevation in levels of GABA.

The effects of chronic (28 d) administration of PLZ, N>AcPLZ or vehicle
(saline) on GABA, high-affinity and benzodiazepine receptor binding
parameters (Kp and B, in rat brain cortex and hippocampus were
studied using the GABA, agonist *H-muscimol and the benzodiazepine
agonist *H-flunitrazepam as radioligands respectively. There were no
significant differences in GABA , binding parameters (Kp or B,.,) between
the treatment groups (Table 2). The binding parameters are similar to those
reported by other investigators (Ito et al., 1988; Kimber et al., 1987).

No significant differences in the benzodiazepine binding parameters
between the treatment groups were observed in either cortex or hippocampus
(Tables 3 and 4). The addition of GABA to the homo§enates increased the
affinity of the benzodiazepine receptor (lower Kp) for “H-flunitrazepam and
increased the apparent density of binding sites (increase in Bp,,). This
is in keeping with the hypothesis that GABA allosterically modulates the
benzodiazepine binding site (Martin and Candy, 1978).
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Fig. 1. Effects of 28d administration of PLZ (0.05mmol/kg/d) and N’?AcPLZ

(0.10 mmol/kg/d) on whole brain levels of GABA. Results are expressed as mean

concentrations (pg/g), n = 6. *p < 0.05, a significant difference from control. The line
in the clear box represents the standard error derived from the MSerror term

Table 1. Effects of chronic (28 day) administration of PLZ

(0.05 mmol/kg/day) and N*AcPLZ (0.10 mmol/kg/day) on

whole brain activity of glutamic acid decarboxylase (GAD)

and GABA-transaminase [GABA-T] (umol/g of tissue/h +
SEM)

VEH PLZ N?AcPLZ
GAD 10.6 + 0.8 8.7 + 0.2* 11.7 £ 0.6
GABA-T 283+ 1.5 19.0 + 1.0** 254+ 0.9
n==~6

**p < 0.01 compared to VEH and N?AcPLZ, *p < 0.05
compared to VEH and N?AcPLZ

There were no significant differences between VEH and
N?AcPLZ

Table 2. Effects of chronic (28d) administration of PLZ
(0.05 mmol/kg/day) and N*AcPLZ (0.10 mmol/kg/day) on
3H-muscimol binding to membrane fractions from rat brain

cortex
Kp (nM) Buux (fmol/mg protein)
VEH 12.9 £ 0.9 834 = 77
PLZ 12.1 £ 0.8 792 + 51
N?AcPLZ 122 +0.7 831 + 35

Results expressed as mean = SEM (n = 6)
There are no significant effects of treatment on the Kp or
Bmax
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Table 3. Effects of chronic (28d) administration of PLZ (0.05mmol/kg/day) and
N2AcPLZ (0.10mmol/kg/day) on 3H-flunitrazepam binding to membrane fractions
from rat brain cortex

+ GABA (107*M)

I<D Bmax I(D Bmax

(nM) (fmol/mg protein) (nM (fmol/mg protein)
VEH 1.43 £ 0.08 971 £ 48 0.83 = 0.04 1,108 £ 32
PLZ 1.45 £ 0.05 1,015 £ 29 0.85 £ 0.04 1,238 + 36
N?AcPLZ 1.44 £ 0.10 986 * 36 0.80 = 0.04 1,165 = 35

Results expressed as mean + SEM (n = 6)
The two columns on the right demonstrate the effects of adding GABA to the
incubation mixture

Table 4. Effects of chronic (28d) administration of PLZ (0.05 mmol/kg/day) and
N?AcPLZ (0.10mmol/kg/day) on *H-flunitrazepam binding to membrane fractions
from rat brain hippocampus

+ GABA (107*M)

I<D Bmax I<D Bmax

(nM) (fmol/mg protein) (nM (fmol/mg protein)
VEH 1.32 £ 0.05 795 + 47 0.48 £ 0.02 969 = 50
PLZ 1.39 % 0.08 826 * 63 0.54 £ 0.02 1,039 + 81
N?AcPLZ 1.35 £ 0.11 812 £ 65 0.49 £ 0.07 985 * 50

Results expressed as mean + SEM (n = 6)
The two columns on the right demonstrate the effects of adding GABA to the
incubation mixture

Discussion

Chronic administration of PLZ, but not N?AcPLZ, elevated whole brain
levels of GABA. These findings are consistent with acute studies in which
only treatment with PLZ elevated GABA levels (McKenna et al., 1991).
In keeping with the effects on GABA, only treatment with PLZ had an
effect on enzyme activity, decreasing GABA-T to 67% of vehicle activity.
Presumably the greater effect of PLZ on the transaminase enzyme than on
the anabolic enzyme (GAD) is responsible for the elevation in GABA
levels observed. Investigations in our laboratory have examined the effects
of several other antidepressants on GABA levels and GABA-T activity
and found that chronic administration of tranylcypromine, imipramine or
desmethylimipramine had no effect (McManus et al., 1992).

The presence of an unsubstituted hydrazine group apppears to be crucial
for PLZ to affect GABA levels and enzyme activity. Substitution of an
acetyl group at the N2 position (N?AcPLZ) blocks the elevation of GABA
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but has minimal effects on the ability of PLZ to inhibit MAO. Likewise, the
substituted hydrazines iproniazid and nialamide are MAO inhibitors that do
not change GABA levels or GABA-T activity after acute administration
(Todd et al., 1991). As GABA-T requires pyridoxal 5'-phosphate as a
cofactor, the ability of PLZ to bind to this cofactor, forming an inactive
hydrazone complex, may be the mechanism through which PLZ elevates
GABA levels (Yu and Boulton, 1992).

A series of radioligand binding experiments were conducted to deter-
mine if the sustained elevation in GABA levels was associated with changes
in GABA 4 or benzodiazepine binding parameters (Kp and B,,,,). Previous
studies from our laboratories had demonstrated no change in GABAg
receptor function after chronic administration of PLZ (McManus and
Greenshaw, 1991a,b). No significant differences among treatment groups
were noticed with regard to effects on GABA A receptors or benzodiazepine
receptors in the present study. The GABA, high affinity binding site in
cortical tissue was studied initially. The protocol did not allow characteriza-
tion of the low affinity binding site, probably due to rapid dissociation of the
ligand from the receptor during the washing steps. There were no significant
differences among the treatment groups with regard to the high affinity site.
The benzodiazepine receptor was studied in cortical and hippocampal
tissue and the modulating effects of GABA were also examined. We were
interested in the modulating effects of GABA as this would reflect the
function of the low affinity GABA , binding site. It is generally thought that
the lower affinity GABA4 site is functionally linked to the benzodiazepine
receptor (Unnerstahl et al., 1981). If there were no differences in the
benzodiazepine binding parameters produced by the drugs, but a difference
appeared with the addition of GABA it would be suggestive that the
GABA, low affinity site was being altered by the drug treatment. In both
cortical and hippocampal tissue, there were no significant differences in
benzodiazepine receptor binding parameters between the drug-treated and
vehicle-treated groups even after the addition of GABA. As reported
previously, the addition of GABA and NaCl to the binding suspension
resulted in a significant increase in affinity (decrease in Kp) of the benzo-
diazepine receptor for flunitrazepam and a significant increase in the density
of binding sites [B.,] (Martin and Candy, 1978), but this was uniform
among the treatments in the present study.

In summary, the antidepressant/antipanic drug PLZ elevated brain
GABA levels and inhibited GABA-T (and to a lesser extent, GAD) activity
following chronic administration but did not affect GABA, or benzo-
diazepine receptor binding parameters. Further studies, e.g. on GABA-
stimulated chloride uptake in synaptoneurosomes or using molecular
biological techniques to investigate isoforms of GABA 4 receptor subunits,
are warranted to understand more clearly the implications of the elevated
brain GABA concentrations produced by this drug.
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Summary. Chronic treatment of rats with clorgyline (1 mg/kg i.p. daily
for 21 days) caused a highly significant increase in the concentration of
noradrenaline in microdialysate from the frontal cortex of the awake
animal. Acute (one injection, 2mg/kg) or subacute (1mg/kg daily for
3 days) treatment did not lead to a significant increase in microdialysate
noradrenaline. Concentrations of deaminated metabolites (DPHG, MHPG,
DOPAC) in the microdialysate decreased with time of treatment, reaching
a minimum after 21 days.

Introduction

One of the basic tenets of the amine hypothesis of depression is that admin-
istration of antidepressant drugs, including the MAO inhibitors,
results in an increase in synaptic levels of noradrenaline (NA) and 5-HT.
Although brain and peripheral tissue levels of noradrenaline are elevated
following MAO inhibition, most biochemical studies have been unable
to demonstrate an increase in neuronal NA release (see Youdim and
Finberg, 1985). Whole body NA release is also reduced in patients under
clorgyline treatment (Linnoila et al., 1982). We have previously studied NA
release from peripheral sympathetic nerves as a model of release from CNS
noradrenergic nerves (Finberg and Kopin, 1986; Ari and Finberg, 1992).
These studies have shown that endogenous NA release is enhanced fol-
lowing chronic (3 weeks) but not acute (one dose) selective inhibition
of MAO-A with clorgyline. The purpose of the present study was to see
whether cerebral cortical NA release, as measured by microdialysis tech-
nique, was also enhanced by chronic, selective inhibition of MAO-A. We
have studied the effect of a small, selective, dose of clorgyline, given over 3
weeks, since this is the period of time required for down-regulation of -
adrenoceptors in the cerebral cortex of rats, and for appearance of antide-
pressant effect in patients. The full results of this study are published
elsewhere (Finberg et al., 1993).
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Methods

Rats (250-350g) were treated acutely (1 X 2mg/kg), sub-acutely (3 X 1mg/kg) or
chronically (21 X 1mg/kg) with clorgyline, or physiological saline (all injections i.p.).
On the penultimate day, the animals were anesthetised with pentobarbitone, and a
4 mm concentric cannula was implanted in the frontal cortex under stereotactic control.
The cannulae were perfused with artificial c.s.f. (1 pul/min), and the rats were kept
in a cylindrical plexiglass cage overnight. On the final treatment day, collections of
microdialysate were commenced from the awake animals 2 hours after the final in-
jection of clorgyline (or the single injection in the acute treatment group). The content
of NA and metabolites in the microdialysate was determined by HPLC, following
alumina adsorption.

Results and discussion

The basal NA concentration in cortical microdialysate was slightly, but not
significantly, increased following the acute and subacute treatments, but was
markedly and significantly increased (P < 0.001) after the chronic treatment
(79 £ 7fmol/30min in the saline control as compared to 297 % 31fmol/
30min in the chronic treatment group). Together with the increase in
microdialysate NA, the concentrations of the deaminated metabolites,
DHPG, MHPG and DOPAC, were reduced to a greater extent following
the chronic as compared with the acute and subacute treatments.

The findings in this study are consistent with an increased NA release
from cortical neurons following chronic, but not acute or subacute, clorgyline
treatment. The degree of inhibition of MAO-A and MAO-B, as measured
by the ex vivo assay using '*C-5-HT and '“C-phenylethylamine was similar
in all animals treated with clorgyline, i.e. 95% or more inhibition of MAO-
A with little or no inhibition of MAO-B. On the other hand, the concentra-
tion of deaminated NA metabolites was significantly less following the
chronic treatment as compared to acute and subacute. One possible factor
in explaining the increased release could therefore be a more complete
inhibition of MAO-A with time. Cassis et al. (1986) demonstrated that the
difference between 95% and 100% inhibition of MAO on metabolite
formation may be profound. Such a change would not have been detected
by the ex vivo assay.

How does the more complete inhibition of MAO with time affect neu-
ronal NA release? NA level in the extracellular space is the product of
neuronal firing rate, release per pulse and clearance from the extracellular
space. One possibility is that more complete MAO inhibition is accom-
panied by reduction in net reuptake (Graefe et al., 1971). Release per pulse
could also be enhanced. Another possiblity is that neuronal discharge rate
1s reduced by acute treatment but is normal or elevated in the chronic
treatment group, reflecting an adaptation of the cells to modulatory input.
Once such adaptive change could be the down-regulation of inhibitory
somato-dendritic ay-adrenoceptors. The firing rate of locus coeruleus cells,
however, was reduced to the same extent by acute and chronic clorgyline
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treatment in chloral hydrate-anesthetised rats (Blier and De Montigny,
1985).

It is interesting that acute clorgyline administration in anesthetised rats,
at the same dose and time used in the present study, effectively reduces
renal nerve activity and blood pressure (Lavian et al., this symposium).
Thus in the central, as opposed to the peripheral, nervous system, acute
MAO inhibition produces immediate effects on noradrenergic neuronal
transmission. One explanation for this difference could be the limited
diffusability of NA from extracellular space into blood vessels in the CNS as
compared with the periphery.

Further study of the detailed mechanisms behind the changes detected in
this study will have to include some measurement of neuronal discharge
rate, but the results of our current study show that chronic MAO inhibition
is accompanied by a large increase in cortical NA in the extracellular space,
which presumably indicates a similar increase in synaptic NA. These results
are, therefore, compatible with the hypothesis that adrenoceptor down-
regulation in the cortex is the result of a compensatory response to elevated
NA concentrations.
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Summary. Tranylcypromine (TCP) is a commercially available antide-
pressant drug, and recent literature reports suggest that high doses of this
drug may be particularly effective in treating refractory depression. Down-
regulation of 5-HT, receptors in rat cortex is an effect produced after
chronic administration of several antidepressants, and we have conducted a
chronic study comparing low- and high-dose TCP in this regard. Male
Sprague-Dawley rats were administered TCP (0.5 or 2.5mg/kg/day) or
vehicle (distilled water) via Alzet minipumps implanted subcutaneously in
the dorsal thoracic area. Groups of rats were killed 4, 10 or 28 days after
pump implantation and whole cortex was dissected out and utilized for
preparation of a membrane fraction. Binding studies were performed with
this fraction using *H-ketanserin as the radioligand. Down-regulation
(decrease in B.,,,) of the 5-HT, binding site was observed in high-dose
animals after 10 and 28 days but not after 4 days. Low-dose TCP had no
effect on 5-HT, densities at any time interval. The affinity of *H-ketanserin
for the 5-HT, site was not affected by either dose at any time interval.
These results suggest that down-regulation of the 5-HT, site may contribute
to the efficacy of high-dose TCP in the treatment of refractory depression.

Introduction

Tranylcypromine (TCP) is a nonselective monoamine oxidase (MAO)
inhibitor that has been used for many years as an antidepressant. A dose of
approximately 0.5mg/kg/day of TCP is sufficient to produce a level of
MAO inhibition normally required for antidepressant efficacy (Ferris et al.,
1975; Robinson et al., 1978; Giller and Lieb, 1980; Giller et al., 1982).
Amsterdam and Berwish (1989) reported that a much higher dose of TCP
(90-170mg, or approximately 1.3-2.4 mg/kg/day) was effective in treating
refractory depressives. This treatment had been reported to be effective in
earlier case reports (Robinson, 1983; Guze and Baxter, 1987; Pearlman,
1987).
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5-HT, receptors have been implicated in the etiology of depression.
They are down-regulated following chronic treatment with several antide-
pressants (Baker and Greenshaw, 1989; Eison et al., 1991; Lafaille et al.,
1991) and they have been recently reported to be elevated in postmortem
brain tissue from drug-free depressives (Yates et al., 1990). TCP, at doses
much higher (on a mg/kg basis) than those used in the clinical setting, has
been reported to cause 5-HT), receptor down-regulation (Kellar et al., 1981;
Goodwin et al., 1984). The present study compares the effects of low
(0.5mg/kg/day)- and high (2.5mg/kg/day)-dose TCP on 5-HT, receptor
density and affinity in rat cortex.

Methods
Animals

Male Spraque-Dawley rats were implanted in the dorsal thoracic area with Alzet 2ML2
osmotic minipumps loaded to administer the following doses of drugs: TCP (0.5 mg/kg/
day), TCP (2.5 mg/kg/day), or vehicle (distilled water). At time intervals of 4, 10, or 28
days groups of animals (8-10 per group) were sacrificed by decapitation and the brains
removed. Whole cortex was dissected out and a membrane fraction prepared and
employed for studying 5-HT, receptor number and affinity using *H-ketanserin as
the radioligand (Leysen et al., 1982). The rest of brain (whole brain minus cortex,
hippocampus and striatum, which were removed for other neurochemical studies) was
retained for analysis of brain amine concentrations by HPLC (Baker et al., 1987),
monoamine oxidase (A and B) activity using a radiochemical procedure (Wurtman
and Axelrod, 1963), and TCP levels by electron capture gas chromatography (Nazarali
et al., 1987).

Drugs

TCP, mianserin, and B-phenethylamine (hydrochlorides) and 5-HT creatinine sulphate
were obtained from Sigma Chemicals. B-[Ethyl-1-'*C]-phenethylamine hydrochloride
(50.8 mCi/mmol), 5-[2-14C]-hydroxytryptamine binoxalate (54.7mCi/mmol) and *H-
ketanserin hydrochloride (60.0 Ci/mmol) were purchased from NEN chemicals. Tris
(hydroxymethyl)aminomethane and poly(ethylenimine) were obtained from Fischer
Scientific and Aldrich Chemicals, respectively.

H-ketanserin binding

Eight point saturation curves were obtained using a modification of the method de-
scribed by Eison et al. (1990). Displaceable *H-ketanserin binding was determined
from the difference between total binding and binding in the presence of 10uM
mianserin (Goodnough and Baker, 1993). Bmax and Kd values were determined from
Scatchard analysis of the data. Protein content was determined by the method of Lowry
et al. (1951).
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Statistical analysis

Data were subjected to ANOVA followed where necessary by the Neuman-Keuls
multiple comparisons test. Treatment groups were considered to be significantly dif-
ferent when p < 0.05.

Results

5-HT, receptor density and affinity

The low (0.5 mg/kg/day) dose of TCP did not result in a significant down-
regulation of the 5-HT, receptor site at any time interval. The high (2.5 mg/
kg/day) dose of TCP produced a down-regulation after 10 and 28 days of
chronic treatment, but not after only 4 days (Table 1). A significant change
in the affinity (Kd) of *H-ketanserin for the 5-HT site did not occur after
drug treatment.

Neurotransmitter amine levels

Both doses of TCP produced significantly greater levels of the neuro-
transmitter amines noradrenaline (NA) and 5-hydroxytryptamine (5-HT)
in rat brain than did vehicle at the 4, 10 and 28 day intervals (Figs. 1 and 2).
Animals receiving the high dose of TCP had increases in these amines
which were significantly higher than those observed in animals receiving the
low-dose over the time intervals studied.

MAO activity

The high-dose of TCP inhibited MAO to a greater extent than the low-dose
at all time intervals (Figs. 3 and 4).

Table 1. 5-HT, receptor density and affinity

Drug treatment Duration Bax (fmol/mg protein) Kd (nM)
Vehicle (dist. water) 4 days 198 = 7 0.50 = 0.01
TCP (0.5 mg/kgday) 4 days 1856 0.49 £ 0.02
TCP (2.5 mg/kg/day) 4 days 186 £ 5 0.52 £ 0.02
Vehicle (dist. water) 10 days 252 £ 15 0.58 £ 0.03
TCP (0.5 mg/kg/day) 10 days 235+ 9 0.58 £ 0. 04
TCP (2.5 mg/kg/day) 10 days 207 £ 15* 0.64 = 0.0
Vehicle (dist. water) 28 days 203 = 11 0.54 £ 0.03
TCP (0.5 mg/kg/day) 28 days 195 £ 13 0.58 = 0.02
TCP (2.5 mg/kg/day) 28 days 147 £ 11* 0.65 £ 0.05

Values represent mean = SEM (n = 8-10)
* denotes significant difference (p < 0.05) from control
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Fig. 1. Levels of 5-HT in rest of brain. Values represent means = SEM (n

and are expressed as % of values in rats treated with vehicle for the same number of

days. Doses are expressed as mg/kg/day. All drug treatment groups were significantly

different from control. *denotes significant difference (p < 0.05) from TCP (0.5 mg/kg/
day). Control values (in ng/g tissue): 210 + 18, n = 28

Fig. 2. Levels of NA in rat rest of brain. Values represent means = SEM (n = 8-10)

and are expressed as % of values in rats treated with vehicle for the same number of

days. Doses are expressed as mg/kg/day. All drug treatment groups were significantly

different from control. *denotes significant difference (p < 0.05) from TCP (0.5 mg/kg/
day). Control values (in ng/g tissue): 335 + 28, n = 28
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Fig. 3. Activity of MAO-A in rat rest of brain. Values represent means £ SEM (n =

8-10) and are expressed as % of values in rats treated with vehicle for the same

number of days. Doses are expressed as mg/kg/day. All drug treatment groups were

significantly different from vehicle. *denotes significant difference (p < 0.05) from TCP
(0.5 mg/kg/day). Data are adapted from Goodnough et al. (1994)
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significantly different from vehicle. *denotes significant difference (p < 0.05) from TCP
(0.5 mg/kg/day). Data are adapted from Goodnough et al. (1994)
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Discussion

Down-regulation of the 5-HT, receptor occurs after chronic treatment with
several antidepressants (review: Baker and Greenshaw, 1989). The 0.5 mg/
kg/day dose of TCP is similar, on a mg/kg basis, to that used in the clini-
cal setting and has been demonstrated to cause down-regulation of f-
noradrenergic (Sherry-McKenna et al., 1992), a,-noradrenergic (Greenshaw
et al., 1988), and tryptamine receptors (Mousseau et al., 1992) after chronic
administration. TCP, at the 0.5 mg/kg/day dose, produced a level of MAO
inhibition thought to be required for antidepressant efficacy in the clinical
situation (Robinson et al., 1978; Giller and Lieb, 1980; Giller et al., 1982)
but did not result in a significant down-regulation of the 5-HT, site at 4, 10,
or 28 days. The high dose of TCP caused a significantly greater inhibition of
MAO-A and -B than did the low dose, resulting in levels of 5-HT that are
almost twice those seen at the low dose. The high dose of TCP had less of
an effect on NA levels (approximately 20% more NA is seen at the high
dose than at the low dose). The dramatic increase in 5-HT seen with the
high dose over that seen at the low dose probably accounts for the 5-HT,
down-regulation seen at 10 and 28 days.

TCP has been shown to possess neurochemical properties other than
MAO inhibition. In addition to being a potent MAO inhibitor, TCP has
moderately strong effects on the uptake and release of catecholamines in
nerve terminals (Hendley and Snyder, 1968; Schildkraut, 1970; Baker et al.,
1978, 1980; Reigle et al., 1980). With administration of the 2.5 mg/kg/day
dose, levels of TCP in the present study were found to be approximately
1uM after 4 days and approximately 1.25 uM after 10 and 28 days in rest of
brain. At this concentration TCP will have significant effects on NA and
DA uptake. It is unclear at this time if these effects on catecholamines are
contributing to the change in 5-HT, receptors observed in the present study.
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Summary. The response to administration of the specific monoamine
oxidase A (MAO-A) blocker clorgyline was investigated in adult male
Sprague-Dawley rats which were adrenalectomized four days prior to
treatment or were additionally sympathectomized as newborns by injection
of 6-hydroxydopamine. In both groups, the contents of pineal indoles
melatonin and N-acetylserotonin were augmented, and the contents of 5-
hydroxyindoleacetic acid and 5-hydroxyindoletryptophol decreased 90 min
following clorgyline injections when compared to rats receiving saline. The
observed responses were less pronounced in rats both adrenalectomized
and sympathectomized. The results are in line with the hypothesis that
preservation from oxidation of both MAO-A substrates, noradrenaline and
serotonin, upon clorgyline administration contributes to the observed
increase in melatonin biosynthesis thought to be associated with the anti-
depressant effects of MAO inhibition.

Introduction

Selective inhibition of monoamine oxidase-A type (MAO-A), but not
of MAO-B, stimulates pineal melatonin (MEL) biosynthesis in rodents,
primates and humans (Oxenkrug et al., 1984; for review see Oxenkrug,
1991). These findings might be of clinical importance since selective MAO-
A (but not MAO-B) inhibitors exert clinical antidepressive effects (Lipper
et al., 1979).

MEL synthesis is driven by postganglionic sympathetic fibres stemming
from the superior cervical ganglia (SCG; Reuss and Moore, 1989). Removal
of the SCG resulted in a loss of pineal MAO-A activity (Snyder et al.,
1965).

Experimental data suggest that the effect of MAO-A inhibitors might
be mediated via stimulation of the physiological pathway of melatonin
synthesis since ganglionectomy (MclIntyre et al., 1985) but not adrenal
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demedullation (Oxenkrug and McCauley, 1987) attenuated clorgyline-
induced stimulation of rat pineal melatonin synthesis.

The biochemical mechanism of melatonin synthesis stimulation induced
by selective inhibition of MAO-A, however, is not clear. Both MAO-A
substrates (serotonin, 5-HT; and noradrenaline, NA) are intimately in-
volved in melatonin synthesis: 5-HT is a substrate of melatonin biosynthesis
while NA (released from postganglionic sympathetic fibers) is an important
activator of the first (and, probably, rate-limiting) reaction of melatonin
synthesis: N-acetylation of 5-HT (see Lewy, 1983). The in vitro study
suggested that stimulation of melatonin synthesis induced by the selective
MAO-A inhibitor clorgyline depended upon preservation of NA rather than
5-HT (see Oxenkrug, 1991) while the attenuation of clorgyline-induced
stimulation of melatonin synthesis in ganglionectomized animals (Mclntyre
et al., 1985) might be related to the 50% reduction of pineal 5-HT content
caused by this procedure (Pellegrino de Iraldi et al., 1963; Mclntyre et al.,
1985).

In a previous study (Reuss and Oxenkrug, 1989), in which we used
chemical sympathectomy by 6-hydroxydopamine (6-OHDA) of newborn
rats to achieve sympathetic denervation prior to the study of selective
MAO-A inhibition effects on pineal melatonin synthesis in adult animals,
sympathectomized animals exhibited similar — although less pronounced —
responses compared to intact animals (i.e., augmentation of pineal indoles
MEL, serotonin and 5-hydroxytryptophan 90min following clorgyline
injections). Since sympathectomy does not eliminate the exposure of pin-
ealocytes to noradrenaline produced by the adrenal medulla, in the present
study we sought to investigate the effects of combined chemical sympa-
thectomy and surgical adrenalectomy on clorgyline-induced stimulation of
pineal melatonin synthesis.

Materials and methods

Twenty-eight male Sprague-Dawley rats used for the present study were maintained
with food and water ad libitum in a light-controlled (LD 12:12), temperature-regulated
room. For chemical sympathectomy (Angeletti, 1971), 14 of them were given for the
first 5 days of life s.c. injections of the false neurotransmitter 6-hydroxydopamine (6-
OHDA; 50 pg/g b.w.) dissolved in 0.2% ascorbic acid (volume 0.05 ml) with a 32-gauge
needle. Fourteen control animals received vehicle injections only.

At the age of ten weeks, all animals were bilaterally adrenalectomized (AdX)
under deep tribromethanol anesthesia, then returned to their original photoperiods and
provided with drinking water containing 1% saline. Four days following AdX, half of
the animals of both, sympathectomized and vehicle-treated groups received injections
of clorgyline (Sigma, 2.5mg/kg b.w. in physiological saline), the other halfs received
saline injections. Ninety min following treatment (middle of light period), rats were
killed by decapitation, the pineals quickly removed and transferred to liquid nitrogen,
then stored at —70°C until assayed.

Pineal indole concentrations were determined by a high-pressure-liquid-chromato-
graphic-fluorometric system (see Reuss and Oxenkrug, 1989). Group differences were
analyzed by one-way analysis of variance and Student’s t-test. A p < 0.05 was regarded
as statistically significant.
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Results

As shown in Table 1 (comparison of groups I and II), the application of
clorgyline in adrenalectomized rats resulted in increased pineal contents
of melatonin (MEL), N-acetyl-serotonin (NAS), and serotonin (5-HT),
accompanied by reductions in pineal 5-hydroxyindoleacetic acid (5-HIAA)
and 5-hydroxyindoletryptophol (5-HIOL).

In animals which were sympathectomized by 6-OHDA injections as
newborns and adrenalectomized as adults (group III vs. IV), pineal MEL
content was increased, although to a minor degree, upon injection of
clorgyline. NAS was drastically augmented, while 5-HT and 5-HTP were
not influenced. 5-HIAA and 5-HIOL were reduced to less than 20% by
clorgyline administration, similarly to the effects seen in groups I/II.

Discussion

Various studies have shown that inhibition of the MAO-A by application of
the specific blocker clorgyline stimulates melatonin production in vivo (for
review see Oxenkrug, 1991).

Since a previous study (Reuss and Oxenkrug, 1989) suggested that
the preservation of both MAO-A substrates, 5-HT and NA, by MAO-A
blocking contributes to the augmentation of pineal melatonin synthesis, the
objective of the present study was to compare clorgyline effects in rats in
which adrenal medullary noradrenaline is depleted and in animals that
were, in addition to adrenalectomy, sympathectomized chemically as new-
borns. Animals of the latter group do not develop a sympathetic system so
that the pineal gland is deprived of NA-containing nerve terminals.

The present results demonstrate that the above mentioned effects are
also present in adrenalectomized rats. It is seen that, in adrenalectomized
but not sympathectomized animals, pineal MEL, NAS and 5-HT contents
increase to various degrees while 5-HIAA and 5-HIOL contents are reduced
upon clorgyline administration. In animals that were sympathectomized as
newborns and adrenalectomized as adults, a similar situation was found,
although the effects were observed to be smaller. Considering the higher
baseline contents of MEL (and NAS) in rats that were sympathectomized
and adrenalectomized, however, clorgyline-induced stimulation of melatonin
biosynthesis was less pronounced in these animals.

In conclusion, the present results indicate that the selective MAO-A
blocker clorgyline may increase pineal melatonin content, albeit to a minor
degree, also in total absence of noradrenaline and are thus in line with
the suggestion that the preservation from degradation of both MAO-A
substrates, serotonin and noradrenaline, contribute to the antidepressant
effects of MAO inhibition (Oxenkrug et al., 1986b).
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Summary. Total suppression of righting reflex in frogs (Rana pipiens,
25-35mg b.w.) was observed after combined administration of melatonin
(12.5mg/kg) and selective inhibitors of MAO-A: clorgyline (2.5 mg/kg) and
moclobemide (50 mg/kg) but not MAO-B: selegiline (25 mg/kg) and Ro-19-
6327 (50mg/kg). None of these drugs alone affected the righting reflex.
Clorgyline and selegiline selectively inhibited brain MAO-A and MAO-B
activity (by more than 90%), resp. Frogs might represent a convenient
model to study the selective MAO-A and B type inhibitors since they
provide the opportunity to correlate behaviour and biochemical changes
induced by MAO inhibitors.

Introduction

The first screening tests for antidepressants (both tricyclic and MAO in-
hibitors) were based on their ability to counteract the sedative effect of
reserpine in rodents. Antagonism between antidepressants and reserpine
was suggested to be mediated via potentiation of catecholaminergic neuro-
transmission (Schildkraut, 1985). Contrary to their effects in rodents,
antidepressants potentiate reserpine-induced sedation in frogs (Lapin et al.,
1968). The synergism between antidepressants and reserpine in the frog was
explained by the positive serotoninergic effects of antidepressants (Lapin
and Oxenkrug, 1969). The frog model was suggested for the screening of
antidepressants with serotonin-positive (thymoleptic) action (Lapin and
Oxenkrug, 1970). Using this model Skene and Potgieter (1981) found that
melatonin potentiated the sedative effect of reserpine in frogs pretreated
with the non-selective MAO inhibitor, pargyline.

Since selective MAO-A (but not MAO-B) inhibitors stimulate pineal
melatonin biosynthesis in rodents, primates and humans (Oxenkrug et al.,
1984; for rev. see Oxenkrug, 1991), we were interested to see if melatonin



142 P. J. Requintina et al.

potentiation of the reserpine-induced sedation in frogs (suppression of right-
ing reflex: turning from supine to prone position) requires MAO-A or
MAO-B inhibition. During preliminary experiments we have found that the
non-selective MAO inhibitor, phenelzine, in combination with melatonin
induced sedation in frogs even without reserpine administration (see be-
low). Therefore, our final goal was to determine the type of MAO inhibi-
tion (A or B) required for melatonin suppression of the righting reflex in
frogs.

Materials and methods

Frogs (Rana pipiens, male and female, 20-40g b.w.) were kept at 4°C for at least two
weeks before the experiments so as to control for seasonal differences in the frog’s
sensitivity to antidepressants (Harri, 1974). Drugs were injected into the submandibular
and suprafemoral lymph sacs. The non-selective MAO inhibitor, phenelzine, the selec-
tive MAO-A inhibitors, clorgyline and moclobemide, and the selective MAO-B in-
hibitors, selegiline (I-deprenyl) and Ro 19-6327 were used in the doses indicated below.

We initially intended to follow previous protocols, injecting MAQO inhibitors 90 min
before melatonin and 120 min before reserpine administration (Skene and Potgieter,
1981). However, in preliminary experiments phenelzine-pretreated frogs showed
inhibition of the righting reflex 30 min after melatonin injection, even before reserpine
administration. Therefore, reserpine administration was eliminated in the final experi-
ments. Frogs were injected with a MAO inhibitor and 30 min later with melatonin.
Righting reflexes (ten trials) were evaluated before the injections and 30min after
melatonin administration. Two sets of the experiments were performed: one in December
and the other in June with identical results. Brain MAO-A and B activities were
evaluated in frogs treated with phenelzine, clorgyline and selegiline by the method of
Wurtman and Axelrod (1963). Each experimental group consisted of six frogs. Data
were statistically treated according to one way analysis of variance and student’s t-test.

Results

Melatonin alone (12.5mg/kg) did not sedate the animals. Total suppression
of the righting reflex was observed after melatonin was injected into frogs
pretreated with phenelzine (5 mg/kg), clorgyline (2.5 mg/kg) or moclobemide
(50 mg/kg). Selegiline (25 mg/kg) and Ro 19-6327 (50 mg/kg) did not affect
the righting reflex. None of the MAO inhibitors alone produced sedation.
Clorgyline specifically inhibited brain MAO-A (by more than 90%).
Selegiline markedly inhibited MAO-B but also produced a 16% inhibition
of MAO-A. Phenelzine (5 mg/kg), inhibited only MAO-A at the dose used.
Moclobemide inhibited only MAO-A activity, while Ro 19-6327 had no
effect on either MAO-A or B activity. The lack of effect of Ro 19-6327
on MAO-B activity differs from data obtained in rodents and might be
explained by species differences. This issue needs further investigation.
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Table 1. Brain MAO activity and righting reflex in frogs treated with melatonin and
MAO inhibitors

Number of rightings MAO-A* MAO-B*
Saline 10 10.44 £ 0.29 3.95 £ 0.11
Melatonin 10
Saline + melatonin 10 10.34 £ 0.67 2.95 £0.53
Phenelzine 10
Phenelzine + melatonin 0 2.81 £ 0.92** 2.94 £ 1.03
Clorgyline 10
Clorgyline + melatonin 0 1.27 £ 0.11** 4.02 £0.10
Deprenyl 10
Deprenyl + melatonin 10 8.63 £ 0.40***  0.20 + 0.01**
Moclobemide 10
Moclobemide + melatonin 0 7.18 £ 0.72*** 3,71 £ 0.32
Ro 19-6327 10
Ro 19-6327 + melatonin 10 9.48 +2.70 3.66 = 0.70

*mean + S.E. (umoles/hr/mg); **p < 0.0001; ***p < 0.01 vs saline

Discussion

The present study adds Rana pipiens to the list of frog species (Rana
temporaria: Harri, 1974; Lapin et al., 1968, and Xenopus laevis: Skene and
Potgieter, 1981) in which drug-induced sedation was demonstrated. Our
experiments revealed that sedation could be induced in frogs by the com-
bination of MAO inhibitors and melatonin without reserpine administra-
tion. The synergism between antidepressants and reserpine in frogs was
explained by the positive serotoninergic effects of antidepressants (Lapin
and Oxenkrug, 1969). Similarly, melatonin potentiation of the sedative
effect of reserpine in pargyline-pretreated frogs was attributed to the
serotonin-positive effect of melatonin (Skene and Potgieter, 1981). There is
ample evidence supporting SHT involvement in the control of muscle tone
in amphibia (Popova et al., 1984). However, the possibility of an influence
of melatonin on the righting reflex cannot be excluded since pharmacological
interventions stimulating serotonin biosynthesis might increase production
of melatonin as well.

The other new finding of the present study is that selective MAO-A, but
not MAO-B, inhibitors synergise with melatonin to produce sedation in the
frog. The doses of MAO inhibitors were selected on the bases the literature
data obtained in rodents. Our results show that clorgyline and selegiline
exert the same selectivity in frogs. Further experiments are needed to
evaluated the selectivity of moclobemide, Ro 19-6327 and other recently
produced selective MAO inhibitors on MAO activity and behaviour in the
frog. Observation of synergism between selective MAO-A inhibitors and
melatonin in frogs might be both of theoretical and practical interest. The
frog might represent a convenient model to study selective MAO-A and B
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type inhibitors since it allows the simultaneous observation of behavioural
and biochemical changes.
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Clorgyline effect on pineal melatonin biosynthesis in roman
high- and low-avoidance rats
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2Behavior Biology Laboratory, ETHZ, Ziirich, Switzerland

Summary. Pineal melatonin and related indoles levels were higher in
Roman high- than in Roman low-avoidance rats, while 5-HIAA/5-HT ratio,
as an index of MAO activity was higher in low- than in high-avoidance rats.
Clorgyline stimulated pineal melatonin biosynthesis in both lines of rats.
However, melatonin and N-acetylserotonin levels remained higher and 5-
HIAA levels remained lower in the high avoidance rats treated with low
dose (0.5 mg/kg) while treatment with 1.0 mg/kg of clorgyline eliminated the
differences in melatonin production between high- and low-avoidance rats.

Introduction

The Swiss line of Roman high-avoidance (RHA/Verh) rats was selected and
bred for the rapid acquisition of active, two-way avoidance in the shuttle
box, whereas the corresponding Roman low-avoidance (RLA/Verh) line
was selected and bred for the non-acquisition of that response (Driscoll and
Baettig, 1982). Besides the differences in the behavioural response the two
lines also differ in neurochemical and morphological parameters with a
higher basal turnover rate of serotonin (5-HT) in the hypothalamus in
RHA/Verh than in RLA/Verh rats (see Driscoll, 1988). 5-HT is a substrate
of the melatonin biosynthesis in the pineal gland which was found in
RHA /Verh to be twice as large as in RLA/Verh (Rivest et al., 1988). Pineal
levels of 5-HT, N-acetylserotonin (NAS), intermediate product of melatonin
biosynthesis, and melatonin as well as activity of the both enzymes of
melatonin biosynthesis were higher in RHA/Verh than in RLA/Verh rats
(Seidel et al., 1990) and a recent cross-breeding study has indicated that this
finding may correlate with the avoidance behaviour in these lines (Lipp and
Heinzeller, unpublished).

Besides N-acetylation (which initiates melatonin biosynthesis from 5-HT)
the other major way of 5-HT metabolism in the pineal gland is oxidative
deamination (catalyzed by monoamine oxidase-A; MAO-A) resulting in
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the formation of 5-hydroxyindoleacetic acid (5-HIAA) and S5-hydroxy-
tryptophol (5-HTOL) (Mefford et al., 1983). The lower rate of melatonin
formation from 5-HT in RLA/Verh than in RHA/Verh rats suggests the
higher availability of 5-HT as a substrate for MAO-A in RLA/Verh than in
RHA/Verh animals. Selective MAO-A inhibitors were shown to stimulate
pineal melatonin biosynthesis in rodents, primates and humans (Oxenkrug
et al., 1984; for rev. see Oxenkrug, 1991). Therefore, one might expect
the activation of pineal melatonin biosynthesis in RLA/Verh rats after
administration of the selective MAO-A inhibitors.

In the present study we have compared the response of melatonin
biosynthesis to the selective MAO-A inhibitor, clorgyline, in RHA/Verh
and RLA/Verh rats.

Methods

2.5 Month old males of each line were maintained at 12 hrs light: 12 hrs dark schedule
for at least two weeks before the experiments. In the first experiment animals were
decapitated in the middle of the day (HD and LD) or night (HN and LN) phase. In the
second experiment clorgyline (0.5 or 1.0mg/kg, s.c.) was injected during the light
phase and rats were decapitated 90 min. after the injections. Pineals were removed,
frozen and stored at —70°C until melatonin and related indoles levels were determined
by the HPLC-fluorimetric procedure (see Oxenkrug, 1991). Each experimental group
consisted of seven rats. Results are expressed as mean * S.D. (ng/pineal). The
differences between the groups were evaluate according to one way analysis of variance
and Student’s t-test.

Results

Both lines revealed strong diurnal rhythms with N-acetyltserotonin (NAS)
and melatonin higher during the dark while 5-HT and 5-HIAA higher
during the light phase.

HD and HN rats had higher melatonin, NAS, and serotonin (5-HT)
levels than did LD and LN rats, resp. In addition HD, but not HN, rats also
had higher levels of 5-HT’s metabolite, 5S-HIAA. The 5-HIAA/5-HT ratio
(index of MAO activity) was higher in LD and LN than in HD and HN rats,
resp (Table 1).

Clorgyline (both doses) increased pineal NAS and melatonin levels and
decreased 5-HIAA levels in both lines. After 0.5 mg/kg of clorgyline, NAS
and melatonin levels remained higher and 5-HIAA levels remained lower
in RHA/Verh than in RLA/Verh rats (as in the untreated rats). Adminis-
tration of 1.0 mg/kg of clorgyline eliminated the differences between RHA /-
Verh and RLA/Verh rats in pineal MEL, NAS and 5-HIAA levels seen at
the baseline and after administration of 0.5 mg/kg of clorgyline (Table 1).
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Table 1. Clorgyline effect on the pineal melatonin and related indoles in high and
low-avoidance rats

Drug (mg/kg) Melatonin™* NAS** 5-HT** 5-HIAA**  Ratio
Night (saline):

High-avoidance  2.87 £ 0.50 12.5 £ 2.09 46.43 =142 3.89 £ 0.95 8.5
Low-avoidance  1.79 + 0.33* 4.68 £ 0.80* 25.29 £7.28* 32*x0.36 128
Day (saline):

High-avoidance  0.35 £ 0.03  0.10 £ 0.04 202.47 £ 31.4 10.9 = 1.06 5.4
Low-avoidance  0.17 = 0.01* 0.05 = 0.01* 78.71 £ 12.8* 6.67 £ 1.07* 85
Day (Clorg-0.5):

High-avoidance  0.47 £ 0.12 0.23 £ 0.11 2319 £37.8 4.82+1.33 2.0
Low-avoidance  0.28 + 0.03* 0.06 = 0.02* 77.87 = 14.6* 3.1 +£0.82* 3.9
Day (Clorg-1.0):

High-avoidance  0.60 = 0.19  0.28 £ 0.13 2152 £347 434+ 14 2.0
Low-avoidance  0.40 = 0.20  0.26 = 0.08 85.55 £5.9* 339+138 3.9

*p < 0.01 vs high-avoidance; ** mean + S.E. (ng/pineal)

Discussion

Our results confirmed the higher rate of melatonin production in RHA/-
Verh than in RLA/Verh rats and the existence of the diurnal rhythm of
melatonin biosyntheis in both lines reported by Seidel et al. (1990). It is
noteworthy that the animals used in our study were much younger (2.5vs.
7.5 months old) and that we have used a different method of melatonin
evaluation (HPLC vs. RIA). However, we have measured the 5-HT meta-
bolite, 5-HIAA by the same HPLC-fluorimetric procedure.

Evaluation of 5-HIAA simultaneously with 5-HT allowed us to assess
the 5-HIAA/5-HT ratio as an indirect index of MAO activity. The higher 5-
HIAA/5-HT ratio in RHA/Verh than in RLA/Verh rats suggests the more
active monoamine oxidation processes in low avoidance rats. Since these
rats are considered to be an experimental model of depression it is note-
worthy that elevated MAO activity was detected post-mortem in the brains
of depressed patients and that enhanced brain MAO activity was suggested
as a cause of psychotic depression (Mandell, 1973). The results of the
clorgyline administration might promote further the role of MAO-A in
regulating melatonin biosynthesis in these rats. A high (1.0mg/kg) dose of
clorgyline eliminated the differences in the rate of melatonin biosynthesis
between RHA/Verh and RLA/Verh rats. It is not known whether the
elimination of the biochemical differences would be accompanied by a cor-
responding change in behaviour. The investigation of the effect of clorgyline
on the behavior of RHA/Verh and RLA/Verh rats is in progress.
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tyramine levels in rat heart
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Summary. This study aimed to examine whether the increase in heart
radioactivity levels after intravenous injection of '*C-tyramine to rats
pretreated with the irreversible MAO inhibitor tranylcypromine could be
antagonized by reboxetine, a potent and selective noradrenaline uptake
blocker.

Reboxetine was found totally to abolish the effect of tranylcypromine.
Heart radioactivity levels after reboxetine and tranylcypromine were very
similar to those found when tyramine was injected after reboxetine only.

These results suggest that reboxetine might be advantageously combined
with tranylcypromine, or any MAO inhibitor, in depressed patients unre-
sponsive of either treatment given alone.

Introduction

Among the more or less well-documented adverse events associated with
the use of monoamine oxidase (MAO) inhibitors in therapy, much attention
is paid to the so-called “cheese effect”, i.e. the hypertensive reaction which
sometimes occurs in patients treated with MAO inhibitors in response to
the ingestion of indirectly acting pressor amines, such as tyramine (TYR),
contained in foodstuffs. The incidence of hypertensive crises and their
severity are reputed to be particularly high with the irreversible MAO
inhibitor tranylcypromine (TRA) (for review see Dostert, 1984). In contrast,
the risk of severe cheese reaction appears to be considerably reduced when
the MAO inhibitors of the new generation are used (Dollery et al., 1984;
Korn et al., 1988; Bieck and Antonin, 1989).

Administration of amitriptyline, a noradrenaline (NA) uptake blocker of
moderate potency (Richelson and Pfenning, 1984), has been shown to
diminish the pressor response to intravenous TYR in patients treated with
TRA (Pare et al., 1982). Assuming that the increase in cardiac radioactivity
levels after intravenous injection of “C-TYR to rats pretreated with cim-
oxatone, a potent and reversible MAO-A inhibitor devoid of inhibiting
properties on the monoamine uptake systems (Kan and Strolin Benedetti,
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Fig. 1. Structure of reboxetine [RS, RS-2-(a-(2-ethoxyphenoxy)benzyl)morpholine]

1981), can be taken as a model of tyramine potentiation, Dostert et al.
(1981) showed that imipramine, amitriptyline and desipramine antagonize
the increase in cardiac radioactivity levels caused by cimoxatone, in keeping
with Pare’s results (1982).

Reboxetine (Fig. 1) is a potent and selective NA uptake blocker (Melloni et
al., 1984) currently under clinical evaluation as antidepressant. The effect of
reboxetine on heart radioactivity levels after intravenous injection of *C-
TYR in rats treated with TRA was determined as a first step to examine
whether reboxetine and TRA could be usefully combined in depressed
patients unresponsive to either treatment given alone.

Material and methods

Male Sprague-Dawley rats (Charles River, Italy) weighing 200-220g were used.
Before experiment animals fasted overnight with free access to water. Five to six rats
per group were used.

— 1Ist experiment: four groups of rats received: TYR alone, or reboxetine (5, 10,
30mg/kg) and TYR 1h later.

— 2nd experiment: five groups of rats received: TYR alone, or TRA (1mg/kg) and
TYR 30 min later, or reboxetine (5, 10, 30 mg/kg), 30 min later TRA (1 mg/kg) and
TYR 30min after TRA.

A 1mg/kg oral dose of TRA was shown to inhibit rat heart MAO-A by 94%
(Strolin Benedetti et al., 1983). Reboxetine doses were selected taking into account the
EDs, value (9.9 mg/kg p.o.) of reboxetine antagonizing reserpine-induced blepharospasm
in the rat (Riva et al., 1989). TRA and reboxetine were administered orally in aqueous
solution as hydrochloride and methanesulfonate, respectively. Doses refer to the bases.
[Side chain-1-"*C]tyramine hydrochloride (specific activity 53.3 mCi/mmol) was injected
L.v. at a dose of 10ug/kg in saline (0.9% NaCl) (0.6 uCi for a rat of 200 g).

Rats were killed by decapitation 15min after TYR injection. Hearts were rapidly
removed, rinsed in saline, blotted on filter paper, weighed and dissolved in 250 ml
Soluene 350 (55-60°C, 48h). Then 0.2 ml of 35% H,0; and 0.5 ml of isopropylalcohol
were added and vials were heated at 55°C for 2 h. Radioactivity was measured by liquid
scintillation counting using 15 ml of Hionic Fluor (Packard) as scintillation cocktail.

In both experiments, the group of rats given only TYR was taken as control group
and was compared to the other groups of animals using Dunnett’s test.
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Results

When reboxetine was given 1h before TYR, a dose-dependent decrease in
heart radioactivity levels was found (Table 1).

Administration of TRA 30min before injection of TYR resulted in a
56% increase in heart radioactivity (Table 2). When the same doses of
reboxetine as those used in the first experiment were given 30 min prior
to TRA, heart radioactivity levels were found to decrease significantly,
compared to controls, by 36%, 47% and 65% for the 5, 10 and 30 mg/kg
dose of reboxetine, respectively. The dose-dependent decrease in heart
radioactivity levels caused by reboxetine in this experiment was very similar
to that observed in the absence of TRA (1st experiment, Table 1).

Marked tachycardia was noted after injection of TYR to TRA-treated
rats. This effect developed to a lesser degree when the lowest dose of
reboxetine was given prior to TRA dosing, and was not observed when the
two other doses of reboxetine were used.

Table 1. Effect of reboxetine on rat heart radioactivity
levels after i.v. injection of *C-tyramine (TYR; 10 pg/kg)

Treatment (dose of % of injected radioactivity/g of
reboxetine mg/kg) cardiac tissue (mean = S.D.)
TYR 1.00 * 0.21 (controls)
Reboxetine (5) + TYR 0.62 + 0.17*

Reboxetine (10) + TYR 0.48 £ 0.13*

Reboxetine (30) + TYR 0.29 * 0.09*

Reboxetine was given orally 1h before tyramine
*P < 0.01 (Dunnett’s test)

Table 2. Effect of reboxetine on heart radioactivity levels
after i.v. injection of '*C-tyramine (TYR; 10ug/kg) in
tranylcypromine (TRA)-treated rats

% of injected
radioactivity/g of

Treatment (dose of reboxetine cardiac tissue

in mg/kg) (mean * S.D.)
TYR 1.15 £ 0.18 (controls)
TRA + TYR 1.80 + 0.21*
Reboxetine (5) + TRA + TYR 0.74 £ 0.22*
Reboxetine (10) + TRA + TYR 0.61 £ 0.13*
Reboxetine (30) + TRA + TYR 0.40 + 0.13*

Reboxetine and TRA (1mg/kg) were given orally 1h and
30min before TYR, respectively
*P =< 0.01 (Dunnett’s test)
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Discussion

In addition to its MAO inhibiting properties, TRA has been shown also to
be a NA uptake blocker (Hendley and Snyder, 1968). Its potency as NA
uptake blocker at a dose of 1 mg/kg, sufficient to block almost totally MAO-
A in the rat heart (Strolin Benedetti et al., 1983), was clearly not enough to
inhibit substantially the uptake of TYR in that tissue, as shown by the
increase of heart radioactivity in rats pretreated with TRA (Table 2).
However, the increase in heart radioactivity levels caused by TRA (56%)
was less than that observed (134%) when cimoxatone was used as an
inhibitor of MAO (Dostert et al., 1981), suggesting that the effect of a
1 mg/kg dose of TRA on the inhibition of TYR uptake in the rat heart was
not negligible.

Reboxetine plasma concentrations of 320nM were determined (Strolin
Benedetti, unpublished results) in rats 1 h after administration of a 23 mg/kg
dose of reboxetine, while ICs, values in the nM range were found for
reboxetine on NA uptake in rat hypothalamic synaptosomes (Melloni et
al., 1984; Dostert, unpublished results). Both parameters, NA uptake
inhibition potency and plasma levels, have to be considered to account for
the prevention of TYR uptake by reboxetine. In this respect, it is worth
noting that, already for the lowest dose of reboxetine, the decrease in heart
radioactivity in the presence of TRA (36%, Table 2) was very similar to
that found (38%, Table 1) in the absence of the MAO inhibitor.

The results of the present study suggest that the high potency of re-
boxetine as a NA uptake blocker might be used to advantage for the
prevention of cheese effect in depressed patients on MAOI therapy, although
human studies are clearly needed to confirm the rat data as important
species differences have been observed in reboxetine metabolism (Cocchiara
et al., 1991).
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Monoamine oxidase inhibitors: effects on tryptophan concentrations
in rat brain
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Summary. It has been suggested that inhibition of tryptophan (Trp)
pyrrolase and a subsequent elevation of brain Trp may contribute to the
actions of antidepressant drugs. In our laboratories, we have conducted
a series of experiments measuring brain Trp levels in the rat after both
acute and chronic administration of several monoamine oxidase (MAO)
inhibitors. The drugs studied during the course of the long-term (28 day)
experiments were phenelzine, N?-acetylphenelzine, tranylcypromine, 4-
fluorotranylcypromine, 4-methoxytranylcypromine and (—)-deprenyl. High-
pressure liquid chromatography with electrochemical detection was employed
to measure Trp levels in brains of both MAO inhibitor- and vehicle-treated
animals. No significant increases in brain Trp levels were observed as a
consequence of MAO inhibitor treatment. Acute time-response (up to 24 h)
and dose-response studies were conducted following the administration of
phenelzine and tranylcypromine. Only after administration of high doses of
these drugs was an elevation in brain Trp observed and the increase was
relatively short-lived. These results suggest that elevation of brain Trp may
be an important factor in the actions of MAO inhibitors only at high doses
of these drugs.

Introduction

The amino acid tryptophan (Trp) is a precursor for 5-hydroxytryptamine (5-
HT) and tryptamine, two amines which have been implicated in the etiology
and pharmacotherapy of depressive disorders (Baker and Dewhurst, 1985).
There have been numerous studies conducted in which Trp levels have
been compared in body fluid samples from depressed patients and normal
subjects, but conflicting results have been reported (Grahame-Smith, 1989).
However, some reports (Mgller et al., 1980, 1986; DeMyer et al., 1981;
Maes et al., 1987) suggest that the plasma ratio of Trp to the amino acids
which compete with it for transport through the blood-brain barrier may be
a useful marker in depressed patients.
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Trp has been also tested as an antidepressant drug but there have been
varying results reported (Chouinard et al., 1979; Lundberg et al., 1979;
Thomson et al., 1982; van Praag, 1984a,b; Baldessarini, 1984; Young,
1984). van Praag (1984a) has discussed some of the studies that have been
carried out with Trp and 5-hydroxytryptophan (5-HTP) and suggested that
further research should be conducted using larger doses and longer periods
of administration, and that a therapeutic “‘window” effect should be con-
sidered. Dietary investigations have reported that depletion of Trp causes a
rapid lowering of mood in normal males (Young et al., 1985) and that such
depletion can reverse antidepressant-induced remission (Delgado et al.,
1990). The latter workers reported a gradual (24-48h) return to the re-
mitted state on return to regular food intake and that free plasma Trp
levels were negatively correlated with depression scores during acute Trp
depletion. Although comprehensive studies on the effects of chronic ad-
ministration of Trp or 5-HTP on 5-HT receptors have not been conducted,
Blier et al. (1990) have speculated that these two amino acids would pro-
duce modifications of the 5-HT autoreceptor similar to those produced by
monoamine oxidase (MAO) inhibitors. There are several reports indicating
that Trp potentiates the antidepressant effects of MAO inhibitors (review:
Young, 1991), tricyclic antidepressants (Shaw et al., 1975; Roos, 1976;
Chouinard et al., 1979; Walinder et al., 1980; Thomson et al., 1982) and
lithium (Worall et al., 1979; Brewerton and Reus, 1983). There have also
been reports (Barker and Eccleston, 1984; Hale et al., 1987) indicating
that lithium and Trp in combination with an MAO inhibitor or a tricyclic
antidepressant are useful in treating otherwise resistant depression. How-
ever, the area of effectiveness of Trp in combination with other drugs is
somewhat controversial, as indicated in reviews by Baldessarini (1984) and
Young (1991).

Acute administration of different types of antidepressants (tricyclics,
MAO inhibitors, novel antidepressants) has been reported to produce
elevated levels in brain Trp in laboratory animals (Grahame-Smith, 1971;
Tabakoff and Moses, 1976; Valzelli et al., 1980; Badawy and Evans, 1982;
Edwards and Sorisio, 1988). Badawy and Evans (1981, 1982) investigated
the acute effects of 19 antidepressants of different types at two doses
(10mg/kg and 0.5mg/kg) on liver Trp pyrrolase activity and on brain Trp
concentration and found significant inhibition of the pyrrolase activity and,
presumably secondary to the enzyme inhibition, elevation of brain levels of
Trp. Badawy and Morgan (1991) reported that acute oral administration
of paroxetine resulted in increased brain Trp, and Badawy et al. (1991)
observed that acute and chronic administration of lofepramine and its
metabolite desipramine caused an elevation in brain levels of Trp. Tabak-
off and Moses (1976) reported that the MAO-inhibiting antidepressant
tranylcypromine (TCP) caused increases in brain Trp levels in mice in a
dose-dependent manner 2h after injection. The doses chosen were from 5
to 50 mg/kg; there was, however, no significant difference in brain levels of
5-HT between animals (mice) treated with 5 and 50 mg/kg doses of TCP.
Grahame-Smith (1971) reported that 90min after injecting 20 mg/kg i.p. of



MAO inhibitors and brain tryptophan 157

TCP to rats, brain Trp was significantly increased while plasma Trp was
significantly decreased.

Since a time period of 2-3 weeks or longer is often required before
clinical improvement is observed with antidepressants, we have measured
rat brain levels of Trp after chronic (28-day) administration of several
MAO-inhibiting drugs. A short-term time and dose study was also con-
ducted on TCP and phenelzine (PLZ), the most frequently prescribed
MAO-inhibiting antidepressants.

Material and methods

TCP and PLZ were purchased from Sigma Chemicals and (—)-deprenyl from Research
Biochemicals Inc. In the long-term (28 day) studies, the drugs were administered
subcutaneously via osmotic minipumps (Alzet) implanted in the dorsal thoracic region.
In the short-term time studies, PLZ (15mg/kg) or TCP (10 mg/kg) was administered
intraperitoneally (i.p.) to male Sprague-Dawley rats, and groups of rats (5 per group)
were killed at 1, 2, 4, 8, 16 or 24h and the whole brain removed. In the short-term
dose studies, varying doses of the drugs or the vehicle were administered i.p., and the
rats were killed 4h later. 4-Methoxy-TCP, 4-fluoro-TCP and NZ%-acetyl-PLZ were
synthesized in our laboratories (Coutts et al., 1987, 1990; Sherry-McKenna et al., 1992)
and represent analogues of PLZ and TCP under investigation as potential MAO-
inhibiting antidepressants (Coutts et al., 1987; Sherry et al., 1990; McKenna et al.,
1991, 1992). (—)-Deprenyl, an MAO inhibitor used in pharmacotherapy of Parkinson’s
disease, was also included in these investigations for comparative purposes.

At the appropriate time intervals, the rats were killed by guillotine decapitation
and the brain tissue was immediately removed and frozen in isopentane over solid
carbon dioxide. The procedures used in these studies had been approved by the Health
Sciences Animal Welfare Committee, University of Alberta.

For analysis of Trp concentrations, HPLC with electrochemical detection was
utilized. The procedure was a modification of the method described by Baker et al.
(1987); an applied potential of 0.85 volt was chosen for these experiments.

Results and discussion

An elevation of brain Trp above concentrations in vehicle-treated controls
was not evident in any of the drug-treated animals after 28 days of admin-
istration (Table 1). This finding is in agreement with the chronic study of
Paetsch and Greenshaw (1991) in which no changes in plasma or brain Trp
were found after 28-day administration of PLZ sulfate (10 mg/kg/day);
a similar effect was reported in that study with desipramine HCI at a dose
of 10 mg/kg/day. The doses of TCP and PLZ used in the present investiga-
tion were sufficient to cause down-regulation of B-adrenergic and/or o,-
adrenergic receptors (Greenshaw et al., 1988; McManus and Greenshaw,
1991; McKenna et al., 1992; Mousseau et al., 1993; Sherry-McKenna et al.,
1992); such down-regulation is a characteristic proposed to be shared by
many antidepressants (see Baker and Greenshaw, 1989 for review). At a
dose of TCP considerably higher (2.5 mg/kg/day) than those presented here,
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Table 1. Effects of chronic administration (28 days) of several MAO inhibitors on rat
brain concentrations of Trp

Daily dose Brain tryptophan

Drug (mg/kg) Brain region (N) (% of control)
TCP 0.5 Whole (6) 97 + 6
TCP 0.5 Pons-medulla (8) 100 + 4°
TCP 0.5 Hypothalamus (8) 90 + 15°¢
TCP 0.5 Hippocampus (8) 109 + 9¢
F-TCP 0.57 Pons-medulla (9) 102 + 4°
F-TCP 0.57 Hypothalamus (9) 90 £ 7°
F-TCP 0.57 Hippocampus (9) 101 £ 6¢
MeO-TCP 0.61 Hypothalamus (8) 92 + 4°
PLZ 5.8 Whole (8) 108 + 6'
PLZ 13.6 Whole (8) 94 + 5f
NZ-Acetyl-PLZ 18.0 Whole (8) 94 + 9f
(—)-Deprenyl 0.83 Whole less cortex (7) 94 + 3¢
(—)-Deprenyl 1.7 Whole less cortex (8) 88 + 28
(—)-Depreny! 33 Whole less cortex (8) 92 + 3¢
(—)-Deprenyl 6.6 Whole less cortex (8) 93 + 3¢

Doses of all drugs are expressed as those of the free base

Control values (ug/g, means = SEM) for Trp for each of the studies: *3.5 + 0.6; ?3.2
0.5;°4.9 £ 0.3;94.0 £ 0.3;°5.1 £ 0.7; 3.2 £ 0.2; 4.7 £ 0.1

Abbreviations: TCP tranylcypromine; F-TCP 4-fluoro-TCP; MeO-TCP 4-methoxy-
TCP; PLZ phenelzine

we also did not observe any increase in Trp concentrations in brain at 4, 10
or 28 days of drug administration (Goodnough and Baker, unpublished).

Comprehensive short-term studies on the MAO inhibitor TCP and PLZ
indicated that both drugs elevated brain Trp, but the effects were produced
only at high doses of the drugs (Figs. 1 and 2) and were short-lived. At a
dose of PLZ of 15 mg/kg, a significant elevation (29 + 4% above control) of
Trp was observed only at 4h, while at the 10 mg/kg dose of TCP, there was
a significant elevation (40 = 10% above control) at 1h only.

The elevations observed may be due to inhibition of Trp pyrrolase,
as shown by Badawy and Evans (1981, 1982). However, the structurally
similar drug (+)-amphetamine also causes an elevation of brain Trp (Schubert
and Sedvall, 1972) but is reported to have no effect on Trp pyrrolase
(Schubert and Sedvall, 1972) or Trp hydroxylase (Schubert and Sedvall,
1972; Trulson and Jacobs, 1980) after acute administration. It has been
suggested that (+)-amphetamine elevates brain Trp by stimulation of the
uptake/transport system of Trp (Schubert and Sedvall, 1972; Valzelli et al.,
1980). Given the structural similarity among amphetamine, TCP and PLZ,
it is possible that these two MAO inhibitors may have a direct effect on Trp
transport into the brain at high doses. Campbell et al. (1978) noted an
increase in uptake of Trp into cortical synaptosomes after a single dose
(15mg/kg) of PLZ, but this effect was not evident at 1, 2 or 3 weeks after
administration of this dose every 48h. Recent reports have suggested that
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Fig. 1. Trp levels in rat whole brain 4h after administration of various doses of TCP

(doses expressed as free base). Values for Trp are expressed as % of values obtained in

vehicle-treated control rats and represent means = SEM (n = 6). *p < 0.05, compared
to control values
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Fig. 2. Trp levels in rat whole brain 4h after administration of various doses of PLZ

(doses expressed as free base). Values for Trp are expressed as % of values obtained in

vehicle-treated control rats and represent means = SEM (n = 6). *p < 0.05, compared
to control values

concentrations of Trp and other large amino acids in brain and plasma may
be regulated by a B-adrenoceptor-mediated mechanism (Edwards and
Sorisio, 1988; Eriksson and Carlsson, 1988; Paetsch and Greenshaw, 1991).
Based on their acute studies with propranolol and imipramine, Edwards
and Sorisio (1988) suggested that Trp increases in brain produced by
imipramine are mediated by B-adrenoceptor stimulation, but Paetsch and
Greenshaw (1991), in an investigation of 28-day administration of PLZ and
desipramine, were unable to find an effect of these antidepressants on the
increase in brain Trp concentrations produced by B-agonists. PLZ has also
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been reported to inhibit several enzymes in addition to MAO (Yu and
Boulton, 1992) although, to our knowledge, it has not been reported to
inhibit Trp hydroxylase. In fact, Campbell et al. (1978) found an increase in
Trp hydroxylase activity in brains of rats treated chronically with PLZ at a
dose of 15mg/kg/48h and Waldmeier (personal communication) has found
that a high dose of PLZ (200 mg/kg s.c./2h) also produced an increase in
Trp hydroxylase activity in rat brain.

There is discrepancy between our findings on the effects of TCP and
PLZ on whole brain Trp levels at 4h after injection and those of Badawy
and Evans (1982) at 3.5 h following injection. The latter authors found that
brain Trp was elevated significantly at doses of these drugs as low as
0.5mg/kg. We found that doses at least 20 times greater than these were
required before Trp elevations were noted with these drugs. The reason for
this discrepancy is not clear at this time.
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Summary. A number of new deprenyl analogues were synthesized during
the last decades and structure-activity relationship studies were carried out
with the compounds. Among these derivatives U-1424 [N-methyl-N-pro-
pargyl-(2-furyl-1-methyl)-ethyl ammonium] and J-508 [N-methyl-N-pro-
pargyl-(1-indanyl) ammonium] preserved the selectivity to MAO-B, but the
former is slightly less potent inhibitor of the enzyme, while J-508 is more
effective than the parent compound. The studies led us to the conclusion
that, in the case of a selective and irreversible inhibitor, it is not a proper
aim to search for a more potent inhibitor than deprenyl. Nevertheless, the
effects of the new derivatives independent of the enzyme inhibitory potency
can be beneficial. In this respect p-fluoro-deprenyl (PFD) seems to be
promising.

In addition to the enzyme inhibitory action, the compounds possess
reversible effects e.g. inhibition of uptake and release of the synaptic
processes. The fate of the drugs in the body including metabolism is also an
important aspect of drug action. PFD is slightly less potent inhibitor of
MAO-B in vitro than deprenyl but it maintains a more prolonged concen-
tration in tissues. Its metabolites (p-fluoro-amphetamine and p-fluoro-
methamphetamine) are more effective inhibitors of uptake than the parent
compound. In respect of the release of transmitter amines, the (+)-isomers
of the metabolites are more potent but we did not find significant differences
between the uptake inhibitory potencies of the stereoisomers. PFD is more
effective to protect the neurodegenerative effects of the noradrenergic
neurotoxin DSP-4, compared to deprenyl.

Introduction

Deprenyl was firstly described in 1965 (Knoll et al., 1965) and, almost since
that time, a continuous effort has been made in our laboratories to develop
chemical derivatives of deprenyl having better qualities than the original
compound (Knoll et al., 1978; Magyar et al., 1980). More than 200 con-
geners of deprenyl were synthesised by the chemists of the Chinoin Pharm-
aceutical Works (Budapest) and structure-activity relationship studies were
carried out in our laboratories.
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Results and discussion

Structure activity relationship studies with deprenyl derivatives revealed:

1. The substitution of deprenyl in the side chain at the alpha-position with
ethyl-, 1sopropyl- or benzyl-group decreased the monoamine oxidase
(MAO) inhibitory potency of the compounds. Beta-substitution (methyl-
dimethyl-) of the side chain resulted also in similar changes.

2. Elongation or shortening of the side chain of deprenyl was also not
preferable in respect to increase the inhibition of MAO.

3. Omitting the methyl group of deprenyl in the side chain at alpha-position
[N-methyl-N-propargyl-(2-phenyl)-ethyl-ammonium.HCl; TZ-650] did
not influence significantly the inhibitory potency and the B-type selec-
tivity of the new derivative.

4. Alteration of the phenyl-ring (halogenation, saturation, methoxy-sub-
stitution) diminished the inhibitory potency of the new derivatives. The
only exception in this group was (—)-p-fluoro-deprenyl (PFD), which
compound proved to be promising, having the chemical structure,
potency and B-type selectivity similar to deprenyl.

5. Replacement of the phenyl-ring with different-mainly with heterocyclic-
ring were the most frequent chemical alteration on deprenyl structure.
The phenyl-ring of deprenyl was replaced with furanyl-, thienyl-,
cyclopentyl-, benzothienyl-, benzofuranyl-, indanyl-, naphtalene-,
isoquinoline-rings. ~ Furan  [N-methyl-N-propargyl-(2-furyl-1-methyl
-ethyl-ammonium.HCl; U-1424] or indane substitution [N-methyl-N-
progargyl-(1-indanyl)-ammonium.HCI; J-508] resulted in potent inhi-
bitors to MAO-B. U-1424 proved to be slightly less potent, but J-508
exceeded the inhibitory potency of deprenyl with one order of magnitude.

6. Halogenation of the propargyl-group with any halogen and at any posi-
tion totally abolished the inhibitory action of the new structures.

The structure-activity relationship studies lead us at least to two im-
portant conclusions: 1. It is useless to develop a more effective MAO-B
inhibitor than deprenyl. An inhibitor of an irreversible type, even it is
weaker than deprenyl, in a proper dose or in a repeated treatment in vivo
leads to the same degree of inhibition. 2. When we want to retain the
complexity of the effect of deprenyl, we have to preserve the ampheta-
minergic structure of the new congener molecule. That is the reason why
PFD seems to be a promising new structure.

Deprenyl cannot be considered as a simple MAO-B inhibitor in spite of
the fact that in the lowest effective concentration (ICsy = 108 M) it inhibits
most potently the oxidative deamination of phenylethylamine (PEA).

On the basis of the knowledge which has been accummulating during the
last decades on the complexity of deprenyl effect the following could be
concluded. In addition to its B-type selective irreversible MAO inhibitory
potency deprenyl is stereoselective. Its (—)-enantiomer is more potent
inhibitor of the enzyme than the (+)-one (Magyar et al., 1967). It has also
been proved that deprenyl has some inhibitory effect on the synaptosomal
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uptake of 3H-noradrenaline (*H-NA) (Knoll and Magyar, 1972). During
long-term treatment (3 weeks) when deprenyl was administered in a fairly
low dose (0.05mg/kg) the B-type selective inhibitory spectrum can be
preserved (Ekstedt et al., 1978). Deprenyl has a special distribution in
the brain. Due to its high lipid solubility after intravenous treatment it
penetrates rapidly to the central nervous system (30sec). The whole body
autoradiography in mice revealed that the rapid rise in *C-deprenyl con-
centration is followed by a sudden decrease in radioactivity of the brain.
The 5min autoradiogram shows almost background radioactivity in the
brain, while body lipids and other organs contained fairly high level at this
time (Magyar et al., 1968; Magyar and Sziits, 1982).

It has been confirmed in many laboratories, like in ours, that deprenyl is
metabolized to methylamphetamine (MA) and amphetamine (Reynolds et
al., 1978; Magyar and Sziits, 1982; Magyar and Téthfalusi, 1984; Heinonen
et al., 1989). In spite of the formation of amphetamines, deprenyl did
not prove to be a potent releaser of the biogenic amines. When rats were
injected with *H-NA (100 uCi) intravenously, deprenyl pretreatment (30-
min i.p., prior to JH-NA administration) dose-dependently increased the
concentration of *H-NA in the rat heart synaptosomes prepared in sucrose
density gradient. In contrast to deprenyl, tranylcypromine, pargyline and
clorgyline markedly decreased the *H-NA content of the same synaptosomal
preparation due to their strong releasing potency (Knoll and Magyar, 1972).

The lack of the releasing effect of (—)-deprenyl can be due firstly to the
fact that from (<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>