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Abstract

Dopaminergic therapies dominate the treatment of the motor and non-motor symptoms of Parkinson’s disease (PD) but
there have been no major advances in therapy in many decades. Two of the oldest drugs used appear more effective than
others—levodopa and apomorphine—but the reasons for this are seldom discussed and this may be one cause for a lack of
progress. This short review questions current thinking on drug action and looks at whether adopting the philosophy of ex-US
Secretary of State Donald Rumsfeld reveals ‘unknown’ aspects of the actions of levodopa and apomorphine that provide
clues for a way forward. It appears that both levodopa and apomorphine have a more complex pharmacology than classical
views would suggest. In addition, there are unexpected facets to the mechanisms through which levodopa acts that are either
forgotten as ‘known unknowns’ or ignored as ‘unknown unknowns’. The conclusion reached is that we may not know as
much as we think about drug action in PD and there is a case for looking beyond the obvious.
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Introduction and Schapira 2009; Mao et al. 2020). Since the introduc-
tion of levodopa in the 1960s (Fahn 2008), we have seen
the development of dopamine agonist compounds (includ-
ing ergot based and non-ergot-based drugs), adjuncts to the
use of levodopa (DDC, COMT and MAO-B inhibitors) and

a move away from the classical oral administration used

The treatment of Parkinson's disease (PD) remains domi-
nated by the use of dopaminergic agents because of their
undoubted effectiveness in improving the major motor and
some non-motor symptoms of this disorder (Chaudhuri
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in PD (including intraduodenal administration, subcuta-
neous infusion and transdermal application) (Armstrong
and Okun 2020a, b; Bloem et al. 2021; Kalia and Lang
2015; Poewe and Mahlknecht 2020; Poewe et al. 2017).
However, it remains the case that despite these advances,
levodopa is still considered to be the most effective com-
pound for treating PD and recently there has been a return
to using it as first-line therapy that reverses the later use,
levodopa sparing and levodopa phobia concepts of the past
(Agid et al. 1999; Katzenschlager and Lees 2002; Olanow
2019). Whilst the dopamine agonists provide an alternative
strategy for therapy, none of the orally used dopamine ago-
nist compounds (largely ropinirole and pramipexole) are
attributed with the same efficacy as levodopa (Tolosa et al.
1998). In contrast, the intermittent subcutaneous injection
of apomorphine and its subcutaneous infusion—a drug
that lacks oral bioavailability—is considered by some as
being as effective on acute and repeated administration
as levodopa for reasons that we will explore later in this
paper (see for example Castillo-Torres et al. 2023; Dewey
et al. 2001).

The overall picture is that whilst advances have been
made and more options for symptomatic treatment are
available and adverse events have been addressed, there
have not been the milestone developments of novel drug
therapies that have supplanted the activity of the older
drugs in clinical practise. We must ask ourselves why we
have not seen the progress in symptom control that might
have been expected from the research and development
effort which has been put into producing novel ‘dopamin-
ergic’ approaches to therapy. Why do apomorphine and
levodopa stand out from other dopaminergic treatments
in a way which has stood the test of time? We must ask
whether we understand how these drugs work or are we
being presumptive about the way in which they influence
neuronal function to cause improvement in PD.

It is not the objective of this review to revisit the anat-
omy, physiology and pharmacology of the dopaminergic
system or to reiterate the reasons for the changes in dopa-
minergic function which take place in PD and underlie the
efficacy and adverse effects of current drug treatment (see
Beaulieu and Gainetdinov 2011; Fuxe et al. 2015; Has-
san and Thakar 1988; Kaasinen et al. 2021; Missale et al.
1998; Strange 1993). The object of this paper is to merely
stimulate thought about the way in which apomorphine
and levodopa produce their effects in PD and to that end
we have turned to an unlikely source for inspiration namely
the former US Secretary of State Donald Rumsfeld who
was widely quoted with the following in relation to a ques-
tion over the lack of evidence linking the government of
Iraq with the supply of weapons of mass destruction to ter-
rorist groups (There are unknown unknowns—Wikipedia):
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‘Reports that say that something hasn’t happened are
always interesting to me, because as we know, there are
known knowns; there are things we know we know. We
also know there are known unknowns; that is to say, we
know there are some things we do not know. But there
are also unknown unknowns—the ones we don’t know
we don’t know’.

Rumsfeld had adopted the argument from one based on a
philosophy widely used by intelligence agencies and in project
management known as the Johari window. In a film based
his life, Rumsfeld initially defines “unknown knowns” as “the
things you think you know, that it turns out you did not”, and
toward the end of the film, he defines the term as “things that
you know, that you don't know you know” [Krogerus, Mikael
(2012). The Decision Book: Fifty Models for Strategic Think-
ing. Roman Tschéppeler, Jenny Piening (1st American ed.).
New York: W.W. Norton & Co. pp. 86-87; Girard, John;
Girard, JoAnn A Leader’s Guide to Knowledge Management:
Drawing on the Past to Enhance Future Performance. Busi-
ness Expert Press. pp. 55]. Beyond these three categories,
there is a fourth that has been added, ‘the unknown known,
that which one intentionally refuses to acknowledge that one
knows’.

Adopting the Rumsfeld matrix to look at drug action in
PD, we will discuss the actions of apomorphine and levodopa
and examine some of the apparently ‘known unknowns’ and
‘unknown unknowns’ that affect the actions of levodopa. The
objectives are to initially refresh your knowledge of some
aspects of dopamine receptor pharmacology, then to explore
the pharmacology of apomorphine and levodopa and to sug-
gest that there are ‘unknowns’ that explain why we do not
fully understand how these drugs work. Perhaps importantly,
we look at bits of the pharmacology of levodopa that usually
get forgotten (‘the unknown known’) but which illustrate the
incompleteness of our knowledge.

Setting the dopaminergic scene
in Parkinson’s disease

The first thing to emphasise is the complexity of PD not
only from the perspective of its symptomatology but
also from the diversity of the pathological and biochemi-
cal changes that take place both within the basal ganglia
and throughout the rest of the brain and in the peripheral
nervous system involving both dopaminergic and non-
dopaminergic neuronal systems (Alexander 2004; Arm-
strong and Okun 2020b; Berg et al. 2021; Bloem et al.
2021; Dauer and Przedborski 2003; Jankovic and Tan
2020; Kalia and Lang 2015; Lees et al. 2009; MacMahon
Copas et al. 2021; Poewe et al. 2017; Schapira et al. 2017;
Titova et al. 2017). This complexity which underlies the
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motor and non-motor symptoms of PD highlights a need to
restore neuronal function more widely in brain rather than
limiting the pharmacological approaches to treatment to
basal ganglia and to the loss of dopaminergic innervation
(Lang and Obeso 2004).

However, it is the dopaminergic system to which we
attribute most of the effects of drugs such as levodopa
and apomorphine. Multiple dopamine receptor subtypes
have been described, cloned and characterised and divided
into the two main families—the D-1-like (D-1 and D-5
receptors) and the D-2-like (D-2, D-3 and D-4 receptors)
dopamine receptors—and not surprisingly, dopamine
interacts with all these receptor subtypes (Beaulieu et al.
2015). Although there has been an era of dopamine recep-
tor biochemistry, pharmacology and behavioural analysis,
there has been little exploitation of the specific role of the
various subtypes in either neurology or psychiatry that has
translated to man despite much preclinical endeavour (see
Giorgioni et al. 2021; Kiss et al. 2021; Torrisi et al. 2023;
Yang et al. 2020). In PD, there has been particular inter-
est in utilising dopamine agonists that interact with D-2-
like receptors (Ferraiolo and Hermans 2023; Juza et al.
2023)—as D-1-like receptors were in this era blamed for
the adverse event profile of levodopa, notably dyskine-
sia (see Bastide et al. 2015). But even today, we have no
drugs which selectively interact with the D-1-like family
of receptors and through which there might be much to be
gained as detailed below. We also seek to avoid the D-3
receptor as this has associations with the impulse control
disorders common in dopamine agonist drug use and with
dyskinesia expression or onset (Chagraoui et al. 2022;
Lanza and Bishop 2021; Seeman 2015).

In PD, dopamine receptors are invariably considered
in relation to basal ganglia function but in reality, there
is a widespread distribution of dopamine receptors in
cortical and sub-cortical brain areas with a differential or
topographical distribution of subtypes within each of these
regions [dopamine receptors (diff.org)] (Beaulieu and
Gainetdinov 2011; Hall et al. 1994; Missale et al. 1998).
Novel dopaminergic systems are still being described that
are relevant to Parkinson’s disease—for example, thalamic
dopaminergic pathways (Monje et al. 2020)—and it should
be remembered that in terms of dopaminergic drugs, these
act on all areas of the brain and their effects are not limited
to the basal ganglia or to the brain since they are widely
found in the peripheral nervous system (Amenta et al.
2002). Within the basal ganglia, dopamine receptors are
classically portrayed as being present within the striatum
and many of the concepts of the effect and side-effects
of dopaminergic drugs in PD are wedded to this belief.
But in fact, dopamine receptors are present in all major
nuclei of the basal ganglia (caudate nucleus, putamen, glo-
bus pallidus, subthalamic nucleus) and all subtypes are

present within each of these bodies with both presynaptic
and post-synaptic localisations on a range of dopaminer-
gic and non-dopaminergic neurones (Rommelfanger and
Wichmann 2010). The function of most of these dopamine
receptors is poorly understood and in particular, the func-
tion of those dopamine receptors located in non-striatal
areas. In a similar way, dopamine innervation from the
substantial nigra is normally portrayed as innervating the
striatum. However, this is not correct as collaterals from
the nigro-striatal pathway also innervate all other major
basal ganglia nuclei and the thalamus (Hadipour-Niktarash
et al. 2012; Lindvall and Bjorklund 1979; Rommelfanger
and Wichmann 2010). These pathways also degenerate in
PD, but little thought is given to the role they play in the
expression of the symptomatology of the disease or indeed
to the pattern in which these pathways degenerate over the
course of the illness (Freeman et al. 2001).

Whilst the focus on dopamine agonists has been on
those possessing D-2-like receptor activity, it is important
to remember that both D-1 and D-2 receptors contribute to
motor activity. D-1-like receptors are limited to a post-syn-
aptic localisation whereas D-2-like receptors are found both
on presynaptic terminals and on the post-synaptic membrane
and both control dopaminergic transmission (Beaulieu and
Gainetdinov 2011)—but this breaks down with the onset of
PD. Similarly, in the normal brain, D-1 and D-2 receptors
work in harmony to control motor function but in the den-
ervated brain, D-1 and D-2 receptors work independently
of one another (Arnt 1985; Arnt and Hyttel 1984). What
this indicates is that stimulating both D-1 and D-2 recep-
tors is a means to maximise motor activity from dopamine
receptor stimulation. This might explain why currently used
oral dopamine agonist drugs which are selective for D-2-like
receptors appear in general to be of lower efficacy then levo-
dopa as all receptors would be physiologically stimulated
by dopamine in the normal brain. Attempts to selectively
stimulate D-1-like receptors in PD and improve motor func-
tion have shown the efficacy of this approach in preclinical
models of PD but have so far failed in man because of poor
bioavailability and the onset of rapid tolerance due to D-1-
like receptor downregulation—a phenomenon that may also
affect D-2-like receptor stimulation in advanced PD (Keba-
bian et al. 1992; Shiosaki et al. 1996; Smith et al. 2002;
Temlett et al. 1989).

Apomorphine—just a dopamine agonist?

Apomorphine is the oldest drug used in the treatment of
PD having a history going back thousands of years for its
ritualistic use. As reviewed elsewhere, apomorphine was
suggested for use in PD in the 1800’s, was forgotten until
the early part of the 1900’s, revived in the 1960’s but only
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exploited in the 1980°s onwards when overcoming its lack of
oral bioavailability was solved (Auffret et al. 2018a; Djam-
shidian and Poewe 2016; Kim et al. 2017). Its clinical effi-
cacy by subcutaneous administration has been consistently
demonstrated ever since but it is still underused (Castillo-
Torres et al. 2023; Poewe and Wenning 2000). Apomorphine
differs from the oral dopamine agonist drugs in that the qual-
ity of the motor response appears to be virtually indistin-
guishable from that of levodopa. In clinical studies, apomor-
phine produced greater than 90% of UPDRS response seen
with levodopa and in the US pivotal study, apomorphine
increased hand tapping speed to the same degree as levodopa
(Dewey et al. 2001; Jenner and Katzenschlager 2016; Kemp-
ster et al. 1990). So, the question is why is apomorphine a
better dopamine agonist than other drugs?

From a structural perspective, apomorphine is an ergoline
that bears a strong resemblance to dopamine, but it is the
receptor profile of apomorphine that may provide clues to
its greater efficacy when compared to the oral non-ergoline
dopamine agonists, ropinirole and pramipexole (Auffret
et al. 2018a, 2018b, 2019; Jenner 1995, 2002; Jenner and
Katzenschlager 2016; Kvernmo et al. 2006). The actions
of the latter drugs are restricted to the D-2-like receptors
whilst apomorphine interacts with both D-1-like and D-2-
like receptor populations (De Keyser et al. 1995; Fici et al.
1997; Jenner 2002; Lam 2000; Lataste 1984). Apomorphine
may also act to inhibit MAO-A and MAO-B and through this
action potentiate the effects of dopamine and other monoam-
ine neurotransmitters (Grunblatt et al. 1999).

This means that apomorphine has a broad-spectrum
receptor profile which more closely resembles that of dopa-
mine than observed with the other agonist compounds. It is
worth noting that apomorphine does not show the selectivity
for D-3 receptors shown by drugs such as pramipexole and
this may explain, in part, why its use is associated with a
low incidence of impulse control disorders (Barbosa et al.
2017). In addition, apomorphine interacts with a range of
other monoaminergic receptors—adrenergic and seroto-
ninergic receptors—again unlike the oral agonists which
have a more restricted profile (Jenner and Katzenschlager
2016). This is clearly important as both noradrenergic and
serotoninergic activity are disrupted in PD and contribute
to both the motor and non-motor symptomatology of the
illness (Lang and Obeso 2004). For example, the interaction
of apomorphine with 5-HT2A receptors might explain the
low incidence of visual hallucinations seen with the drug
(Borgemeester et al. 2016).

To summarise, apomorphine interacts with all dopamine
receptor subtypes and it is not just a dopamine agonist as it
also alters noradrenergic and serotoninergic transmission. As
a consequence, apomorphine acts on multiple neurotransmit-
ter systems that are altered in PD and functions as a ‘multi-
modal drug’. Apomorphine may be a pioneer in this area of
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‘dirty drug’ pharmacology, but the concept in itself is inter-
esting as in PD we have shied away from ‘multimodal’ drugs
in favour of highly focussed single action compounds lead-
ing to a situation where polypharmacy is commonly used to
control the myriad of symptoms evident in the disease. This
trend may be reversing as other ‘multimodal’ compounds are
now being recognised as being of value in treating PD—for
example amantadine, safinamide, and zonisamide (Murata
2010; Pagonabarraga et al. 2021; Rascol et al. 2021). An
easy way to assess the value of apomorphine as a multi-
modal drug is to ask a pharmacologist because here apomor-
phine is viewed as the archetypal dopamine agonist drug,
as evidenced by its prolific use in the pharmacological lit-
erature of the 1960—1990’s. Apomorphine is effective in all
experimental models of PD—apomorphine-induced locomo-
tor activity, apomorphine-induced stereotypy, apomorphine-
induced climbing behaviour, apomorphine-induced circling
behaviour (see for example Butcher and Anden 1969). In
these scenarios, apomorphine is the drug of choice simply
because it is a more reliable and effective pharmacological
tool than the other more selective dopamine agonist drugs.

Levodopa—a complex pharmacological
conundrum

Now we come to what is probably the biggest conundrum
in understanding the action of drugs in PD namely levodopa
whose superior action has been unsurpassed in over 60 years
(for a perspective on levodopa use see Fahn 2008, 2018;
Gerlach et al. 2005; Lees et al. 2015; Olanow 2019; Olanow
et al. 2008; Olanow and Stocchi 2018; Tolosa et al. 1998).
Despite its undoubted success, levodopa would probably not
be developed or approved today. It is not active itself being
a prodrug, it lacks potency and a high dose is required. The
drug has poor oral absorption, extensive metabolism, a short
duration of effect and poor penetration into brain. It produces
significant adverse events in man and insufficient toxicology
of a modern standard was carried out in the era in which it
was developed. For this day and age, insufficient placebo-
controlled clinical trials have been undertaken that demon-
strate its efficacy in PD (for an exception see Fahn 1999,
2006a, b). Had it not been for the development of peripheral
decarboxylase inhibitors (which allowed for a reduction in
dosage and the avoidance of peripheral side-effects), it is
likely that levodopa would have been abandoned (Cotzias
1971). Similarly other types of enzyme inhibitors (COMTi,
MAO-Bi) have been introduced to maximise the effects of
each dose of levodopa by preventing its peripheral metabo-
lism and that of dopamine produced from levodopa (see for
example Nissinen and Mannisto 2010; Tan et al. 2022).
The general view is that levodopa acts through its con-
version to dopamine and that dopamine then interacts with
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dopamine receptors. This reverses the dopamine deficiency
that underpins PD. Certainly, the mainstay of that argument
is correct, at least based on animal studies, but the dopamine
derived from levodopa presumably interacts with all sub-
types of dopamine receptors and as such produces a more
physiological dopamine receptor stimulation that would be
seen with the oral dopamine agonist drugs. In particular, it
will, of course, stimulate both D-1-like and D-2-like recep-
tors and from a pharmacological perspective, this would be
expected to result in a more pronounced anti-parkinsonian
effect than through stimulation of either individual receptor
population. But even taking into account the short plasma
half-life of the drug, the pulsatility of its effect and the
changes which occur in its storage and buffering in dopamin-
ergic neurones over the course of the disease, we struggle to
understand the undoubted superiority of levodopa in treating
symptoms of the illness compared to other pharmacologi-
cal approaches and even to more modern technology-based
therapies, such as deep brain stimulation.

However, the actions of levodopa are not restricted to its
effects on the dopaminergic system and there is evidence of
both direct and indirect noradrenaline and 5-HT involve-
ment in levodopa’s actions—making it fit with the concept
of a ‘multimodal drug’. Both noradrenergic and serotonin-
ergic fibre pathways innervate the basal ganglia, they are
involved in the control of motor function and both degener-
ate in PD (Lang and Obeso 2004). Although largely for-
gotten, there have been extensive studies of the effects of
levodopa on noradrenergic transmission. Dopamine formed
from levodopa is converted to noradrenaline by dopamine
beta-hydroxylase and inhibition of noradrenaline synthesis
decreases motor activity produced by levodopa in experi-
mental models of PD (Dolphin et al. 1976). In a similar vein,
serotoninergic neurones are implicated in the induction of
levodopa-induced dyskinesia. Levodopa is decarboxylated to
dopamine in serotoninergic neurones which is then released
with serotonin in a non-physiological manner. This is why
5-HT1A or SHT1B receptor agonists can suppress levodopa-
induced dyskinesia—as these receptors control the firing of
serotoninergic neurones and the release of neurotransmitter
(Corsi et al. 2021; Pinna et al. 2023). The overall conclu-
sion is that both noradrenaline and 5-HT are involved in the
actions of levodopa and the control of motor function.

In addition to its effects on the dopaminergic, noradren-
ergic and serotoninergic systems, levodopa has been pro-
posed as a neurotransmitter in its own right—although this
is largely the view of one research group and this needs veri-
fication by others (see for review Misu and Goshima 1993).
Levodopa fulfilled all the criteria for functioning as a neuro-
transmitter or neuromodulator. Levodopa immune-positive
but aromatic amino acid decarboxylase immuno-negative
neurones were identified in brain. Levodopa as the intact
amino acid was shown to alter glutamate, acetylcholine

and noradrenergic responses in the striatum. Motor activity
to levodopa was reported to occur following inhibition of
both central and peripheral dopa decarboxylase activity. If
this view is correct, then we may have ignored something
that is fundamentally important to the actions of this drug.
However, one of our own studies is not in total agreement
with these findings. We showed that blocking central dopa
decarboxylase activity using NSD 1015 did not alter levo-
dopa-induced rotation in 6-hydroxydopamine lesioned rats
(Treseder et al. 2001)—suggesting an action of levodopa
itself was responsible as previously proposed. But NSD 1015
treatment did not decrease striatal dopamine levels as might
have been expected and appeared to reduce dopamine turno-
ver. Since NSD 1015 can also act as an MAO-B inhibitor, it
may have been this action which is responsible for the motor
activity that was observed.

One further level of complexity needs to be considered
as contributing to the response to levodopa in PD. There are
two components to the drug’s activity—there is a short-dura-
tion response which in early disease is the immediate short-
term effect seen after minutes to few hours after administra-
tion of each dose of levodopa and there is a long-duration
response which takes days to weeks to become apparent
(Albin and Leventhal 2017; Anderson and Nutt 2011; Nagao
et al. 2019; Nutt et al. 2002). There is dispute over how
disease progression impacts on the response to levodopa as
far as these components are concerned. The long-duration
response initially represents 30-50% of the total motor
response but was reported to decline with disease progres-
sion (Stocchi et al. 2010). More recently, this view has been
challenged and investigations of the effects of daily levodopa
treatment on the progression of motor disability in overnight
‘off” periods over 2 years have shown that the long-duration
response persists independently of disease duration even in
the most advanced stages of the illness (Cilia et al. 2020).

Whatever the truth, the long-duration response is clearly
a key component of levodopa’s action. Whether the long-
duration response also contributes to the actions of dopa-
mine agonist drugs is less well studied and less clear (but
see Barbato et al. 1997; Stocchi et al. 2001). This is good
example of a ‘known unknown’ in understanding drug
action in PD as the mechanisms responsible for the long-
duration response are poorly understood and under investi-
gated. It seems to involve some adaptive change in the motor
response to levodopa, it could involve fundamental processes
such as LTP/LDP (see for relevance to levodopa’s actions
Calabresi et al. 2015), but nobody knows. Estimating the
duration of any long-term response to levodopa represents
a significant clinical challenge and changes in dopamine
receptor sensitivity in response to more pulsatile or more
continuous drug delivery may induce dynamic changes that
affect its measurement (Cilia et al. 2020). It is not even clear
whether the long-duration response is seen in the actions
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of the drug in experimental models of PD or whether it is
a component of drug action restricted to the use in man,
as the long-duration response was not observed in rat and
monkey models, and they only presented the short-duration
response and levodopa-induced dyskinesia (personal obser-
vation; Kuoppamaki et al. 2007)—this is a matter of debate.
Solving this component of levodopa’s action might go a long
way to developing novel more effective treatments for motor
symptoms. This may not be through improving the bioavail-
ability of levodopa as the short-duration response appears to
reflect the plasma levels of levodopa, but the long-duration
response is post-synaptic in nature and probably non-dopa-
minergic in origin (Barbato et al. 1997; Kuoppamaki et al.
2007).

Levodopa—the ‘unknown unknowns’

Then we come to the parts of the action of levodopa and
aspects of its mechanism of effect that are overlooked,
forgotten or thought to be of little interest but which may
represent key components of the drug’s action—and where
ignoring the blindingly obvious may hinder the development
of novel approaches to the treatment of PD. The examples
given below are merely illustrations of perhaps how little
we know about a drug which has been used routinely in PD
for over 60 years. They centre around the metabolism of the
drug (and even these do not take into account the potential
generation of trace amines and other potential metabolites
(for example, trihydroxyphenylalanine quinone and tetrahy-
droisoquinolines) that have been proposed as contributing to
the actions and/or toxicity of levodopa (see for an example
McNaught et al. 1998).

3-O-Methyldopa (3-OMD) is a major metabolite of levo-
dopa in both the periphery and in brain (Nissinen and Man-
nisto 2010) but receives scant attention when considering
the effects of levodopa. It is a terminal metabolite of the
actions of catechol O-methyl transferase (COMT) that is not
a substrate for dopa decarboxylase—and it is not metabo-
lised further as far as we are aware although this may not
have been investigated. A little-known fact is that peripheral
inhibition of dopa decarboxylase, as is routinely used in the
treatment of PD, diverts more levodopa into the catechol
O-methyltransferase pathway and so elevates plasma levels
of 3-OMD even further (Dingemanse et al. 1997). 3-OMD
has a long plasma half-life (12—15 h) and as a consequence,
accumulates in the periphery and in brain tissue. There is
some evidence that 3-OMD may compete with levodopa for
the active uptake process that transports the drug into brain,
but this has not been extensively studied (Benetello et al.
1997). Whilst no adverse effects of 3-OMD have been dem-
onstrated in man, how extensively this has been examined
is not clear. Nor has the potential role that this compound
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plays in either the actions or adverse events of levodopa
being fully evaluated or indeed, whether these are alleviated
if levodopa is used in combination with a COMT inhibitor.
Controversy exists over 3-OMD’s ability to reduce levodo-
pa’s motor effects, the expression of dyskinesia and in the
genesis of ‘wearing off” (Fabbrini et al. 1987; Gervas et al.
1983; Nutt et al. 1987; Wade and Katzman 1975). There
is some evidence to suggest that 3-OMD has the potential
to inhibit locomotor activity, to decrease dopamine turno-
ver, and to inhibit the dopamine transporter—but nothing
sufficient to say that this occurs in man (Lee et al. 2008).
At a pathogenic level, 3-OMD can induce oxidative stress,
decrease mitochondrial membrane potential and potential
cell death, all of which are thought to be components of cell
death in Parkinson’s disease—at least in preclinical studies.
It may be that 3-OMD is completely inert and a diversion but
until we evaluate its role in the actions of levodopa and its
role in its own right, we will not know the role played by this
major metabolite of the most commonly used drug in PD.

There are further examples which illustrate either lack
of knowledge or a failure to understand other events linked
to the metabolism of levodopa of relevance to PD. Only
recently, have potentially important changes in periph-
eral dopa decarboxylase activity been uncovered—and in
all probability, most people are unaware of these. In three
independent cohorts of patients with PD or parkinsonism
on levodopa plus a decarboxylase inhibitor, elevated levels
of dopa decarboxylase (L-aromatic amino acid decarboxy-
lase) enzyme activity were present in 82% of patients in this
population (van Rumund et al. 2021). Those patients with
elevated enzyme activity had a longer disease duration and
were on higher doses of levodopa leading to the sugges-
tion that these changes might contribute to the decrease in
levodopa effectiveness and the need for higher doses with
disease progression. But, so far, this is merely an observation
and the mechanism underlying the increase in decarboxylase
activity, and its clinical consequences remain unknown. In
a similar manner, alterations in the gut microbiome leading
to changes in the decarboxylation of levodopa by bacterial
tyrosine decarboxylases alter the bioavailability of levodopa
and its effectiveness in PD (Maini Rekdal et al. 2019)—and
this also requires further investigation as these enzymes are
not blocked by the peripheral decarboxylase inhibitors used
in PD.

One final example illustrates our failure to question the
actions of compounds routinely used in the treatment of
PD. We tend to accept as fact the classical definitions of
their activity and this becomes truth by repetition. A good
example is again looking at the peripheral decarboxylase
inhibitors where it is commonly accepted that these do not
penetrate into brain—but this is not entirely true. They are
selective inhibitors of the peripheral enzyme but not spe-
cific in their actions and at higher doses may affect brain
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decarboxylase activity—which would prevent dopamine
formation. In fact, there has been very little examination of
the specificity of the decarboxylase inhibitors in general—as
they were developed in an era where this was not routinely
undertaken. For example, in a study that we undertook, we
showed that both carbidopa and benserazide blocked central
MAO-B activity (Treseder et al. 2003). One interpretation of
this would be that it complicates how we think about the role
in potentiating of the decarboxylase inhibitors in potentiat-
ing the effects of levodopa. Whilst we continue to use some
of the older tools in the toolbox without question, it could
be that what we are doing is adopting a blinkered approach
that stops progress.

All of this raises the question of whether we really under-
stand how levodopa’s actions are manifest in PD. This is of
fundamental significance as everything we strive to achieve
currently is based on the simplistic view that levodopa yields
dopamine that then interacts with striatal dopamine recep-
tors and that is what we should try to emulate in devising
new approaches to treatment.

Is there a way forward?

The conclusion of all this is that perhaps Donald Rumsfeld
is right even though he received a degree of ridicule when he
gave this particular statement. Perhaps we do not understand
precisely how established drugs for the treatment of PD pro-
duced their clinical effects, but do we question why drugs
like levodopa and apomorphine appear more effective than
others? Should we look beyond the dopamine system for
answers? We need to reinvest pharmacological studies and
conduct again “basic” studies to better understand how these
drugs work. In recent times, there has been a lack of sound
studies exploring the pharmacokinetics and pharmacody-
namics of these drugs in humans—and very few patients
with PD ever have their plasma drug profiles measured.
There are probably ‘unknown unknowns’ that we chose to
ignore. Poking life in the eye with a sharp stick is often a
productive way of making progress.

Acknowledgements This paper is based on a presentation given at a
meeting supported by Britannia Pharmaceuticals at which all of the
authors were present.

Author contributions PJ: received honoraria for consultancies, advi-
sory boards and sponsored lectures from Abbvie, Britannia Pharma-
ceuticals, Eisai, FP Pharmaceuticals, Kyowa Kirin, Hoffman La Roche,
Profile Pharma, Tabuk Pharmaceuticals, UCB, Worldwide Clinical
Trials and Zambon, outside of the submitted work. CFP: received roy-
alties from Elsevier, Springer Verlag, honoraria from Abbvie, Inter-
national Parkinson Disease and Movement Disorders Society, outside
of the submitted work. VL: received grants from Parkinson’s UK and
honoraria for sponsored symposium from UCB, Bial, Invisio, Profile,
AbbVie, and Britannia Pharmaceuticals, outside of the submitted work.
MV: received honoraria for scientific advisory boards and received

research support and travel grants from Medtronic, Abbvie, Biogen,
Sanofi, Britannia, Aguettant, Adelia, Elivie, LVL, Orkyn, outside of
the submitted work. MA: received travel grants, speakers and con-
sultancy honoraria and/or research grants from France Parkinson,
Plateforme Nationale pour la Recherche sur la Fin de Vie, Institut des
Neurosciences Cliniques de Rennes, Aguettant, Britannia Pharmaceuti-
cal Ltd, Adelia Medical, Linde Homecare, Homeperf, Asdia, France
Développement Electronique and Society for Dental Science, outside
of the submitted work. RB: has received consultancy and/or honoraria/
lecture fees from Abbott, Britannia, Ipsen, Eisai, Novartis, Teva-Lun-
dbeck, Takeda, and Otsuka pharmaceuticals, outside of the submitted
work. DW: has received travel grants, speakers and consultancy hono-
raria and research grants from Abbvie, Abbott, Bial, Boston Scientific,
Medtronic, Kyowa Kirin, Stadapharm outside of the submitted work.
FB: has received travel grants, speakers and consultancy honoraria and
research grants from Abbvie, Britannia, NovoNordisk, Pfizer, Stadap-
harm outside of the submitted work. WHI: received honoraria for con-
sultancies, advisory boards or sponsored lectures from Abbvie, Bial,
Britannia Pharmaceuticals, Merz-Pharma, Stada, UCB, and Zambon,
outside of the submitted work.

Data availability The data included in this review is freely available
from the normal literature sources and has been derived from PubMed
searches.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Agid Y, Ahlskog E, Albanese A et al (1999) Levodopa in the treat-
ment of Parkinson’s disease: a consensus meeting. Mov Disord
14:911-913. https://doi.org/10.1002/1531-8257(199911)14:6%
3¢911:aid-mds1001%3e3.0.co;2-h

Albin RL, Leventhal DK (2017) The missing, the short, and the long:
levodopa responses and dopamine actions. Ann Neurol 82:4-19.
https://doi.org/10.1002/ana.24961

Alexander GE (2004) Biology of Parkinson’s disease: pathogenesis and
pathophysiology of a multisystem neurodegenerative disorder.
Dialogues Clin Neurosci 6:259-280. https://doi.org/10.31887/
DCNS.2004.6.3/galexander

Amenta F, Ricci A, Tayebati SK, Zaccheo D (2002) The peripheral
dopaminergic system: morphological analysis, functional and
clinical applications. Ital J Anat Embryol 107:145-167

Anderson E, Nutt J (2011) The long-duration response to levodopa:
phenomenology, potential mechanisms and clinical implica-
tions. Parkinsonism Relat Disord 17:587-592. https://doi.org/
10.1016/j.parkreldis.2011.03.014

Armstrong MJ, Okun MS (2020a) Choosing a Parkinson disease treat-
ment. JAMA 323:1420. https://doi.org/10.1001/jama.2020.1224

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/1531-8257(199911)14:6%3c911:aid-mds1001%3e3.0.co;2-h
https://doi.org/10.1002/1531-8257(199911)14:6%3c911:aid-mds1001%3e3.0.co;2-h
https://doi.org/10.1002/ana.24961
https://doi.org/10.31887/DCNS.2004.6.3/galexander
https://doi.org/10.31887/DCNS.2004.6.3/galexander
https://doi.org/10.1016/j.parkreldis.2011.03.014
https://doi.org/10.1016/j.parkreldis.2011.03.014
https://doi.org/10.1001/jama.2020.1224

P.Jenner et al.

Armstrong MJ, Okun MS (2020b) Diagnosis and treatment of Parkin-
son disease: a review. JAMA 323:548-560. https://doi.org/10.
1001/jama.2019.22360

Arnt J (1985) Behavioural stimulation is induced by separate dopa-
mine D-1 and D-2 receptor sites in reserpine-pretreated but not
in normal rats. Eur J Pharmacol 113:79-88. https://doi.org/10.
1016/0014-2999(85)90345-0

Arnt J, Hyttel J (1984) Differential inhibition by dopamine D-1 and D-2
antagonists of circling behaviour induced by dopamine agonists
in rats with unilateral 6-hydroxydopamine lesions. Eur J Pharma-
col 102:349-354. https://doi.org/10.1016/0014-2999(84)90267-x

Auffret M, Drapier S, Verin M (2018a) The many faces of apomor-
phine: lessons from the past and hallenges for the future. Drugs
R D 18:91-107. https://doi.org/10.1007/s40268-018-0230-3

Auffret M, Drapier S, Verin M (2018b) Pharmacological insights into
the use of apomorphine in Parkinson’s disease: clinical rele-
vance. Clin Drug Investig 38:287-312. https://doi.org/10.1007/
s40261-018-0619-3

Auffret M, Drapier S, Verin M (2019) New tricks for an old dog: A
repurposing approach of apomorphine. Eur J Pharmacol 843:66—
79. https://doi.org/10.1016/j.ejphar.2018.10.052

Barbato L, Stocchi F, Monge A, Vacca L, Ruggieri S, Nordera G, Mars-
den CD (1997) The long-duration action of levodopa may be
due to a postsynaptic effect. Clin Neuropharmacol 20:394—401.
https://doi.org/10.1097/00002826-199710000-00003

Barbosa P, Lees AJ, Magee C et al (2017) A retrospective evaluation of
the frequency of impulsive compulsive behaviors in Parkinson’s
disease patients treated with continuous waking aay apomor-
phine pumps. Mov Disord Clin Pract 4:323-328. https://doi.org/
10.1002/mdc3.12416

Bastide MF, Meissner WG, Picconi B et al (2015) Pathophysiology
of L-dopa-induced motor and non-motor complications in Par-
kinson’s disease. Prog Neurobiol 132:96-168. https://doi.org/10.
1016/j.pneurobio.2015.07.002

Beaulieu JM, Gainetdinov RR (2011) The physiology, signaling, and
pharmacology of dopamine receptors. Pharmacol Rev 63:182—
217. https://doi.org/10.1124/pr.110.002642

Beaulieu JM, Espinoza S, Gainetdinov RR (2015) Dopamine recep-
tors—IUPHAR review 13. Br J Pharmacol 172:1-23. https://doi.
org/10.1111/bph.12906

Benetello P, Furlanut M, Fortunato M, Pea F, Baraldo M (1997) Levo-
dopa and 3-O-methyldopa in cerebrospinal fluid after levodopa-
carbidopa association. Pharmacol Res 35:313-315. https://doi.
org/10.1006/phrs.1997.0145

Berg D, Borghammer P, Fereshtehnejad SM et al (2021) Prodromal
Parkinson disease subtypes—key to understanding heteroge-
neity. Nat Rev Neurol 17:349-361. https://doi.org/10.1038/
$41582-021-00486-9

Bloem BR, Okun MS, Klein C (2021) Parkinson’s disease. Lancet
397(10291):2284-2303. https://doi.org/10.1016/S0140-6736(21)
00218-X

Borgemeester RW, Lees AJ, van Laar T (2016) Parkinson’s disease,
visual hallucinations and apomorphine: a review of the available
evidence. Parkinsonism Relat Disord 27:35-40. https://doi.org/
10.1016/j.parkreldis.2016.04.023

Butcher LL, Anden NE (1969) Effects of apomorphine and ampheta-
mine on schedule-controlled behavior: reversal of tetrabenazine
suppression and dopaminergic correlates. Eur J Pharmacol
6:255-264. https://doi.org/10.1016/0014-2999(69)90183-6

Calabresi P, Di Filippo M, Ghiglieri V et al (2010) Levodopa-induced
dyskinesias in patients with Parkinson’s disease: filling the
bench-to-bedside gap. Lancet Neurol 9:1106—1117. https://doi.
org/10.1016/S1474-4422(10)70218-0

Calabresi P, Ghiglieri V, Mazzocchetti P et al (2015) Levodopa-induced
plasticity: a double-edged sword in Parkinson’s disease? Philos

@ Springer

Trans R Soc Lond B Biol Sci 370:20140184. https://doi.org/10.
1098/rstb.2014.0184

Castillo-Torres SA, Lees AJ, Merello M (2023) Intermittent apomor-
phine use for off period rescue in Parkinson’s disease: a prag-
matic review of over three decades of clinical experience. Mov
Disord Clin Pract 10:190-208. https://doi.org/10.1002/mdc3.
13593

Chagraoui A, Di Giovanni G, De Deurwaerdere P (2022) Neurobio-
logical and pharmacological perspectives of D3 receptors in Par-
kinson’s disease. Biomolecules. https://doi.org/10.3390/biom1
2020243

Chaudhuri KR, Schapira AH (2009) Non-motor symptoms of Parkin-
son’s disease: dopaminergic pathophysiology and treatment. Lan-
cet Neurol 8:464—474. https://doi.org/10.1016/S1474-4422(09)
70068-7

Cilia R, Cereda E, Akpalu A et al (2020) Natural history of motor
symptoms in Parkinson’s disease and the long-duration response
to levodopa. Brain 143:2490-2501. https://doi.org/10.1093/brain/
awaal81

Corsi S, Stancampiano R, Carta M (2021) Serotonin/dopamine interac-
tion in the induction and maintenance of L-dopa-induced dyski-
nesia: an update. Prog Brain Res 261:287-302. https://doi.org/
10.1016/bs.pbr.2021.01.032

Cotzias GC (1971) Levodopa in the treatment of Parkinsonism. JAMA
218:1903-1908

Dauer W, Przedborski S (2003) Parkinson’s disease: mechanisms and
models. Neuron 39:889-909. https://doi.org/10.1016/s0896-
6273(03)00568-3

De Keyser J, De Backer JP, Wilczak N, Herroelen L (1995) Dopa-
mine agonists used in the treatment of Parkinson’s disease and
their selectivity for the D1, D2, and D3 dopamine receptors in
human striatum. Prog Neuropsychopharmacol Biol Psychiatry
19:1147-1154. https://doi.org/10.1016/0278-5846(95)00232-4

Dewey RB Jr, Hutton JT, LeWitt PA, Factor SA (2001) A randomized,
double-blind, placebo-controlled trial of subcutaneously injected
apomorphine for parkinsonian off-state events. Arch Neurol
58:1385-1392. https://doi.org/10.1001/archneur.58.9.1385

Dingemanse J, Kleinbloesem CH, Zurcher G, Wood ND, Crevoisier C
(1997) Pharmacodynamics of benserazide assessed by its effects
on endogenous and exogenous levodopa pharmacokinetics. BrJ
Clin Pharmacol 44:41-48. https://doi.org/10.1046/j.1365-2125.
1997.00610.x

Djamshidian A, Poewe W (2016) Apomorphine and levodopa in Par-
kinson’s disease: two revolutionary drugs from the 1950’s. Par-
kinsonism Relat Disord 33(Suppl 1):S9-S12. https://doi.org/10.
1016/j.parkreldis.2016.12.004

Dolphin A, Jenner P, Marsden CD (1976a) Noradrenaline synthesis
from L-DOPA in rodents and its relationship to motor activity.
Pharmacol Biochem Behav 5(4):431-439. https://doi.org/10.
1016/0091-3057(76)90107-6

Dolphin AC, Jenner P, Marsden CD (1976b) The relative importance
of dopamine and noradrenaline receptor stimulation for the res-
toration of motor activity in reserpine or alpha-methyl-p-tyrosine
pre-treated mice. Pharmacol Biochem Behav 4:661-670. https://
doi.org/10.1016/0091-3057(76)90217-3

Fabbrini G, Juncos JL, Mouradian MM, Serrati C, Chase TN (1987)
3-O-methyldopa and motor fluctuations in Parkinson’s disease.
Neurology 37:856—859. https://doi.org/10.1212/wnl.37.5.856

Fahn S (1999) Parkinson disease, the effect of levodopa, and the ELL-
DOPA trial. Earlier Vs Later L-DOPA. Arch Neurol 56:529-535.
https://doi.org/10.1001/archneur.56.5.529

Fahn S (2006a) Levodopa in the treatment of Parkinson’s disease. J
Neural Transm. https://doi.org/10.1007/978-3-211-33328-0_1

Fahn S (2006b) A new look at levodopa based on the ELLDOPA study.
J Neural Transm. https://doi.org/10.1007/978-3-211-45295-0_63


https://doi.org/10.1001/jama.2019.22360
https://doi.org/10.1001/jama.2019.22360
https://doi.org/10.1016/0014-2999(85)90345-0
https://doi.org/10.1016/0014-2999(85)90345-0
https://doi.org/10.1016/0014-2999(84)90267-x
https://doi.org/10.1007/s40268-018-0230-3
https://doi.org/10.1007/s40261-018-0619-3
https://doi.org/10.1007/s40261-018-0619-3
https://doi.org/10.1016/j.ejphar.2018.10.052
https://doi.org/10.1097/00002826-199710000-00003
https://doi.org/10.1002/mdc3.12416
https://doi.org/10.1002/mdc3.12416
https://doi.org/10.1016/j.pneurobio.2015.07.002
https://doi.org/10.1016/j.pneurobio.2015.07.002
https://doi.org/10.1124/pr.110.002642
https://doi.org/10.1111/bph.12906
https://doi.org/10.1111/bph.12906
https://doi.org/10.1006/phrs.1997.0145
https://doi.org/10.1006/phrs.1997.0145
https://doi.org/10.1038/s41582-021-00486-9
https://doi.org/10.1038/s41582-021-00486-9
https://doi.org/10.1016/S0140-6736(21)00218-X
https://doi.org/10.1016/S0140-6736(21)00218-X
https://doi.org/10.1016/j.parkreldis.2016.04.023
https://doi.org/10.1016/j.parkreldis.2016.04.023
https://doi.org/10.1016/0014-2999(69)90183-6
https://doi.org/10.1016/S1474-4422(10)70218-0
https://doi.org/10.1016/S1474-4422(10)70218-0
https://doi.org/10.1098/rstb.2014.0184
https://doi.org/10.1098/rstb.2014.0184
https://doi.org/10.1002/mdc3.13593
https://doi.org/10.1002/mdc3.13593
https://doi.org/10.3390/biom12020243
https://doi.org/10.3390/biom12020243
https://doi.org/10.1016/S1474-4422(09)70068-7
https://doi.org/10.1016/S1474-4422(09)70068-7
https://doi.org/10.1093/brain/awaa181
https://doi.org/10.1093/brain/awaa181
https://doi.org/10.1016/bs.pbr.2021.01.032
https://doi.org/10.1016/bs.pbr.2021.01.032
https://doi.org/10.1016/s0896-6273(03)00568-3
https://doi.org/10.1016/s0896-6273(03)00568-3
https://doi.org/10.1016/0278-5846(95)00232-4
https://doi.org/10.1001/archneur.58.9.1385
https://doi.org/10.1046/j.1365-2125.1997.00610.x
https://doi.org/10.1046/j.1365-2125.1997.00610.x
https://doi.org/10.1016/j.parkreldis.2016.12.004
https://doi.org/10.1016/j.parkreldis.2016.12.004
https://doi.org/10.1016/0091-3057(76)90107-6
https://doi.org/10.1016/0091-3057(76)90107-6
https://doi.org/10.1016/0091-3057(76)90217-3
https://doi.org/10.1016/0091-3057(76)90217-3
https://doi.org/10.1212/wnl.37.5.856
https://doi.org/10.1001/archneur.56.5.529
https://doi.org/10.1007/978-3-211-33328-0_1
https://doi.org/10.1007/978-3-211-45295-0_63

Adopting the Rumsfeld approach to understanding the action of levodopa and apomorphineiin...

Fahn S (2008) The history of dopamine and levodopa in the treatment
of Parkinson’s disease. Mov Disord 23(Suppl 3):497-508. https://
doi.org/10.1002/mds.22028

Fahn S (2018) The 200-year journey of Parkinson disease: reflecting
on the past and looking towards the future. Parkinsonism Relat
Disord 46(Suppl 1):S1-S5. https://doi.org/10.1016/j.parkreldis.
2017.07.020

Ferraiolo M, Hermans E (2023) The complex molecular pharmacology
of the dopamine D(2) receptor: implications for pramipexole,
ropinirole, and rotigotine. Pharmacol Ther. https://doi.org/10.
1016/j.pharmthera.2023.108392

Fici GJ, Wu H, VonVoigtlander PF, Sethy VH (1997) D1 dopamine
receptor activity of anti-parkinsonian drugs. Life Sci 60:1597-
1603. https://doi.org/10.1016/s0024-3205(97)00126-4

Freeman A, Ciliax B, Bakay R, Daley J, Miller RD, Keating G, Leey
A, Rye D (2001) Nigrostriatal collaterals to thalamus degenerate
in parkinsonian animal models. Ann Neurol 50:321-329. https://
doi.org/10.1002/ana.1119

Fuxe K, Guidolin D, Agnati LF, Borroto-Escuela DO (2015) Dopamine
heteroreceptor complexes as therapeutic targets in Parkinson’s
disease. Expert Opin Ther Targets 19:377-398. https://doi.org/
10.1517/14728222.2014.981529

Gerlach M, Reichmann H, Riederer P (2005) Levodopa in the treat-
ment of Parkinson’s disease: current controversies. Mov Disord
20:643. https://doi.org/10.1002/mds.20435

Gervas JJ, Muradas V, Bazan E, Aguado EG, de Yebenes JG (1983)
Effects of 3-OM-dopa on monoamine metabolism in rat brain.
Neurology 33:278-282. https://doi.org/10.1212/wnl.33.3.278

Giorgioni G, Del Bello F, Pavleti¢ P, Quaglia W, Botticelli L, Cifani
C, Di Micioni Bonaventura E, Di Micioni Bonaventura MV,
Piergentili A (2021) Recent findings leading to the discovery
of selective dopamine D4 receptor ligands for the treatment of
widespread diseases. Eur ] Med Chem 212:113141. https://doi.
org/10.1016/j.ejmech.2020.113141

Griinblatt E, Mandel S, Berkuzki T, Youdim MB (1999) Apomorphine
protects against MPTP-induced neurotoxicity in mice. Mov Dis-
ord 14:612-618. https://doi.org/10.1002/1531-8257(199907)
14:4%3c612::aid-mds1010%3e3.0.c0;2-6

Hadipour-Niktarash A, Rommelfanger KS, Masilamoni GJ, Smith Y,
Wichmann T (2012) Extrastriatal D2-like receptors modulate
basal ganglia pathways in normal and Parkinsonian monkeys. J
Neurophysiol 107:1500-1512. https://doi.org/10.1152/jn.00348.
2011

Hall H, Sedvall G, Magnusson O, Kopp J, Halldin C, Farde L (1994)
Distribution of D1- and D2-dopamine receptors, and dopamine
and its metabolites in the human brain. Neuropsychopharmacol-
ogy 11:245-256. https://doi.org/10.1038/sj.npp.1380111

Hassan MN, Thakar JH (1988) Dopamine receptors in Parkinson’s dis-
ease. Prog Neuropsychopharmacol Biol Psychiatry 12:173-182.
https://doi.org/10.1016/0278-5846(88)90035-8

Jankovic J, Tan EK (2020) Parkinson’s disease: etiopathogenesis and
treatment. J Neurol Neurosurg Psychiatry 91:795-808. https://
doi.org/10.1136/jnnp-2019-322338

Jenner P (1995) The rationale for the use of dopamine agonists in Par-
kinson’s disease. Neurology 45(3 Suppl 3):S6-12. https://doi.org/
10.1212/wnl.45.3_suppl_3.s6

Jenner P (2002) Pharmacology of dopamine agonists in the treatment
of Parkinson’s disease. Neurology 58(4 Suppl 1):S1-8. https://
doi.org/10.1212/wnl.58.suppl_1.s1

Jenner P, Katzenschlager R (2016) Apomorphine—pharmacological
properties and clinical trials in Parkinson’s disease. Parkinson-
ism Relat Disord 33(Suppl 1):S13-S21. https://doi.org/10.1016/j.
parkreldis.2016.12.003

Juza R, Musilek K, Mezeiova E, Soukup O, Korabecny J (2023) Recent
advances in dopamine D2 receptor ligands in the treatment of

neuropsychiatric disorders. Med Res Rev 43:55-211. https://doi.
org/10.1002/med.21923

Kaasinen V, Vahlberg T, Stoessl AJ, Strafella AP, Antonini A (2021)
Dopamine receptors in Parkinson’s disease: a meta-analysis of
imaging studies. Mov Disord 36:1781-1791. https://doi.org/10.
1002/mds.28632

Kalia LV, Lang AE (2015) Parkinson’s disease. Lancet 386:896-912.
https://doi.org/10.1016/S0140-6736(14)61393-3

Katzenschlager R, Lees AJ (2002) Treatment of Parkinson’s disease:
levodopa as the first choice. J Neurol. https://doi.org/10.1007/
s00415-002-1204-4

Kebabian JW, Britton DR, DeNinno MP, Perner R, Smith L, Jenner P,
Schoenleber R, Williams M (1992) A-77636: a potent and selec-
tive dopamine D1 receptor agonist with antiparkinsonian activity
in marmosets. Eur J Pharmacol 229:203-209. https://doi.org/10.
1016/0014-2999(92)90556-j

Kempster PA, Frankel JP, Stern GM, Lees AJ (1990) Comparison of
motor response to apomorphine and levodopa in Parkinson’s dis-
ease. J Neurol Neurosurg Psychiatry 53:1004-1007. https://doi.
org/10.1136/jnnp.53.11.1004

Kim HJ, Jeon BS, Jenner P (2017) Hallmarks of treatment aspects:
Parkinson’s disease throughout centuries including 1-dopa. Int
Rev Neurobiol 132:295-343. https://doi.org/10.1016/bs.irn.2017.
01.006

Kiss B, Laszlovszky I, Kramos B, Visegrady A, Bobok A, Lévay G,
Lendvai B, Roman V (2021) Neuronal dopamine D3 receptors:
translational implications for preclinical research and CNS dis-
orders. Biomolecules 11:104. https://doi.org/10.3390/biom1
1010104

Kuoppamaki M, Al-Barghouthy G, Jackson MJ, Smith LA, Quinn
N, Jenner PJ (2007) L-dopa dose and the duration and sever-
ity of dyskinesia in primed MPTP-treated primates. J Neural
Transm (vienna) 114:1147-1153. https://doi.org/10.1007/
s00702-007-0727-3

Kvernmo T, Hartter S, Burger E (2006) A review of the receptor-bind-
ing and pharmacokinetic properties of dopamine agonists. Clin
Ther 28:1065-1078. https://doi.org/10.1016/j.clinthera.2006.08.
004

Lam YW (2000) Clinical pharmacology of dopamine agonists. Phar-
macotherapy 20(1 Pt 2):17S-258S. https://doi.org/10.1592/phco.
20.2.17s.34627

Lang AE, Obeso JA (2004) Challenges in Parkinson’s disease: restora-
tion of the nigrostriatal dopamine system is not enough. Lancet
Neurol 3(5):309-316. https://doi.org/10.1016/S1474-4422(04)
00740-9

Lanza K, Bishop C (2021) Dopamine D3 receptor plasticity in Par-
kinson’s disease and l-dopa-induced dyskinesia. Biomedicines
9:314. https://doi.org/10.3390/biomedicines90303 14

Lataste X (1984) The history and pharmacology of dopamine agonists.
Can J Neurol Sci 11(1 Suppl):118-123. https://doi.org/10.1017/
s0317167100046266

Lee ES, Chen H, King J, Charlton C (2008) The role of 3-O-methyl-
dopa in the side effects of L-dopa. Neurochem Res 33:401-411.
https://doi.org/10.1007/s11064-007-9442-6

Lees AJ, Hardy J, Revesz T (2009) Parkinson’s disease. Lancet
373(9680):2055-2066. https://doi.org/10.1016/S0140-6736(09)
60492-X

Lees AJ, Tolosa E, Olanow CW (2015) Four pioneers of L-dopa treat-
ment: Arvid Carlsson, Oleh Hornykiewicz, George Cotzias, and
Melvin Yahr. Mov Disord 30:19-36. https://doi.org/10.1002/
mds.26120

Lindvall O, Bjorklund A (1979) Dopaminergic innervation of the
globus pallidus by collaterals from the nigrostriatal pathway.
Brain Res 172:169-173. https://doi.org/10.1016/0006-8993(79)
90907-7

@ Springer


https://doi.org/10.1002/mds.22028
https://doi.org/10.1002/mds.22028
https://doi.org/10.1016/j.parkreldis.2017.07.020
https://doi.org/10.1016/j.parkreldis.2017.07.020
https://doi.org/10.1016/j.pharmthera.2023.108392
https://doi.org/10.1016/j.pharmthera.2023.108392
https://doi.org/10.1016/s0024-3205(97)00126-4
https://doi.org/10.1002/ana.1119
https://doi.org/10.1002/ana.1119
https://doi.org/10.1517/14728222.2014.981529
https://doi.org/10.1517/14728222.2014.981529
https://doi.org/10.1002/mds.20435
https://doi.org/10.1212/wnl.33.3.278
https://doi.org/10.1016/j.ejmech.2020.113141
https://doi.org/10.1016/j.ejmech.2020.113141
https://doi.org/10.1002/1531-8257(199907)14:4%3c612::aid-mds1010%3e3.0.co;2-6
https://doi.org/10.1002/1531-8257(199907)14:4%3c612::aid-mds1010%3e3.0.co;2-6
https://doi.org/10.1152/jn.00348.2011
https://doi.org/10.1152/jn.00348.2011
https://doi.org/10.1038/sj.npp.1380111
https://doi.org/10.1016/0278-5846(88)90035-8
https://doi.org/10.1136/jnnp-2019-322338
https://doi.org/10.1136/jnnp-2019-322338
https://doi.org/10.1212/wnl.45.3_suppl_3.s6
https://doi.org/10.1212/wnl.45.3_suppl_3.s6
https://doi.org/10.1212/wnl.58.suppl_1.s1
https://doi.org/10.1212/wnl.58.suppl_1.s1
https://doi.org/10.1016/j.parkreldis.2016.12.003
https://doi.org/10.1016/j.parkreldis.2016.12.003
https://doi.org/10.1002/med.21923
https://doi.org/10.1002/med.21923
https://doi.org/10.1002/mds.28632
https://doi.org/10.1002/mds.28632
https://doi.org/10.1016/S0140-6736(14)61393-3
https://doi.org/10.1007/s00415-002-1204-4
https://doi.org/10.1007/s00415-002-1204-4
https://doi.org/10.1016/0014-2999(92)90556-j
https://doi.org/10.1016/0014-2999(92)90556-j
https://doi.org/10.1136/jnnp.53.11.1004
https://doi.org/10.1136/jnnp.53.11.1004
https://doi.org/10.1016/bs.irn.2017.01.006
https://doi.org/10.1016/bs.irn.2017.01.006
https://doi.org/10.3390/biom11010104
https://doi.org/10.3390/biom11010104
https://doi.org/10.1007/s00702-007-0727-3
https://doi.org/10.1007/s00702-007-0727-3
https://doi.org/10.1016/j.clinthera.2006.08.004
https://doi.org/10.1016/j.clinthera.2006.08.004
https://doi.org/10.1592/phco.20.2.17s.34627
https://doi.org/10.1592/phco.20.2.17s.34627
https://doi.org/10.1016/S1474-4422(04)00740-9
https://doi.org/10.1016/S1474-4422(04)00740-9
https://doi.org/10.3390/biomedicines9030314
https://doi.org/10.1017/s0317167100046266
https://doi.org/10.1017/s0317167100046266
https://doi.org/10.1007/s11064-007-9442-6
https://doi.org/10.1016/S0140-6736(09)60492-X
https://doi.org/10.1016/S0140-6736(09)60492-X
https://doi.org/10.1002/mds.26120
https://doi.org/10.1002/mds.26120
https://doi.org/10.1016/0006-8993(79)90907-7
https://doi.org/10.1016/0006-8993(79)90907-7

P.Jenner et al.

MacMahonCopas AN, McComish SF, Fletcher JM, Caldwell MA
(2021) The pathogenesis of Parkinson’s disease: a complex
interplay between astrocytes, microglia, and T lymphocytes?
Front Neurol 12:666737. https://doi.org/10.3389/fneur.2021.
666737

Maini Rekdal V, Bess EN, Bisanz JE, Turnbaugh PJ, Balskus EP (2019)
Discovery and inhibition of an interspecies gut bacterial pathway
for Levodopa metabolism. Science 364:eaau6323. https://doi.org/
10.1126/science.aau6323

Mao Q, Qin WZ, Zhang A, Ye N (2020) Recent advances in dopa-
minergic strategies for the treatment of Parkinson’s disease.
Acta Pharmacol Sin 41:471-482. https://doi.org/10.1038/
s41401-020-0365-y

McNaught KS, Carrupt PA, Altomare C, Cellamare S, Carotti A, Testa
B, Jenner P, Marsden CD (1998) Isoquinoline derivatives as
endogenous neurotoxins in the aetiology of Parkinson’s disease.
Biochem Pharmacol 56:921-933. https://doi.org/10.1016/s0006-
2952(98)00142-7

Missale C, Nash SR, Robinson SW, Jaber M, Caron MG (1998) Dopa-
mine receptors: from structure to function. Physiol Rev 78:189—
225. https://doi.org/10.1152/physrev.1998.78.1.189

Misu Y, Goshima Y (1993) Is L-dopa an endogenous neurotransmit-
ter? Trends Pharmacol Sci 14:119-123. https://doi.org/10.1016/
0165-6147(93)90082-u

Monje MHG, Blesa J, Garcia-Cabezas MA, Obeso JA, Cavada C
(2020) Changes in thalamic dopamine innervation in a progres-
sive Parkinson’s disease model in monkeys. Mov Disord 35:419—
430. https://doi.org/10.1002/mds.27921

Murata M (2010) Zonisamide: a new drug for Parkinson’s disease.
Drugs Today (barc) 46:251-258. https://doi.org/10.1358/dot.
2010.46.4.1490077

Nagao K, Ding C, Ganga G, Alty JE, Clissold BG, McColl CD, Rear-
don KA, Schiff M, Kempster PA (2019) Inferring the long dura-
tion response to levodopa in Parkinson’s disease. Parkinsonism
Relat Disord 60:133—137. https://doi.org/10.1016/j.parkreldis.
2018.09.002

Nissinen E, Mannisto PT (2010) Biochemistry and pharmacology
of catechol-O-methyltransferase inhibitors. Int Rev Neuro-
biol 95:73-118. https://doi.org/10.1016/B978-0-12-381326-8.
00005-3

Nutt JG, Woodward WR, Gancher ST, Merrick D (1987) 3-O-methyl-
dopa and the response to levodopa in Parkinson’s disease. Ann
Neurol 21:584-588. https://doi.org/10.1002/ana.410210610

Nutt JG, Carter JH, Lea ES, Sexton GJ (2002) Evolution of the
response to levodopa during the first 4 years of therapy. Ann
Neurol 51:686—693. https://doi.org/10.1002/ana.10189

Olanow CW (2019) Levodopa is the best symptomatic therapy for PD:
nothing more, nothing less. Mov Disord 34:812-815. https://doi.
org/10.1002/mds.27690

Olanow CW, Stocchi F (2018) Levodopa: a new look at an old friend.
Mov Disord 33:859-866. https://doi.org/10.1002/mds.27216

Olanow CW, Lees A, Obeso J (2008) Levodopa therapy for Parkinson’s
disease: challenges and future prospects. Mov Disord 23(Suppl
3):5495-496. https://doi.org/10.1002/mds.22048

Pagonabarraga J, Tinazzi M, Caccia C, Jost WH (2021) The role of
glutamatergic neurotransmission in the motor and non-motor
symptoms in Parkinson’s disease: clinical cases and a review
of the literature. J Clin Neurosci 90:178-183. https://doi.org/10.
1016/j.jocn.2021.05.056

Pinna A, Parekh P, Morelli M (2023) Serotonin 5-HT(1A) receptors
and their interactions with adenosine A(2A) receptors in Parkin-
son’s disease and dyskinesia. Neuropharmacology 226:109411.
https://doi.org/10.1016/j.neuropharm.2023.109411

Poewe W, Mahlknecht P (2020) Pharmacologic treatment of motor
symptoms associated with Parkinson disease. Neurol Clin
38:255-267. https://doi.org/10.1016/j.nc1.2019.12.002

@ Springer

Poewe W, Wenning GK (2000) Apomorphine: an underutilized therapy
for Parkinson’s disease. Mov Disord 15:789-794. https://doi.org/
10.1002/1531-8257(200009)15:5%3c789::aid-mds1005%3e3.0.
co;2-h

Poewe W, Seppi K, Tanner CM, Halliday GM, Brundin P, Volkmann
J, Lang AE (2017) Parkinson disease. Nat Rev Dis Primers
3:17013. https://doi.org/10.1038/nrdp.2017.13

Rascol O, Fabbri M, Poewe W (2021) Amantadine in the treatment
of Parkinson’s disease and other movement disorders. Lancet
Neurol 20:1048-1056. https://doi.org/10.1016/S1474-4422(21)
00249-0

Rommelfanger KS, Wichmann T (2010) Extrastriatal dopaminergic
circuits of the basal ganglia. Front Neuroanat 4:139. https://doi.
org/10.3389/fnana.2010.00139

Schapira AHV, Chaudhuri KR, Jenner P (2017) Non-motor features
of Parkinson disease. Nat Rev Neurosci 18:435-450. https://doi.
org/10.1038/nrn.2017.62

Seeman P (2015) Parkinson’s disease treatment may cause impulse-
control disorder via dopamine D3 receptors. Synapse 69:183—
189. https://doi.org/10.1002/syn.21805

Shiosaki K, Jenner P, Asin KE, Britton DR, Lin CW, Michaelides M,
Smith L, Bianchi B, Didomenico S, Hodges L, Hong Y, Mahan
L, Mikusa J, Miller T, Nikkel A, Stashko M, Witte D, Williams
M (1996) ABT-431: the diacetyl prodrug of A-86929, a potent
and selective dopamine D1 receptor agonist: in vitro charac-
terization and effects in animal models of Parkinson’s disease. J
Pharmacol Exp Ther 276:150-160

Smith LA, Jackson MJ, Al-Barghouthy G, Jenner P (2002) The actions
of a D-1 agonist in MPTP treated primates show dependence on
both D-1 and D-2 receptor function and tolerance on repeated
administration. J Neural Transm (vienna) 109:123-140. https://
doi.org/10.1007/s007020200009

Stocchi F, Vacca L, Berardelli A, De Pandis F, Ruggieri S (2001) Long-
duration effect and the postsynaptic compartment: study using a
dopamine agonist with a short half-life. Mov Disord 16:301-305.
https://doi.org/10.1002/mds.1070

Stocchi F, Jenner P, Obeso JA (2010) When do levodopa motor fluctua-
tions first appear in Parkinson’s disease? Eur Neurol 63:257-266.
https://doi.org/10.1159/000300647

Strange PG (1993) Dopamine receptors in the basal ganglia: relevance
to Parkinson’s disease. Mov Disord 8:263-270. https://doi.org/
10.1002/mds.870080303

Tan YY, Jenner P, Chen SD (2022) Monoamine oxidase-B inhibi-
tors for the treatment of Parkinson’s disease: past, present, and
future. J Parkinsons Dis 12:477-493. https://doi.org/10.3233/
JPD-212976

Temlett JA, Quinn NP, Jenner PG, Marsden CD, Pourcher E, Bonnet
AM, Agid Y, Markstein R, Lataste X (1989) Antiparkinsonian
activity of CY 208-243, a partial D-1 dopamine receptor ago-
nist, in MPTP-treated marmosets and patients with Parkinson’s
disease. Mov Disord 4:261-265. https://doi.org/10.1002/mds.
870040307

Titova N, Padmakumar C, Lewis SJG, Chaudhuri KR (2017) Parkin-
son’s: a syndrome rather than a disease? J Neural Transm (vienna)
124:907-914. https://doi.org/10.1007/s00702-016-1667-6

Tolosa E, Marti MJ, Valldeoriola F, Molinuevo JL (1998) History of
levodopa and dopamine agonists in Parkinson’s disease treat-
ment. Neurology 50(6 Suppl 6):5S2-10

Torrisi SA, Geraci F, Contarini S, Drago F, Leggio GM (2023) Dopa-
mine D3 receptor, cognition and cognitive dysfunctions in neu-
ropsychiatric disorders: from the bench to the bedside. Curr Top
Behav Neurosci 60:133-156. https://doi.org/10.1007/7854_
2022_326

Treseder SA, Rose S, Jenner P (2001) The central aromatic amino
acid DOPA decarboxylase inhibitor, NSD-1015, does not inhibit
L-DOPA-induced circling in unilateral 6-OHDA-lesioned-rats.


https://doi.org/10.3389/fneur.2021.666737
https://doi.org/10.3389/fneur.2021.666737
https://doi.org/10.1126/science.aau6323
https://doi.org/10.1126/science.aau6323
https://doi.org/10.1038/s41401-020-0365-y
https://doi.org/10.1038/s41401-020-0365-y
https://doi.org/10.1016/s0006-2952(98)00142-7
https://doi.org/10.1016/s0006-2952(98)00142-7
https://doi.org/10.1152/physrev.1998.78.1.189
https://doi.org/10.1016/0165-6147(93)90082-u
https://doi.org/10.1016/0165-6147(93)90082-u
https://doi.org/10.1002/mds.27921
https://doi.org/10.1358/dot.2010.46.4.1490077
https://doi.org/10.1358/dot.2010.46.4.1490077
https://doi.org/10.1016/j.parkreldis.2018.09.002
https://doi.org/10.1016/j.parkreldis.2018.09.002
https://doi.org/10.1016/B978-0-12-381326-8.00005-3
https://doi.org/10.1016/B978-0-12-381326-8.00005-3
https://doi.org/10.1002/ana.410210610
https://doi.org/10.1002/ana.10189
https://doi.org/10.1002/mds.27690
https://doi.org/10.1002/mds.27690
https://doi.org/10.1002/mds.27216
https://doi.org/10.1002/mds.22048
https://doi.org/10.1016/j.jocn.2021.05.056
https://doi.org/10.1016/j.jocn.2021.05.056
https://doi.org/10.1016/j.neuropharm.2023.109411
https://doi.org/10.1016/j.ncl.2019.12.002
https://doi.org/10.1002/1531-8257(200009)15:5%3c789::aid-mds1005%3e3.0.co;2-h
https://doi.org/10.1002/1531-8257(200009)15:5%3c789::aid-mds1005%3e3.0.co;2-h
https://doi.org/10.1002/1531-8257(200009)15:5%3c789::aid-mds1005%3e3.0.co;2-h
https://doi.org/10.1038/nrdp.2017.13
https://doi.org/10.1016/S1474-4422(21)00249-0
https://doi.org/10.1016/S1474-4422(21)00249-0
https://doi.org/10.3389/fnana.2010.00139
https://doi.org/10.3389/fnana.2010.00139
https://doi.org/10.1038/nrn.2017.62
https://doi.org/10.1038/nrn.2017.62
https://doi.org/10.1002/syn.21805
https://doi.org/10.1007/s007020200009
https://doi.org/10.1007/s007020200009
https://doi.org/10.1002/mds.1070
https://doi.org/10.1159/000300647
https://doi.org/10.1002/mds.870080303
https://doi.org/10.1002/mds.870080303
https://doi.org/10.3233/JPD-212976
https://doi.org/10.3233/JPD-212976
https://doi.org/10.1002/mds.870040307
https://doi.org/10.1002/mds.870040307
https://doi.org/10.1007/s00702-016-1667-6
https://doi.org/10.1007/7854_2022_326
https://doi.org/10.1007/7854_2022_326

Adopting the Rumsfeld approach to understanding the action of levodopa and apomorphineiin...

Eur J Neurosci 13:162-170. https://doi.org/10.1046/j.0953-816x. Yang P, Perlmutter JS, Benzinger TLS, Morris JC, Xu J (2020) Dopa-

2000.01370.x mine D3 receptor: a neglected participant in Parkinson disease
Treseder SA, Rose S, Summo L, Jenner P (2003) Commonly used pathogenesis and treatment? Ageing Res Rev 57:100994. https://

L-amino acid decarboxylase inhibitors block monoamine oxi- doi.org/10.1016/j.arr.2019.100994

dase activity in the rat. J] Neural Transm (vienna) 110:229-238.

https://doi.org/10.1007/s00702-002-0778-4 Publisher's Note Springer Nature remains neutral with regard to

van Rumund A, Pavelka L, Esselink RAJ, Geurtz BPM, Wevers RA, jurisdictional claims in published maps and institutional affiliations.
Mollenhauer B, Kriiger R, Bloem BR, Verbeek MM (2021)
Peripheral decarboxylase inhibitors paradoxically induce aro-
matic L-amino acid decarboxylase. NPJ Parkinsons Dis 7:29.
https://doi.org/10.1038/s41531-021-00172-z
Wade LA, Katzman R (1975) 3-O-methyldopa uptake and inhibition of
L-dopa at the blood-brain barrier. Life Sci 17:131-136. https://
doi.org/10.1016/0024-3205(75)90248-9

@ Springer


https://doi.org/10.1046/j.0953-816x.2000.01370.x
https://doi.org/10.1046/j.0953-816x.2000.01370.x
https://doi.org/10.1007/s00702-002-0778-4
https://doi.org/10.1038/s41531-021-00172-z
https://doi.org/10.1016/0024-3205(75)90248-9
https://doi.org/10.1016/0024-3205(75)90248-9
https://doi.org/10.1016/j.arr.2019.100994
https://doi.org/10.1016/j.arr.2019.100994

	Adopting the Rumsfeld approach to understanding the action of levodopa and apomorphine in Parkinson’s disease
	Abstract
	Introduction
	Setting the dopaminergic scene in Parkinson’s disease
	Apomorphine—just a dopamine agonist?
	Levodopa—a complex pharmacological conundrum
	Levodopa—the ‘unknown unknowns’
	Is there a way forward?
	Acknowledgements 
	References


