OSSZEFOGLALOKOZLEMENY

USE OF THE SYNTHETIC ENHANCER SUBSTANCES
(-)-DEPRENYL AND (-)-BPAP IN MAJOR DEPRESSION

Peter Gaszner’, lidik6é Miklya®

"National Institute of Psychiatry and Neurology, Budapest
2Semmelweis University, Faculty of General Medicine, Department of Pharmacology and

Pharmacotherapy, Budapest, Hungary

Erkezett: 2004.10.30.

Elfogadva: 2004.11.30.

SZINTETIKUS ENHANCER ANYAGOK:
(--DEPRENYL ES (--BPAP MAJOR
DEPRESSZIOBAN

A ma hasznalatos antidepresszivumok széles
spektrumardl ad attekintést és irja le az endogén
enhancer phenylethylamin és tryptamin hatasat
az agyi catecholeminokra €s szerotoninra, ezen
keresztiil az antidepresszivumok hatasmechaniz-
musanak kevéssé ismert, de fontos hipotézisérol
beszél. A (-)-deprenyl, mint szintetikus phenyl-
ethylamin derivatum, ill. a R-(-)-1-(benzofuran-
2-yl)-2-propylaminopentan, (-)-BPAP szinteti-
kus tryptamin derivatum szelektiv mezenkefalon
enhancer anyagok; a (-)-BPAP szazszor hatéko-
nyabb, mint a (-)-deprenyl, hatasos a szerotonin-
erg neuronokon is. A (-)-BPAP farmakologiai
profilja, az igen intenziv mezenkefalon enhancer
tevékenysége alapjan feltételezhetd jo terapias
hatasa major depresszioban, igy a terapia-rezisz-
tens esetekben is.

KULCSSZAVAK: antidepresszivumok, a mez-
enkefalon enhancer szabalyozasa, endogen mez-
enkefalon enhancer anyagok, B- phenylethyl-
amin (PEA), tryptamine, (-)deprenyl, (-)-BPAP

SUMMARY

There is still a great need for the development of
antidepressants with a new pharmacological
spectrum. The finding that phenylethylamine
and tryptamine are endogenous enhancers of the

impulse propagation mediated release of cate-
cholamines and serotonin in the brain, and the
development of synthetic mesencephalic enhan-
cer substances opened the possibility to stimu-
late catecholaminergic and serotonergic neurons
in the mesencephalon via a previously unknown
mechanism. (-)-Deprenyl, a prototype of the phe-
nylethylamine-derived synthetic enhancer sub-
stances, stimulates the catecholaminergic neu-
rons in the brain but is almost ineffective on the
serotonergic neurons. R-(-)-1-(benzofuran-2-
yl)-2-propylaminopentane, (-)-BPAP, the re-
cently developed tryptamine-derived selective
synthetic mesencephalic enhancer substance, a
hundred times more potent compound than
(-)-deprenyl, acts also on the serotonergic neu-
rons. The evaluation of the peculiar pharmaco-
logical profile of the synthetic mesencephalic
enhancer substance, especially the high potency
and the unusual safeness and the tolerability of
(-)-BPAP cherish the hope that this compound
may in the future significantly improve the effec-
tiveness of drug therapy in major depression and
its combination with uptake inhibitors may sub-
stantially diminish the number of therapy resis-
tant cases.

KEYWORDS: antidepressants, mesencephalic en-
hancer regulation, endogenous mesencephalic
enhancer substances, -phenylethylamine (PEA),
tryptamine, synthetic mesencephalic enhancer
substances, (-)-deprenyl, (-)-BPAP

ABBREVIATIONS

PEA=[}phenylethylamine
(-)-BPAP=R-(-)-1-(benzofuran-2-yl)-2-propylaminopentane
(-)-PPAP==(-)-1-phenyl-2-propylaminopentane
MAO=monoamine oxidase

SSRIs=selective serotonin reuptake inhibitors

DSM-IV-TR=Diagnostic and Statistical Manual of Mental
Disorders, version [V-Text Revision

SNRIs=serotonin and noradrenaline reuptake inhibitors

NRIs=noradrenaline reuptake inhibitors

SARIs=serotonin 2A antagonist and reuptake inhibitors
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INTRODUCTION

Therapy of mood disorders such as depression has
always been an important field of medicine. In re-
cent decades the world-wide observed marked in-
crease in the prevalence of depression, and its con-
sequence, growing number of suicidal attempts
and suicides, caused serious concern (Angst and
Dobler-Mikola, 1995; Bauer et al. 2002). To curb
this trend needs concerted social and medical in-
tervention. In Hungary for example, one of the
countries with the highest suicide rates in the
world, a significant decrease in the numbers of
suicidal attempts and suicides was achieved re-
cently owing to a very intensive campaign to pre-
vent depression (Rihmer and Kiss, 2002; Rihmer
etal. 2001).

In the complex approach to fight off depression
and its serious consequences drugs play a leading
role. Drug therapy in depression is for the time be-
ing based on the firm knowledge that mood can be
efficiently influenced via the mesencephalic cate-
cholaminergic and serotonergic systems in the
brain. The many times verified clinical experience
that drugs depleting noradrenaline are lowering
mood, those that increase the availability of nor-
adrenaline increase it, substantially supports the
original hypothesis of Schildkraut (1965) that
catecholamine deficiency in the brain leads to de-
pression. Extensive studies showed later that brain
serotonin plays a similar role in the etiology of de-
pression (Caldecott-Hazard et al. 1991). This is
proved by the high therapeutic efficiency of the
selective serotonin reuptake inhibitors (SSRIs)
(Mace and Taylor, 2000). Also dopamine defi-
ciency in depression and increased dopaminergic
activity in mania was demonstrated (Stahl, 2000).
All in all, there can be little doubt that catechol-
amines and serotonin in the brain play a crucial
role in the control of mood, and depression is pri-
marily due to deficient catecholaminergic and/or
serotonergic activity in the mesencephalon.

Although efficient drugs are already available
there is still a great need for further development
in drug therapy of major depression. In this con-
text it is reasonable to focus attention on a rapidly
developing new line of research based on the re-
cent discovery of the enhancer regulation in the
mesencephalon (see Knoll, 2003 for review). A
remarkable step in this research was the demon-
stration that well-known trace amines in the brain,
Urphenylethylamine (PEA) and tryptamine are en-
dogenous mesencephalic enhancer substances
(Knoll et al. 1996b). A further step was the proof

that (-)-deprenyl (Selegiline), a drug well-known
since decades as a selective inhibitor of B-type
monoamine oxidase (MAQ), used now world-
wide in Parkinson” s disease and more recently in
Alzheimer” s disease, is a PEA-derived synthetic
mesencephalic enhancer substance (Knoll et al.,
1996a). The next, from therapeutic aspects proba-
bly the most promising step, was the development
of R-(-)-1-(benzofuran-2-yl)-2-propylaminopen-
tane, (-)-BPAP, the first tryptamine-derived selec-
tive and highly potent synthetic mesencephalic
enhancer substance that opens a previously un-
known possibility to keep the activity of the
noradrenergic, dopaminergic and serotonergic
neurons in the brain on a higher activity level
(Knoll et al. 1999).

The aim of this review is a brief survey of the
current drug therapy of depression, an overview of
the state of the art in enhancer research as a new
promise to enlarge our armamentary to fight off
depression, and the discussion of the prospects to
significantly decrease by means of enhancer sub-
stances the number of therapy resistant cases.

MAJOR DEPRESSION AND BIPOLAR
DISORDERS

According to the revision of the fourth edition of
Diagnostic and Statistical Manual of Mental Dis-
orders (DSM-IV-TR) a major depressive disorder
(unipolar depression) occurs without a history of
manic or hypomanic episode.

Major depressive disorder is a common one,
with 15% life-time prevalence (about 25% for
women). Biological, genetic and psychosocial
factors play a role in the etiology of major depres-
sion and bipolar disorders. Regarding the biologi-
cal factors the overwhelming majority of the pa-
pers claim the relation of noradrenaline, serotonin,
and dopamine to depression, but we find hints to a
role of GABA and other neurotransmitters, as well
as to changes in hormonal secretion (cortisol, thy-
roid and/or growth hormone), or to alterations of
Substance P and neurokinin receptor 1, etc.

According to Stahl (2000) depression modifies
neurotransmission in the brain by at least the fol-
lowing mechanisms: (1) modification of molecu-
lar neurobiology; (2) loss of neuronal plasticity;
(3) excitotoxicity; (4) absence of neurotrans-
mission; (5) excess of neurotransmission; (6) an
imbalance among neurotransmitters; (7) the
wrong rate of neurotransmission; (8) the wrong
neuronal wiring.
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THE CURRENTLY USED ANTIDEPRESSANTS
AND THEIR EFFECT ON
NEUROTRANSMISSION

Monoamine oxidase inhibitors (MAOIs). MAOIs
are antidepressants because they block the break-
down of catecholamines and serotonin and facili-
tate thereby neurotransmission. As the imminent
reuptake of catecholamines and serotonin released
in response to stimulation is the main mechanism
that eliminates the transmitter from the extraneuro-
nal space, MAOISs are necessarily much less effec-
tive as antidepressant agents than uptake inhibi-
tors. Nevertheless, serious side-effects (cheese-
effect) restricted their clinical use much before the
introduction of the uptake inhibitors. Their use in
the therapy of depression is modest.

The tricyclic and tetracyclic antidepressants
(TCAs). TCAs block the reuptake of noradrenaline
and serotonin. They are also competitive antago-
nists at the muscarinic acetylcholine, histamine H;,
and [J;- and [}-adrenergic receptors. The major
therapeutic effect of the TCAs are due to their ef-
fect on noradrenergic and serotonergic transmis-
sion in the central nervous system. The anticholin-
ergic property, however, produces adverse effects
mediated by the autonomic nervous system. TCAs
are effective in a wide range of disorders, first of all
in major depression.

Selective serotonin reuptake inhibitors (SSRIs).
Drugs belonging to this group — fluoxetine, fluvox-
amine, paroxetine, sertraline, citalopram, escitalo-
pram — are today the first-line agents for treatment
of depression and related disorders. They have rel-
atively little effect on the reuptake of noradre-
naline and almost no effect on the reuptake of do-
pamine. Due to their selectivity they possess a
more advantageous adverse events profile than
TCAs. SSRIs can be combined with other antide-
pressants.

Other antidepressants. Reboxetine used as a
prototype of the selective noradrenergic reuptake
inhibitors (NRIs) blocks preferentially noradrena-
line reuptake with a little effect on serotonin re-
uptake. Venlaflaxine a selective serotonin and nor-
adrenergic reuptake inhibitor (SNRI) is at present
the only dual-action antidepressant in use. Mirta-
zepine acts in depression by increasing synaptic
levels of noradrenaline and serotonin as an antago-
nist of the presynaptic [h-adrenergic receptors in
the brain. None of them improved significantly an-
tidepressant drug therapy.

THE MESENCEPHALIC ENHANCER
REGULATION. NATURAL AND SYNTHETIC
MESENCEPHALIC ENHANCER
SUBSTANCES

The role of (-)-deprenyl in the recognition of the
enhancer regulation in the mesencephalic neu-
rons. A 30-year lasting thorough analysis of the
mechanism of action of (-)-deprenyl resulted fi-
nally in the recognition of the enhancer regulation
in the mesencephalic catecholaminergic neurons
(Knoll, 1998). The history how this crucially im-
portant physiological mechanism remained unde-
tected for decades gives a good instance of con-
cealed traps in research.

Knoll developed (-)-deprenyl in the early 60s
(see Knoll, 1983 for reviewing the early history
of its development). When he started to develop
(-)-deprenyl MAO inhibitors were in the center of
interest. Both as experimental tools and as thera-
peutic agents MAO inhibitors have exercised an
important influence on the development of the
widely accepted hypothesis that depression is as-
sociated with diminished monoaminergic tone in
the brain and that depressed patients treated with
antidepressants become elated because of en-
hanced biological activity of monoamine trans-
mitters in the central nervous system.

Deprenyl (first described with the code name
E-250) was selected for development because of
its unique pharmacological profile. In contrast to
MAO inhibitors it did not potentiate the blood
pressure increasing effect of amphetamine, the
releaser of noradrenaline from the intraneuronal
stores, but inhibited it. This was described in the
first paper of deprenyl (see Fig. 1 in Knoll et al.,
1965). Since Blackwell discovered in 1963 that
MAUOIs inhibit the breakdown of tyramine and
this is the cause of the sometimes fatal hyperten-
sive crisis in patients on MAOI who ate to much
cheese rich in tyramine (cheese-effect), the devel-
opment of MAOI without the cheese effect was of
high promise.

Further studies revealed that (-)-deprenyl is a
unique MAO inhibitor, the only one that does not
potentiate the effect of tyramine but inhibits it.
This was first shown in a study performed on cats
and on the isolated vas deferens of rats. The au-
thors expressed their hope that this tyramine in-
hibiting property of the compound may be valu-
able for human therapy (Knoll et al. 1968).
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In the same year when they arrived at this con-
clusion with (-)-deprenyl, a substance, later
named clorgyline, was described that came into
world-wide use as an experimental tool in MAO
research (Johnston, 1968). Johnston realized that
his substance preferentially inhibits the deamin-
ation of serotonin, and proposed the existence of
two forms of MAO, one highly sensitive to clor-
gyline and one relatively insensitive to it. He in-
troduced the terms “type A” and “type B” MAO,
MAO-A being selectively inhibited by clorgyline.
This nomenclature has become widely accepted
and is still in use.

Knoll discovered in 1970 that (-)-deprenyl was
the missing link. This was proved and (-)-depre-
nyl was described as the first highly selective in-
hibitor of MAO-B (Knoll and Magyar, 1972). For
several years the selective MAO-B inhibitory ef-
fect was at the center of interest and delayed the
discovery of the drug” s enhancer effect. It was the
MAO inhibitory effect of the compound that led to
the first clinical application of (-)-deprenyl.

Later sexual activity of male rats was selected
as a quantitatively measurable rapidly aging dopa-
minergic function to compare the effect of (-)-de-
prenyl versus saline treatment on the age-related
decline of the mesencephalic dopaminergic ma-
chinery (Knoll, 1982). (-)-Deprenyl treatment sig-
nificantly slowed the age-related decay of sexual
performance and this effect was unrelated to the
inhibition of MAO-B. This was shown with the
development of (-)-1-phenyl-2-propylaminopen-
tane, (-)-PPAP. This derivative of (-)-deprenyl
that was intentionally developed to share the phar-
macological profile with (-)-deprenyl but being
free of MAO-B inhibitory property (Knoll et al.,
1992). (-)-PPAP enhanced dopaminergic activity
in the brain like (-)-deprenyl. Knoll” s progress in
clarifying the mechanism of action of (-)-deprenyl
responsible for enhanced dopaminergic activity
can be followed in his sequent reviews (Knoll,
1978, 1983, 1987, 1992, 1995), until he came to
the final conclusion that (-)-deprenyl acts primar-
ily as a PEA-derived synthetic mesencephalic en-
hancer substance (Knoll, 1998).

Since (-)-PPAP, like (-)-deprenyl, inhibited on
isolated smooth muscle tests the uptake of tyra-
mine, Knoll firts believed that this effect is re-
sponsible for the enhanced dopaminergic activity
following the administration of these compounds.
Further studies revealed, however, that (-)-PPAP,
like its parent compound, (-)-deprenyl, is a PEA-
derived synthetic enhancer substance (Knoll,
1998).

The thorough analysis of the dose-dependent
effect of (-)-deprenyl on the release of catechol-
amines and serotonin in physiological quantities
by the aid of HPLC from isolated discrete rat brain
regions (dopamine from the striatum, substantia
nigra and tuberculum olfactorium, noradrenaline
from the locus coeruleus and serotonin from the
raphe) revealed the existence of the enhancer reg-
ulation in the mesencephalic neurons. Knoll and
Miklya treated rats with 0.01, 0.025, 0.05, 0.1 and
0.25 mg/kg (-)-deprenyl, respectively, once daily
for 21 days, isolated the discrete rat brain regions
24 hours after the last injection and measured the
biogenic amines released during 20 min from the
freshly isolated tissue samples. The amount of do-
pamine released from the substantia nigra and
tuberculum olfactorium clarified that the dopa-
minergic neurons worked on a significantly en-
hanced activity level even in the brain of rats
treated with the lowest, 0.01 mg/kg dose of (-)-de-
prenyl. As this small dose of (-)-deprenyl leaves
the MAO-B activity and the uptake of amines
practically unchanged, this study was the first un-
equivocal demonstration for the operation of a
hitherto unknown enhancer mechanism in the
dopaminergic neurons that is stimulated by
(-)-deprenyl in very low doses (Knoll and Miklya,
1994).

Further studies clarified the operation of the
mesencephalic enhancer regulation and allowed
to realize that PEA, the parent compound of
(-)-deprenyl is primarily an endogenous enhancer
substance, and exerts in higher concentrations its
well known effect, the release of catecholamines
from their intraneuronal stores. It became clear
that this effect covered up completely the en-
hancer effect and prevented its detection, thus
PEA was classified as the prototype of the indi-
rectly acting sympathomimetics. Amphetamine
and methamphetamine, PEA-derivatives with a
long lasting effect, share with their parent com-
pound the releasing property. (-)-Deprenyl was
the first PEA/methamphetamine-derivative that
maintained the enhancer effect of its parent com-
pounds but lost completely the releasing property.
This peculiar change in the pharmacological spec-
trum of this PEA-derivative enabled finally to dis-
cover the enhancer regulation as this effect was
not covered up by the release of catecholamines
from their intraneuronal stores (Knoll and Miklya,
1995; Knoll etal., 1996a,b,c; see for review Knoll,
1998, 2001, 2003).

In the light of Knoll” s studies there is no doubt
that clinicians were mistaken from the very begin-
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ning who used (-)-deprenyl in the belief that the
therapeutic benefits observed in patients treated
with this drug was due to the selective inhibition
of MAO-B in the brain. The overwhelming major-
ity of the clinical benefits was due to the enhancer
effect of (-)-deprenyl (Knoll, 1998).

The essence of the mesencephalic enhancer
regulation. PEA and tryptamine, endogenous
mesencephalic enhancer substances. The enhan-
cer regulation is defined as: the existence of en-
hancer-sensitive neurons in the brain capable of
working in a split second on a significantly higher
activity level due to endogenous enhancer sub-
stances of which, for the time being, only PEA and
tryptamine are the experimentally analyzed exam-
ples ( Knoll, 2001, 2003 ).

The catecholaminergic and serotonergic neu-
rons in the mesencephalon are excellent models to
study the enhancer regulation as their physiologic
function is to supply continuously the brain with
proper amounts of catecholamines and serotonin
that influence — activate or inhibit — billions of
neurons. The significant enhancement of the
nerve-stimulation induced release of [*H]-nor-
adrenaline, [*H]-dopamine, and [*H]-serotonin
from the isolated brain stem of the rat in the pres-

ence of PEA (Fig. 1) or tryptamine (Fig. 2) is
shown to illustrate the enhancer regulation in
function.

From a freshly isolated brain stem of a properly
pretreated rat a stable amount of the labelled trans-
mitters is released for a couple of hours (Knoll and
Miklya, 1995 ). Electrical stimulation of the brain
stem significantly increases the outflow of the
transmitters. The calculated average amount of
each of the labelled transmitters released from the
stimulated brain stem is the product of a surviving
population of specific neurons with large individ-
ual variation in their performance. Neurons re-
spond to stimulation in an “all or none” manner.
Hence, prior to the administration of PEA or trypt-
amine, only the high performing members of the
population respond with transmitter release to
electrical stimulation. As PEA or tryptamine en-
hance specifically the excitability of the enhancer-
sensitive neurons, the stimulation-evoked release
of the labelled transmitter changed accordingly.

The data in Fig. 1 and 2 show a remarkable
quantitative difference between PEA and trypt-
amine in their effectiveness on serotonergic neu-
rons. A lower concentration of tryptamine (1.3
umol/l) proved to be much more potent than a

Fig. 1. The significant enhancement of the nerve stimulation induced release
of [PH]-noradrenaline, [’H]-dopamine, and [°H]-serotonin, respectively,
from the isolated brain stem of the rat in the presence of -phenylethylamine (PEA). (N=8).
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Fig. 2 The signiﬁcant enhancement of the nerve stimulation induced release of
[PHJ-noradrenaline, [°H]-dopamine, and [*H]-serotonin, respectively,
from the isolated brain stem of the rat in the presence of tryptamine. (N=8)
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much higher concentration of PEA (16 umol/l) in
enhancing the stimulation-evoked release of sero-
tonin. This indicates that the enhancer regulation
in the catecholaminergic and serotonergic neurons
are not identical on the molecular level.

According to Knoll the existence of an en-
hancer regulation brings different perspective to
the brain-organized goal-oriented behavior since
enhancer-sensitive neurons are always ready to in-
crease immediately their activity in response to
endogenous enhancer substances and represent
the device in the mammalian brain that operates in
fact as the vis vitalis. Any act in the endless “fight
for existence” drama in nature illustrates the cru-
cial importance of the enhancer regulation for sur-
vival. “When the eagle pounces upon its chosen
victim with lightning speed, and both the attacker
and the potential victim have only a split second to
become properly activated, the chance for the ea-
gle to obtain its food and for the victim to save its
life lies in the mechanism that specific endoge-
nous enhancer substances dynamically increase
the performance of the proper enhancer-sensitive
neurons according to the need and the partner with
the more efficiently activated brain will reach its
goal” (see Knoll 1994, 2003 for review).

The recent realization of the enhancer regula-
tion in the brain is obviously the very beginning of
a new line of research. PEA and tryptamine, the
first examples of physiologic enhancer substances
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represent the peak of an iceberg. The development
of a tryptamine-derived synthetic enhancer sub-
stance that increased the performance of cultured
hippocampal neurons with a peak effect at 10™* M
concentration (see Knoll et al., 1999, Fig. 5) fore-
shadows the existence of much more potent physi-
ologic enhancer substances in the mesencephalon
than PEA and tryptamine and incites research in
this direction.

(-)-DEPRENYL AND (-)-BPAP], PROTOTYPES
OF SYNTHETIC MESENCEPHALIC
ENHANCER SUBSTANCES

(-)-Deprenyl, the PEA-derived representative syn-
thetic mesencephalic enhancer substance. (-)-De-
prenyl, developed in the early 1960s as a new
spectrum psychostimulant and potent MAO inhib-
itor, proved to be later, as the first selective inhibi-
tor of MAO-B, indispensable for investigating the
nature and function of B-type MAO. Hundreds of
clinical studies with the drug were designed there-
after in the firm belief that selective blockade of
MAO-B was responsible for all the effects that
followed (-)-deprenyl medication. Realizing that
PEA, known to be a releaser of catecholamines, is
an endogenous enhancer substance and (-)-depre-
nyl is a PEA-derived synthetic enhancer substance
devoid of the catecholamine releasing property of
its parent compound, clarified that, as a matter of
fact, the enhancer effect of (-)-deprenyl was re-
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sponsible for the majority of the beneficial effects
of the drug described in various experimental and
clinical studies (Knoll, 1998, 2001).

Being rapidly metabolized by MAO, PEA is
short acting, and its enhancer effect can be de-
tected in in vitro experiments only. As (-)-depre-
nyl is not metabolized by MAO, its effect is long
lasting and it can reliably be measured in vivo in a
dose-dependent manner. The most convenient
method for in vivo testing of the enhancer effect of
a compound is to measure the release of catechol-
amines and serotonin from discrete brain areas by
the aid of HPLC with electrochemical detection.
Knoll and Miklya measured the release of nor-
adrenaline from the locus coeruleus, dopamine
from the striatum, substantia nigra and tubercu-
lum olfactorium and serotonin from the raphe iso-
lated from rats pretreated with the enhancer sub-
stance (Knoll and Miklya, 1995). The subcutane-
ous administration of (-)-deprenyl enhanced the
activity of the catecholaminergic neurons in a
dose-dependent manner. This effect was shown
on the noradrenergic and dopaminergic neurons.
(-)-Deprenyl treatment, however, did not enhance
the activity of the serotonergic neurons. (-)-De-
prenyl is a PEA-derived enhancer substance and
its in vivo ineffectiveness on serotonergic neurons
is in harmony with the finding that in the in vitro
experiments too PEA was much less potent than
tryptamine in enhancing the activity of the sero-
tonergic neurons when the endogenous enhancer
substances were given into the organ bath of iso-
lated discrete brain areas (compare Fig. 1 to Fig.
2).

Since (-)-deprenyl is a highly potent and selec-
tive inhibitor of MAO-B, a structure-activity-rela-
tionship study was performed to develop a depre-
nyl-derived enhancer substance being free of the
MAO-B inhibitory property (Knoll et al., 1992),
and (-)-PPAP is at present the reference substance
with this pharmacological profile.

(-)-BPAP, the tryptamine-derived representative
synthetic mesencephalic enhancer substance. The
discovery that tryptamine is also an endogenous
enhancer substance (Knoll, 1994) opened the way
for the synthesis of a new family of enhancer com-
pounds unrelated to PEA and the amphetamines.
(-)-BPAP was selected as the reference compound
for further studies (Knoll et al., 1999). For details
of its chemistry see: Oka et al., 2001, Yoneda et
al., 2001.

The in vivo dose-dependent enhancer effect of
(-)-BPAP on noradrenergic, dopaminergic, and
serotonergic neurons proved that this compound

showed a substantially higher potency than (-)-de-
prenyl. (-)-BPAP, the highly selective trypt-
amine-derived synthetic mesencephalic enhancer
substance is for the time being the best experimen-
tal tool for the analysis of the mesencephalic en-
hancer regulation.

(-)-BPAP significantly enhanced in 0.18 nmol
concentration the impulse propagation mediated
release of [*H]-noradrenaline and [*H]-dopamine
and in 36 pmol concentration the release of
[*H]-serotonin from the isolated brain stem of rats.
The amount of catecholamines and serotonin re-
leased from isolated discrete rat brain regions (do-
pamine from the striatum, substantia nigra and
tuberculum olfactorium, noradrenaline from the
locus coeruleus and serotonin from the raphe) en-
hanced significantly in the presence of 10™°~10™"
M (-)-BPAP. Racemic BPAP protected cultured
hippocampal neurons from the neurotoxic effect
of [Famyloid,s_;s fragment in 10'* M concentra-
tion. In rats (-)-BPAP significantly enhanced the
activity of the catecholaminergic and serotonergic
neurons in the brain 30 min after acute injection of
0.1 g/kg s.c. In the shuttle box, (-)-BPAP was in
rats about 130 times more potent than (-)-deprenyl
in antagonizing tetrabenazine-induced inhibition
of performance (Knoll et al. 1999).

In a recent study the effect of (-)-BPAP was
compared to that of the known stimulants of cate-
cholaminergic and/or serotonergic neurons (des-
methylimipramine, fluoxetine, clorgyline, lazabe-
mide, pergolide, bromocriptine) on electrical
stimulation induced release of the labelled trans-
mitters from the isolated brain stem of rats follow-
ing the incorporation of [*H]-noradrenaline or
[*H]-dopamine or [*H]-serotonin by preincuba-
tion into the transmitter stores. 50 ng/ml (-)-BPAP
was the most effective concentration in enhancing
the nerve stimulation induced release of [*H]-
noradrenaline and [*H]-dopamine, 10 ng/ml
(-)-BPAP was highly effective in enhancing the
release of [*H]-serotonin. In contrast, 250 ng/ml
desmethylimipramine (DMI), a selective inhibitor
of the uptake of noradrenaline, did not change sig-
nificantly the nerve stimulation induced release of
[3"]-noradrenaline and 50 ng/ml fluoxetine, a se-
lective inhibitor of the uptake of serotonin, did not
change the release of [3"]-serotonin. Neither 250
ng/ml clorgyline, a selective inhibitor of MAO-A,
nor 250 ng/ml lazabemide, a selective inhibitor
MAO-B, was capable to significantly increase the
nerve stimulation induced release of either [*H]-
serotonin or [*H]-noradrenaline. The potent dopa-
mine receptor agonists, pergolide and bromocrip-
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tine did not change significantly the release of
[*H]-dopamine in 50 ng/ml concentration, which
is sufficient to stimulate the dopamine receptors.
Thus the results proved that stimulation of cate-
cholaminergic and serotonergic neurons in the
brain via the enhancing mechanism is clearly dif-
ferent from influencing uptake or MAO (Miklya
and Knoll, 2003).

The subcutaneous administration of 1 mg/kg
tetrabenazine, once daily for 5 days, which de-
pletes the catecholamine stores in the brain, sig-
nificantly inhibits in rats the acquisition of a two-
way conditioned avoidance reflex in the shuttle
box. Enhancer substances, antagonize in a dose-
dependent manner the inhibition of learning
caused by tetrabenazine. The tryptamine-derived
selective and highly potent enhancer, (-)-BPAP
acted in dose range from 0.05 to 10 mg/kg. The
PEA-derived enhancer substances, (-)-deprenyl
and (-)-PPAP were much less active (1-5 mg/kg).
1-(Benzofuran-2-yl)-2-(3,3,3-trifluoropropyl)-am
inopentane HCl [3-F-BPAP], a newly synthetized
analogue of (-)-BPAP with low specific activity,
significantly antagonized the enhancer effect of
(-)-BPAP but left the effect of (-)-deprenyl and
(-)-PPAP unchanged. This was the first proof for a
difference in the mechanism of action between a
PEA-derived enhancer substance and its trypt-
amine-derived peer (Knoll et al., 2002a).

(-)-BPAP, enhanced the performance of mid-
brain neurons, both in vivo and ex vivo, in a char-
acteristic bi-modal manner, presenting one bell
shape dose/concentration effect curve in the low
nanomolar range and another at higher micro-
molar range. For example, 4.7+0.10 nmol/g wet
weight noradrenaline was released within 20 min
from the quickly removed locus coeruleus of sa-
line treated rats. This amount was increased 30
min after the subcutaneous administration of
0.0005 mg/kg (-)-BPAP to 15.4+0.55 nmol/g
(p<0.001). However, following the injection of a
hundred times higher, 0.05 mg/kg dose of
(-)-BPAP, the amount of noradrenaline (4.3+0.25
nmol/g) released from the locus coeruleus did not
differ from the control value. In ex vivo experi-
ments, when the isolated locus coeruleus was
soaked in an organ bath containing (-)-BPAP, the
release of noradrenaline was significantly en-
hanced from 107'* M concentration, reached a
peak effect at 10" M concentration, but 10" M
(-)-BPAP was ineffective. A significant enhancer
effect was detected also in the high concentration
range from 10 M, the peak effect was reached at
10 M concentration and 10”° M (-)-BPAP was in-

effective. (-)-BPAP enhanced in the low concen-
tration range the performance of dopaminergic
and serotonergic neurons with a peak effect at
10" and 10" M concentration, respectively
(Knoll et al. 2002b). The authors concluded that
(1) high and low affinity ,, enhancer” receptors ex-
ist in the brain, and (ii) that they may be identified
with the recently cloned family of the “trace
amine” receptors, activated by PEA and trypt-
amine, the prototypes of the endogenous enhancer
substances (Borowsky et al., 2001).

THE RATIONALE TO ENLARGE OUR
ARMAMENTARY TO FIGHT OFF
DEPRESSION WITH THE INTRODUCTION OF
SYNTHETIC MESENCEPHALIC ENHANCER
SUBSTANCES

Considering the unequivocal experimental and
clinical evidence that catecholamines and seroto-
nin in the brain play a crucial role in the control of
mood, and major depression is due primarily to a
deficiency in the activity of these systems, the an-
tidepressant effect of enhancer substances is self
explanatory. Up to the present, (-)-deprenyl is the
only synthetic mesencephalic enhancer substance
that was widely used in the clinic. The drug was
primarily used in Parkinson” s disease. This ill-
ness is very often accompanied by depression.
Youdim (1980), Miyoshi (2001), Zesiewicz et al.
(1999), Tom and Cummings (1998) treated Par-
kinson” s disease with (-)-deprenyl and realized
the antidepressant effect of the drug.

(-)-Deprenyl was found to be an antidepressant.
This effect was originally demonstrated by Varga
(1965) and Varga and Tringer (1967) with the
racemic compound and in 1971 with the (-)-enan-
tiomer (Tringer et al., 1971). The first study that
corroborated the antidepressant effect of (-)-de-
prenyl was published by Mann and Gershon
(1980).

The realization of the peculiar effect of (-)-de-
prenyl, first in Parkinson's disease and later in
Alzheimer's disease, distracted attention from its
antidepressant property which remained unuti-
lized. Even an especially interesting aspect of this
problem fell into oblivion. In a study performed
by Birkmayer et al. (1984) on 102 outpatients and
53 inpatients (-)-deprenyl was given together with
(-)-phenylalanine, the precursor of PEA that in
contrast to PEA crosses the blood-brain barrier
and being metabolized in the brain increases the
concentration of this endogenous enhancer sub-
stance. Nearly 70% of the patients achieved full
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remission. The outstanding clinical efficiency
equaled only that of electroconvulsive treatments
(ECT), but without the memory-loss side effect of
ECT.

Quitkin et al. (1984) found (-)-deprenyl effec-
tive against atypical depression. This open trial on
17 patients made the finding questionable. But
McGrath et al. (1989) in a placebo-controlled trial
of (-)-deprenyl proved the efficiency of the drug in
atypical depression. In a double blind evaluation
Mendlewicz and Youdim (1983) found (-)-depre-
nyl treatment successful in major depression.
Some authors (Ritter and Alexander, 1997; Kuhn
and Muller, 1996; Lees, 1991) realized marked
antidepressant effect of high doses of (-)-deprenyl
(40-60 mg/day). In a study of Bodkin and Amster-
dam (2002) the transdermal application of (-)-de-
prenyl was effective in double-blind, placebo con-
trolled parallel groups examinations in outpa-
tients. Amsterdam (2003) controlled the trial and
found a good antidepressant effect of (-)-deprenyl.

Unfortunately, (-)-deprenyl was nowhere regis-
tered as an antidepressant agent. Considering the
pharmacology of (-)-deprenyl there is good reason
to accept the conclusion that the enhancer effect of
the compound is responsible for the observed anti-
depressant efficacy of the drug (Knoll, 1998).

(-)-BPAP is about 130 times more potent than
(-)-deprenyl in rats for antagonizing tetrabena-
zine-induced depression in the shuttle box. As was
discussed previously, (-)-BPAP, in contrast to
(-)-deprenyl, is a highly efficient enhancer of the
serotonergic neurons in the mesencephalon. In all
the experimental studies performed with
(-)-BPAP in comparison to (-)-deprenyl, the trypt-
amine-derived enhancer substance proved to be

substantially more potent than the PEA-derived
compound There is good reason to expect that
(-)-BPAP will surpass the antidepressant effect of
(-)-deprenyl.

The fact that the presently used selective uptake
inhibitors and the enhancer substances stimulate
the catecholaminergic and serotonergic neurons in
the brain via quite different mechanisms make
reasonable to use in the future representatives of
this two groups of compounds simultaneously in
depressed patients. With the proper combination
of (-)-BPAP and a selective uptake inhibitor we
may in the future achieve a significantly better fi-
nal result as with one type of these drugs. The pos-
sibility to fight off depression with this combina-
tion in a higher percentage of patients would be of
high practical importance as a considerable per-
centage of persons suffering in major depression
cannot be cured with the available antidepres-
sants.

(-)-Deprenyl, the only synthetic mesencephalic
enhancer substance in clinical use is known to be a
safe, well-tolerated drug. (-)-BPAP, which is as an
enhancer substance at least 100-times more potent
than (-)-deprenyl, is better tolerated than (-)-de-
prenyl. Even several 100-times higher doses of
(-)-BPAP than the ones that exert an enhancer ef-
fect can be administered without risk of detectable
side-effects. It seems therefore reasonable to ex-
pect that the addition of (-)-BPAP to the arma-
mentary of antidepressants may substantially de-
crease the number of therapy resistant cases.

Correspondance:
Dr. Peter Gaszner
1021 Budapest, Hivosvélgyi ut. 116.

REFERENCES

Angst J, Dobler—Mikola A (1995) The
Zurich study: a prospective epidemio-
logical study of depressive, neurotic
and psychosomatic syndromes. Eur
Arch Psychiatry Neurol Sci 234:
408-414

Amsterdam JD (2003) A double-blind,
placebo-controlled trial of the safety
and efficacy of selegiline transdermal
system without dietary restrictions in
patients with major depressive disor-
der. J Clin Psychiatry 64:208-214

Bauer M, Whybrow P, Augst J, Versiani

M, Moéller HJ (2002) Acute and
contiunation treatment of Major De-

pressive Disorder. World Biol Psychia-

try 3:5-43
Birkmayer W, Riederer P, Linauer W,
Knoll J (1984) L-Deprenyl plus

L-phenylalanine in the treatment of de-

pression. J Neural Transm 59:81-87

Bodkin JA, Amsterdam JD (2002)

Transdermal selegiline in major de-
pression: a double-blind, pla-
cebo-controlled, parallel-group study
in outpatients. Am J Psychiatry
159:1869-1875

Borowsky B, Adham N, Jones KA,

Raddatz R, Artymyshyn R, Ogozalek
KL, Durkin MM, Lakhlani PP, Bonini
JA, Pathirana S, Byle N, Pu X,
Kouranova E, Lichtblau H, Ochoa FY,
Brancheck TA, Gerald C (2001) Trace
amines: Identification of a family of
mammalian G-protein coupled recep-
tors. Proc Natl Acad Sci USA
98:8966-8971

Caldecott—Hazard S, Morgan D,

Deleon—Jones F, Overstreet DH,
Janowsky D (1991) Clinical and bio-

chemical aspects of depressive disor-
ders. Synapse 9:254-263

Diagnostic and Statistical Manual of
Mental Disorders Text Revision
(DSM-IV-TR). (2000) 4th edn.
American Psychiatric Assosiation,
Washington, pp 167-208

Johnston JP (1968) Some observation
upon a new inhibitor of monoamine
oxidase in brain tissue. Biochem
Pharmacol 17:1285-97

Knoll J (1978) The possible mecha-
nism of action of (-)deprenyl in Par-
kinson” s disease. J Neural Transm
43:177-198

Knoll J (1983) Deprenyl (selegiline).
The history of its development and
pharmacological action. Acta Neurol
Scand Suppl 95:57-80

Knoll J (1987) R-(-)-deprenyl (Sele-
giline, Movergan) facilitates the ac-

218 Neuropsychopharmacologia Hungarica 2004, VI/4; 210-220



USE OF THE SYNTHETIC ENHANCER SUBSTANCES (--DEPRENYL AND (-BPAP INMAJOR DEPRESSION (3SSZEFOGLALOKOZLEMENY

tivity of the nigrostriatal dopaminergic
neuron. J Neural Transm Suppl
25:45-66

Knoll J (1992) Pharmacological basis of
the therapeutic effect of (-)deprenyl in
age-related neurological diseases. Med
Res Rev 12:505-524

Knoll J (1994) Memories of my 45 years
in research. Pharmacol Toxicol
75:65-72

Knoll J (1995) Rationale for (-) deprenyl
(selegiline) medication in Parkinson' s
disease and in prevention of age-
related nigral changes. Biomed
Pharmacother 49:187-195

Knoll J (1998) (-)Deprenyl (selegiline),
a catecholaminergic activity enhancer
(CAE) substance acting in the brain.
Pharmacol Toxicol 82:57-66

Knoll J (2001) Antiaging compounds:
(-)Deprenyl (Selegiline) and
(-)1-(benzofuran-2-yl)-2-propylaminop
entane, (-)BPAP, a selective highly po-
tent enhancer of the impulse propaga-
tion mediated release of catechol-
amines and serotonin in the brain. CNS
Drug Reviews 7:317-345

Knoll J (2003) Enhancer regulation/En-
dogenous and Synthetic Enhancer
Compounds: A Neurochemical Con-
cept of the Innate and Acquired
Drives. Neurochem Res 28:1187-1209

Knoll J, Magyar K (1972) Some puz-
zling effects of monoamine oxidase in-
hibitors. Adv Bioch Psychopharmacol
5:393-408

Knoll J, Miklya I (1994) Multiple, small
dose administration of (-)deprenyl en-
hances catecholaminergic activity and
diminishes serotoninergic activity in
the brain and these effects are unre-
lated to MAO-B inhibition. Arch int
Pharmacodyn Thér 328:1-15

Knoll J, Miklya I, (1995) Enhanced
catecholaminergic and serotoninergic
activity in rat brain from weaning to
sexual maturity: Rationale for prophy-
lactic (-)deprenyl (selegiline) medica-
tion. Life Sci 56:611-620

Knoll J, Vizi ES, Somogyi G (1968)
Phenylisopropylmethylpropynilamine
(E-250), a monoamine oxidase inhibi-
tor antagonizing effects of tyramine.
Arzneim-Forsch 18:109-112

Knoll J, Knoll B, T6érok Z, Timar J,
Yasar S (1992) The pharmacology of
1-phenyl-2-propylamino-pentane
(PPAP) a deprenyl-derived new spec-
trum psycho-stimulant. Arch Int
Pharmacodyn Ther 316:5-29

Knoll J, Miklya I, Knoll B, Marko R,
Kelemen K (1996a) (-)Deprenyl and
(-)1-phenyl-2-propylaminopentane,
[(-)PPAP], act primarily as potent
stimulants of action poten-
tial-transmitter release coupling in the

Neuropsychopharmacologia Hungarica 2004, VI/4; 210-220

catecholaminergic neurons. Life Sci
58:817-827

Knoll J, Knoll B, Miklya I (1996b) High
performing rats are more sensitive to-
ward catecholaminergic activity
enhancer (CAE) compounds than their
low performing peers. Life Sci
58:945-952

Knoll J, Miklya I, Knoll B, Marko R,
Racz D (1996¢) Phenylethylamine and
tyramine are mixed-acting
sympathomimetic amines in the brain.
Life Sci 58:2101-2114

Knoll J, Yoneda F, Knoll B, Ohde H,
Miklya I (1999)
(-)1-(Benzofuran-2-yl)-2-propylamino
pentane, [(-)BPAP], a selective
enhancer of the impulse propagation
mediated release of catecholamines
and serotonin in the brain. Br J
Pharmacol 128:1723-1732

Knoll J, Miklya I, Knoll B, Yasusa T,
Shimazu S, Yoneda F (2002a)
1-(Benzofuran-2-yl)-2-(3,3,3-trifluorop
ropyl)aminopentane HCI, 3-F-BPAP,
antagonizes the enhancer effect of
(-)-BPAP in the shuttle box and leaves
the effect of (-)-deprenyl unchanged.
Life Sci 71:1975-1984

Knoll J, Miklya I, Knoll B (2002b)
Stimulation of the catecholaminergic
and serotoninergic neurons in the rat
brain by R-(-)-1-(benzofuran-2-yl)-
2-propylaminopentane, (-)-BPAP. Life
Sci 71:2137-2144

Kuhn W, Muller T (1996) The clinical
potential of Deprenyl in neurologic
and psychiatric disorders. J Neural
Transm Suppl 48:85-93

Lees AJ (1991) Selegiline hydrochloride
and cognition. Acta Neurol Scand
Suppl 136:91-94

Mace S, Taylor D (2000) Selective sero-
tonin reuptake inhibitors: a review of
efficacy and tolerability in depression.
Expert Opin Pharmacother 1:917-933

Mann JJ, Gershon S (1980) A selective
monoamine oxidase-B inhibitor in en-
dogenous depression. Life Sci
26:877-882

McGrath PJ, Stewart JW, Harrison W,
Wager S, Nunes EN, Quitkin FM
(1989) A placebo-controlled trial of
L-deprenyl in atypical depression.
Psychopharmacol Bull 25:63-67

Mendlewicz J, Youdim MB (1983)
L-Deprenil, a selective monoamine
oxidase type B inhibitor, in the treat-
ment of depression: a double blind
evaluation. Br J Psychiatry
142:508-511

Miklya I, Knoll J (2003a) Analysis of
the effect of (-)-BPAP, a selective
enhancer of the impulse propagation
mediated release of catecholamines

and serotonin in the brain. Life Sci
72:2915-2921

Miklya I, Knoll B, Knoll J (2003b) A
pharmacological analysis elucidat-
ing why, in contrast to (-)-deprenyl
(Selegiline), -tocopherol was inef-
fective in the DATATOP study. Life
Sci 72:2641-2648

Miyoshi K (2001) Parkinson” s dis-
ease. Nippon Rinsho 59:1570-1573

Oka T, Yasusa T, Ando T, Watanabe
M, Yoneda F, Ishida T, Knoll J
(2001) Enantioselective synthesis
and absolute configuration of
(-)-1-(benzofuran-2-yl)-2-propylami
nopentane, ((-)-BPAP), a highly po-
tent and selective catecholaminergic
activity enhancer. Bioorg Med
Chem 9:1213

Quitkin FM, Liebowitz MR, Stewart
JW, McGrath PJ, Harrison W, Rab-
kin JG, Markowitz J, Davies SO
(1984) 1-Deprenyl in atypical de-
pression. Arch Gen Psychiatry
41:777-781

Rihmer Z, Kiss K (2002) Bipolar dis-
orders and suicide risk. Clin Appr
Bipol Disord 1:15-21

Rihmer Z, Kalmar S, Belsé N (2001)
Antidepressants and suicide preven-
tion in Hungary. Acta Psychiat
Scan.103:238-239

Ritter JL, Alexander B (1997) Retro-
spective study of selegiline-anti-
depressant drug interactions and a
review of the literature. Ann Clin
Psychiatry 9:7-13

Schildkraut JJ (1965) Catecholamine
hypothesis of affective disorders: a
review of supporting evidence. Am J
Psychiatry 122:509-522

Stahl SM (2000) Essential Psycho-
pharmacology. Neuroscientific Basis
and Practical Application. Cam-
bridge Univ. Press, Cambridge, pp
199-296

Tom T, Cummings JL (1998) Depres-
sion in Parkinson” s disease. Phar-
macological characteristics and
treatment. Drugs Aging 12:55-74

Tringer L, Haits G, Varga E (1971)
The effect of L-E-250 (-L-phenyl-
isopropylmethyl-propinyl-amine
HCI) in depression. In: Leszkovszky
G (ed) V. Conferentia Hungarica pro
Therapia et Investigatione in Phar-
macologia., Budapest: Publishing
House of the Hungarian Academy of
Sciences, pp. 111-114

Varga E (1965) Vorlufiger Bericht
iiber die Wirkung des Prparats
E-250 (phenyl- isopropyl-methyl-
propinylamine-chlorhydrat) In:
Dumbovich B. ed. I1I. Conferentia
Hungarica pro Therapia et Investi-
gatione in Pharmacologia. Budapest:

219



OSSZEFOGLALO KOZLEMENY

PETER GASZNER, ILDKOMIKLYA

Publishing House of the Hungarian
Academy of Sciences, pp. 197-201

Varga E, Tringer L (1967) Clinical trial
of a new type of promptly acting
psychoenergetic agent (phenyl-iso-
propylmethyl-propinylamine HCI,
E-250). Acta Med Acad Sci Hung
23:289-295

Warrington SJ (1992) Clinical implica-

tions of the pharmacology of serotonin

reuptake inhibitors. Int Clin Psycho-
pharmacol 7(Suppl 2):13-19

220

Yoneda F, Moto T, Sakae M, Ohde H,
Knoll B, Miklya I, Knoll J (2001)
Structure-activity studies leading to
(-)1-(benzofuran-2-yl)-2-propylaminop
entane, [(-)BPAP], a highly potent, se-
lective enhancer of the impulse propa-
gation mediated release of catechol-
amines and serotonin in the brain.
Bioorg Med Chem 9:1197-1212

Youdim MB (1980) Monoamine oxidase
inhibitors as anti-depressant drugs and
as adjunct to

L-dopa therapy of Parkinson” s dis-
ease. J Neural Transm Suppl
16:157-161

Zesiewicz TA, Gold M, Chari G,
Hauser RA (1999) Current issues in
depression in Parkinson” s disease.
Am J Geriat Psychiat 7:110-118

Zeller AA, Barsky J (1952) In vivo
inhibition of liver and brain mono-
amine oxidase by 1-isonicotinyl-
2-isopropylhydrazine. Proc Soc Exp
Biol Med 81:459-468

Neuropsychopharmacologia Hungarica 2004, VI/4; 210-220



