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Abstract

This review provides an update about cardiac sympathetic denervation in Lewy body diseases.

The family of Lewy body diseases includes Parkinson’s disease (PD), pure autonomic failure
(PAF), and dementia with Lewy bodies (DLB). All three feature intra-neuronal cytoplasmic
deposits of the protein, alpha-synuclein. Multiple system atrophy (MSA), the parkinsonian form

of which can be difficult to distinguish from PD with orthostatic hypotension, involves glial
cytoplasmic inclusions that contain alpha-synuclein. By now there is compelling neuroimaging,
neuropathologic, and neurochemical evidence for cardiac sympathetic denervation in Lewy body
diseases. In addition to denervation, there is decreased storage of catecholamines in the residual
terminals. The degeneration develops in a centripetal, retrograde, “dying back” sequence. Across
synucleinopathies the putamen and cardiac catecholaminergic lesions seem to occur independently
of each other, whereas non-motor aspects of PD (e.g., anosmia, dementia, REM behavior disorder,
OH) are associated with each other and with cardiac sympathetic denervation. Cardiac sympathetic
denervation can be caused by synucleinopathy in inherited PD. According to the catecholaldehyde
hypothesis, 3,4-dihydroxyphenylacetaldehyde (DOPAL), an intermediary metabolite of dopamine,
causes or contributes to the death of catecholamine neurons, especially by interacting with
proteins such as alpha-synuclein. DOPAL oxidizes spontaneously to DOPAL-quinone, which
probably converts alpha-synuclein to its toxic oligomeric form. Decreasing DOPAL production
and oxidation might slow the neurodegenerative process. Tracking cardiac sympathetic innervation
over time could be the basis for a proof of principle experimental therapeutics trial targeting
DOPAL.
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Introduction: The family of Lewy body diseases

Lewy body diseases are a family of neurodegenerative disorders characterized by intra-
neuronal cytoplasmic inclusions that have a characteristic histopathologic appearance upon
hematoxylin/eosin staining. The inclusions were first described by Friedrich Heinrich Lewy
in 1912 (Holdorff, 2002) in brainstem regions including the dorsal motor nucleus of the
vagus nerve in patients with idiopathic Parkinson’s disease (PD). In 1919 Tretiakoff noted
what he called “Lewy bodies” in the substantia nigra in PD (Lees et al., 2008).

In 1997 it was reported that Lewy bodies contain the protein, alpha-synuclein (Spillantini et
al., 1997) and that mutation of the gene encoding alpha-synuclein causes familial PD in a
kindred in which the disease is transmitted as an autosomal dominant trait (Polymeropoulos
et al., 1997). Subsequent genome wide association studies agreed that variants of the
alpha-synuclein gene increase the risk of developing PD (Edwards et al., 2010; Satake

et al., 2009). The current understanding is that sporadic PD is a Lewy body form of
synucleinopathy.

Pure autonomic failure (PAF) is a rare but scientifically important Lewy body disease in
which the patients have neurogenic orthostatic hypotension (OH) without signs of central
neurodegeneration (Hague et al., 1997; Miura et al., 2001; van Ingelghem et al., 1994).
Dementia with Lewy bodies (DLB) is characterized clinically by fluctuating cognitive
function, visual hallucinations, and parkinsonism and neuropathologically by Lewy bodies
in the brainstem or cortex (McKeith et al., 1996). When dementia follows PD by at least 1
year, then by consensus this is called PD with dementia (PDD) (Gomperts, 2016). Incidental
Lewy body disease (ILBD) is defined by Lewy bodies discovered upon post-mortem
neuropathology, without PD having been diagnosed during life (lacono et al., 2015). Lewy
bodies have also been reported in cases of neurodegeneration with brain iron accumulation
(Jellinger, 2003), a heterogeneous group of rare inherited neurodegenerative diseases (Tello
etal., 2017).

Neuroimaging and neuropathologic evidence of cardiac sympathetic

denervation in Lewy body diseases

The year 1997, which saw the first reports of an identified genetic cause of PD
(Polymeropoulos et al., 1997) and of alpha-synuclein deposition in Lewy bodies (Spillantini
et al., 1997), also saw the first report of neuroimaging evidence indicating cardiac
sympathetic denervation in Lewy body diseases (Goldstein et al., 1997) (Figure 1).

Numerous subsequent studies, based mainly on 123|-metaiodobenzylguanidine (1231-MIBG)
scanning, have agreed universally on the finding of decreased myocardial noradrenergic
innervation in PD, PAF, and, more recently DLB (Goldstein, 2003; Jost et al., 2010;
Kashihara et al., 2006; Suzuki et al., 2006; Treglia et al., 2012). 123]-MIBG scanning can
be used to distinguish DLB from Alzheimer’s disease (Manabe et al., 2017; Miyoshi et al.,
2013).
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Post-mortem neuropathological studies have agreed on the finding of decreased
immunoreactive tyrosine hydroxylase (TH, a marker of sympathetic noradrenergic
innervation) in epicardial, myocardial, or sympathetic ganglion tissue from patients with
PD, PAF, DLB, and ILBD (Dickson et al., 2008; Fujishiro et al., 2008; Orimo et al., 20053;
Orimo et al., 2006; Orimo et al., 2007b; Orimo et al., 2008b).

In confirmation of the validity of cardiac sympathetic neuroimaging to identify myocardial
noradrenergic deficiency, the extent of myocardial sympathetic innervation by 1231-MIBG
scanning has been found to correlate positively with myocardial immunoreactive TH
(Takahashi et al., 2015). We recently found a strong positive correlation between myocardial
18F_dopamine-derived radioactivity and myocardial norepinephrine content (unpublished
observations).

Profound myocardial norepinephrine deficiency in Lewy body diseases

Only recently has the extreme extent of myocardial norepinephrine depletion in PD
become evident (Goldstein et al., 2014). In an extension of the published study, we
simultaneously assayed apical myocardial concentrations of norepinephrine, dopamine
(from which norepinephrine is synthesized in storage vesicles in sympathetic nerves), and
3,4-dihydroxyphenylglycol (DHPG, the main neuronal metabolite of norepinephrine) in
patients with autopsy-proven PD and control subjects. Compared to controls, PD patients
had a 96% mean decrease in tissue norepinephrine content (Figure 2), accompanied by

a 90% mean decrease in dopamine, which in sympathetic nerves is the precursor of
norepinephrine, and an 89% decrease in DHPG, the main intra-neuronal metabolite of
norepinephrine.

Limited data so far suggest if anything even more severe myocardial norepinephrine
deficiency in PAF than in PD (unpublished observations; Figure 2). In contrast, MSA is
associated with generally normal immunoreactive TH in epicardial nervous tissue (Orimo et
al., 2008b; Orimo et al., 2012) and myocardial norepinephrine content (Figure 2), although
cases of MSA with cardiac sympathetic denervation have been described (Cook et al., 2014;
Orimo et al., 2007a).

About 30-40% of PD patients have orthostatic hypotension (OH) (Velseboer et al., 2011).
In PD, OH often is an early rather than late finding (Goldstein, 2006; Kim et al., 2012).
All patients with PD+OH have neuroimaging evidence of cardiac sympathetic denervation
(Goldstein and Orimo, 2009; Jain and Goldstein, 2012).

The results therefore demonstrate drastic cardiac norepinephrine deficiency in Lewy body
diseases. The myocardial noradrenergic lesion in PD is about equal in severity to the
putamen dopaminergic lesion that underlies the motor signs (Goldstein et al., 2011c; Kish et
al., 1988).
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Decreased vesicular storage: A common theme in catecholaminergic
neurodegeneration

Considering the decrease in immunoreactive TH in epicardial nerve tissue from PD patients,
one might presume that myocardial norepinephrine deficiency in PD directly and solely
reflects cardiac sympathetic denervation. Quantification of TH axon area/total area in apical
myocardial tissue has indicated about an 84% decrease in cardiac sympathetic innervation in
PD (Takahashi et al., 2015). This value agrees well with the estimated value of 88% based
on the rate of endogenous DOPA production in the heart (Goldstein et al., 2014).

The extent of loss of myocardial norepinephrine, however, is more severe than the loss of
innervation. A potential resolution of this discrepancy would be a decreased ability to store
catecholamines in the residual terminals. Accumulating evidence supports the concept of
decreased vesicular sequestration of cytoplasmic catecholamines in myocardial sympathetic
nerves in Lewy body diseases.

The first evidence for decreased vesicular storage in residual sympathetic nerves in Lewy
body diseases came from a study of simultaneously measured myocardial 18F-dopamine-
derived radioactivity and arterial 18F-dihydroxyphenylacetic acid (:3F-DOPAC) levels. As
shown in the concept diagram in Figure 3, reduced vesicular uptake would result in higher
18F_DOPAC levels than expected for myocardial 18F-dopamine-derived radioactivity. This
pattern was observed in patients with PD or PAF and not in MSA (Goldstein et al., 2011a).

According to the concept diagram in Figure 4, a vesicular storage defect would also be
expected to increase the slope of the mono-exponential decline in 18F-dopamine-derived
radioactivity (Goldstein et al., 1991). We observed this phenomenon in patients with PD or
PAF—including patients with inherited PD from abnormalities of the alpha-synuclein gene
(Goldstein et al., 2011a) (Figure 5).

Further support for decreased vesicular storage in sympathetic noradrenergic nerves in
Lewy body diseases has come from a study on arterial plasma levels of 6F-DOPAC and
DHPG in PD+OH vs. the parkinsonian form of MSA. PD+OH was associated with elevated
ratios of 6F-DOPAC/DHPG, consistent with decreased vesicular sequestration after taking
sympathetic denervation into account; MSA-P was not (Goldstein et al., 2015).

A post-mortem study provided evidence for a vesicular storage defect in the residual
myocardial noradrenergic terminals in PD (Goldstein et al., 2014). Based on the known
intracellular pathways of norepinephrine synthesis and turnover (Figure 6), we validated

5 different indices of vesicular sequestration in mice with inherited deficient activity

of the type-2 vesicular monoamine transporter (VMAT), the form of the VMAT that

is expressed in sympathetic nerves. By all 5 indices, PD patients who had myocardial
norepinephrine depletion also had remarkably decreased vesicular sequestration of
cytoplasmic catecholamines (Figure 7). From the observed abnormalities, coupled with
previously obtained data about cardiac norepinephrine spillover (Goldstein et al., 2000) and
arterial and coronary sinus concentrations of DOPA, DOPAC, and DHPG, we estimated a

Brain Res. Author manuscript; available in PMC 2023 December 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Goldstein and Sharabi

Page 5

67% decrease in norepinephrine synthesis or vesicular storage in the residual myocardial
nerves in PD (Figure 8).

Vesicular uptake limits the buildup of toxic products of enzymatic and spontaneous
oxidation of catecholamines. A vesicular storage defect could therefore play a pathogenic
role in the death of catecholaminergic neurons, as explained below in the section on
catecholamine autotoxicity.

Analogously decreased vesicular storage in putamen dopaminergic

terminals

Analogous to the findings in the heart, there is accumulating evidence for a vesicular
storage defect also in the residual nigrostriatal dopaminergic terminals in parkinsonian
synucleinopathies. We used putamen tissue levels and ratios of cysteinyl and parent
catechols to explore possible denervation-independent abnormalities of dopamine synthesis
and fate in PD and MSA (Figure 9). 5-S-Cysteinyldopa (Cys-DOPA) is produced from
spontaneous oxidation of DOPA and 5-S-cysteinyldopamine (Cys-DA) from spontaneous
oxidation of DA. Post-mortem putamen tissue samples from PD and MSA patients

and controls were assayed for endogenous catechols including DA, its cytoplasmic
metabolites (Cys-DA, 3,4-dihydroxyphenylacetic acid, 3,4-dihydroxyphenylethanol, and
3,4-dihydroxyphenylacetaldehyde), and tyrosine hydroxylation products proximal to DA
(DOPA and Cys-DOPA). The PD and MSA groups did not differ in mean values of parent
or cysteinyl catechols, and the data for the two groups were combined. In the patients

an index of vesicular storage of DA (the ratio of DA to the sum of its cytoplasmic
metabolites) averaged 54% of control; an index of L-aromatic-amino-acid decarboxylase
(LAAAD) activity (the ratio of DA and the sum of its cytoplasmic metabolites to the sum
of DOPA+Cys-DOPA) averaged 21% of control; and an index of innervation (the sum of
DOPA+Cys-DOPA) averaged 63% of control. Based on the patterns of parent and cysteinyl
catechols in putamen tissue, PD and MSA therefore both involve decreased vesicular uptake
and decreased LAAAD activity in the residual dopaminergic terminals (Goldstein et al.,
2017b).

There seem to be multiple determinants of decreased vesicular sequestration of cytoplasmic
catecholamines in the striatum in patients with parkinsonian synucleinopathies. Decreased
vesicular storage could be due to limited availability of ATP required for the energy-
requiring vesicular uptake process, decreased expression or activity of VMAT2 (Taylor

et al., 2014), decreased axonal transport of vesicles or vesicle-associated proteins (Chu

et al., 2012; Gaugler et al., 2012; Lundblad et al., 2012), or vesicle permeabilization
(Plotegher et al., 2017). Pifl et al. (Pifl et al., 2014) isolated dopamine storage vesicles
from the striatum of autopsied brains of PD patients and found that (1) vesicular uptake of
dopamine was decreased by 87-90% and VMAT2 binding by 71-80%; (2) after correcting
for dopaminergic terminal loss, dopamine uptake per VMAT?2 transport site was reduced
by 55%; and dopamine efflux studies and measurements of acidification in the vesicular
preparations suggested that the dopamine storage impairment was localized at the VMAT?2
protein itself.
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Centripetal, retrograde degeneration of cardiac sympathetic nerves in Lewy
body diseases

Previous reports have provided immunohistochemical evidence for a particular sequence of
catecholaminergic denervation in PD and other Lewy body diseases. Loss of the myocardial
axons occurs before loss of the neuronal cell bodies in sympathetic ganglia, suggesting

a centripetal, or “die-back,” sequence (Orimo et al., 2008b). There is earlier loss of the
relatively more distal inferolateral free wall than anterobasal septum innervation (Jain and
Goldstein, 2012; Li et al., 2002) (Figure 10).

We recently evaluated this hypothesis by measuring apical myocardial and sympathetic
ganglionic concentrations of catechols in patients with PD or PAF and in control subjects.
Myocardial norepinephrine in the Lewy body disease group averaged 3.4% that in the
control group, whereas sympathetic ganglion norepinephrine in the Lewy body disease
group averaged 64% that in the control group—about a 20-fold difference in severity of
norepinephrine depletion in the myocardium compared to sympathetic ganglion. The results
indicate far greater loss of norepinephrine in the myocardial target tissue than in the ganglia,
consistent with the die-back concept (unpublished observations).

Independent putamen and cardiac catecholamine lesions in
synucleinopathies

Braak’s neuropathological staging concept imputes early autonomic involvement (Braak
et al., 2004; Del Tredici et al., 2010; Del Tredici and Braak, 2012). Consistent with this
concept, we reported a case of neuroimaging evidence of cardiac sympathetic denervation
preceding by about 4 years the motor onset of PD (Goldstein et al., 2007b).

Across individual PD patients, however, neither the severity of sympathetic denervation as
assessed by cardiac 18F-dopamine neuroimaging nor values for measures of other non-motor
manifestations are related to the severity of loss of nigrostriatal dopaminergic neurons as
assessed by 18F-DOPA neuroimaging (Goldstein et al., 2008; Goldstein et al., 2011b).
Similar results have been reported based on cardiac 11C-meta-hydroxyephedrine and striatal
11c.dihydrotetrabenazine binding (Raffel et al., 2006) and cardiac 123]-MIBG and brain
123)_joflupane scanning (Lamotte et al., 2015). Therefore, autonomic dysfunction, at least
as reflected by sympathetic noradrenergic denervation, seems to occur independently of the
dopaminergic lesion that produces the movement disorder. Because of this independence,
although neuroimaging evidence of cardiac sympathetic denervation invariably progresses
over time in PD and can come on years before the movement disorder, the denervation can
also be a late finding (Figure 10).
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Myocardial sympathetic lesion and non-motor manifestations of Lewy body

diseases

In PD, anosmia, REM behavior disorder, cognitive dysfunction, and OH all have been
associated with cardiac sympathetic denervation (Goldstein et al., 2002) (Goldstein et al.,
2009; Kashihara et al., 2010; Kim et al., 2009).

Almost all patients with PD have at least some olfactory dysfunction, and a substantial
minority have absent sense of smell—anosmia. Olfactory function can be quantified by the
University of Pennsylvania Smell Identification Test (UPSIT). Among patients with alpha-
synucleinopathies, UPSIT scores are correlated positively with myocardial noradrenergic
innervation as assessed by cardiac sympathetic neuroimaging (Goldstein et al., 2008).

Several sleep disorders are associated with PD; however, REM behavior disorder stands out.
In REM behavior disorder, the patients act out their dreams (“dream enactment behavior’)
and thrash about in bed. Polysomnography shows absence of the atonia that normally
accompanies REM sleep. REM behavior disorder patients have substantial myocardial
noradrenergic denervation as indicated by cardiac sympathetic neuroimaging. Indeed, heart/
mediastinum ratios of 123|-MIBG-derived radioactivity have been reported to be even more
severely decreased in REM behavior disorder than in PD (Kashihara et al., 2010).

PD patients commonly eventually develop dementia. In some patients, dementia precedes
the movement disorder or dominates the clinical picture, or the presence of visual
hallucinations and fluctuating cognition leads to a diagnosis of dementia with Lewy

bodies (DLB) when the clinical findings are insufficient to diagnose PD. DLB features
neuroimaging evidence of substantial cardiac sympathetic denervation. In this regard, DLB
differs from Alzheimer’s disease, in which cardiac sympathetic innervation is thought to

be generally intact. Because of this distinction, cardiac sympathetic neuroimaging has been
proposed as a means to diagnose DLB differentially from Alzheimer’s disease (Kobayashi et
al., 2009) (Yoshita et al., 2006).

It has been reported that among PD patients, it is specifically the subgroup with non-motor
manifestations that has neuroimaging evidence of cardiac sympathetic denervation (Kim
etal., 2017). About % of PD patients without OH have diffusely decreased 18F-dopamine-
derived radioactivity in the left ventricular myocardium, in contrast with all PD+OH patients
(Goldstein et al., 2011a; Jain and Goldstein, 2012).

Mechanisms for the association between non-motor manifestations and neuroimaging
evidence for cardiac sympathetic denervation remain unknown. A hypothesis for future
research is that they are linked because they involve depletion of norepinephrine.

Cardiac sympathetic denervation linked to synucleinopathy in Lewy body

diseases

Cardiac sympathetic denervation seems to be linked etiologically to synucleinopathy.
Patients with PD due to inherited alpha-synucleinopathy, either from mutation of the gene
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encoding alpha-synuclein or from replication of the normal alpha-synuclein gene, have
neuroimaging or neuropathologic evidence of cardiac sympathetic denervation (Goldstein et
al., 2001; Orimo et al., 2008a; Singleton et al., 2004). Patients carrying the E46K mutation
of the alpha-synuclein gene have neuroimaging evidence of cardiac sympathetic denervation
(Tijero et al., 2013), even before abnormal striatal 1231-FP-CIT scanning (Tijero et al., 2010).
Cardiac sympathetic denervation has also been reported in Gaucher/PD and in PD associated
with LRRK2 mutation, both of which can involve Lewy bodies (Goldstein et al., 2007a;
Lebouvier et al., 2014). Meanwhile, patients with familial PD due to parkin gene mutation,
which is not typically associated with Lewy bodies, have been reported to have normal
cardiac sympathetic innervation (Orimo et al., 2005b).

Both PARK1 and PARK4 are associated with physiological evidence of baroreflex-
sympathoneural failure and neuroimaging evidence of cardiac noradrenergic denervation
(Goldstein et al., 2001; Singleton et al., 2004), establishing that inherited alpha-
synucleinopathy can cause catecholaminergic neurodegeneration both in the brain and
periphery. A recent study reported alpha-synuclein aggregates in the sympathetic ganglia
or myocardium in all patients with PD or DLB (Gelpi et al., 2014).

Functional and symptomatic effects of cardiac sympathetic denervation

The functional effects of cardiac sympathetic denervation in Lewy body diseases are poorly
understood. Cardiac sympathetic denervation probably does not affect cardiac structure or
function under resting conditions; however, patients with cardiac sympathetic denervation
due to PD+OH or PAF have a failure to increase myocardial contractility in response to
stimuli that depend on endogenous norepinephrine release (Imrich et al., 2008). Thus, during
stresses such as exercise, there might be limited ability to increase cardiac inotropy, and

the patient might have dyspnea on exertion or fatigue. Even in this situation, however, a
combination of denervation supersensitivity, generally unaffected adrenomedullary release
of epinephrine, and baroreflex failure could mask the effect.

The catecholamine autotoxicity theory and catecholaldehyde hypothesis

Alpha-synuclein overexpression increases cytoplasmic dopamine concentrations (Mosharov
et al., 2006), inhibits VMAT?2 activity (Guo et al., 2008), and down-regulates VMAT2 gene
expression (Lotharius et al., 2002). Conditional over-expression of the protein in PC12
cells exerts a cytotoxic effect that is prevented by blocking dopamine synthesis (Ito et

al., 2010). These abnormalities promote build-up of the deaminated dopamine metabolite
3,4-dihydroxyphenylacetaldehyde (DOPAL). The “catecholaldehyde hypothesis” states that
increased levels of DOPAL cause or contribute to the death of nigrostriatal dopaminergic
neurons in PD (Burke et al., 2003) (Figure 11).

DOPAL potently oligomerizes alpha-synuclein (Burke et al., 2008; Mazzulli et al., 2006),
and the oligomers are thought to be toxic (Winner et al., 2011). DOPAL-induced oligomers
of alpha-synuclein impede vesicular sequestration of catecholamines by permeabilizing
vesicles (Plotegher et al., 2017). Interactions of DOPAL with alpha-synuclein, via decreased
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vesicular uptake or augmented vesicular leakage, therefore could set the stage for multiple
pathogenic positive feedback loops.

DOPAL spontaneously oxidizes to form DOPAL-quinone. DOPAL-quinone may be
responsible for DOPAL-induced oligomerization of alpha-synuclein, since anti-oxidants
interfere with or prevent the oligomerization (Follmer et al., 2015). It has been proposed
that DOPAL-quinone forms adducts with lysine residues in proteins (Follmer et al., 2015),
altering protein function functions or causing them to form toxic oligomers (Anderson et
al., 2016; Follmer et al., 2015). The oxidation of DOPAL also generates reactive oxygen
species, which can lead to lipid peroxidation via formation of hydroxyl radicals (Li et

al., 2001). Lipid peroxidation products inhibit ALDH and therefore build up cytoplasmic
DOPAL (Florang et al., 2007)—another positive feedback loop.

There are several other ways that DOPAL may act alone or in concert with other compounds
to cause death of dopaminergic neurons. DOPAL can bind covalently to dopamine to form
tetrahydropapaveroline (Marchitti et al., 2007; Walsh et al., 1970), it can react with hydrogen
peroxide and divalent metal cations to produce extremely harmful hydroxyl radicals (Li
etal., 2001), and it can oxidize spontaneously to form reactive oxygen species and DOPAL-
quinone.

There is indirect evidence that elevated levels of DOPAL play a pathogenetic role in PD.
Exogenous DOPAL is cytotoxic (Panneton et al., 2010), decreased DOPAL detoxification by
ALDH is associated with aging-related parkinsonism in genetic animal models (Wey et al.,
2012), and exogenous agents that elevate DOPAL levels produce acquired parkinsonism

in animals (Lamensdorf et al., 2000a; Lamensdorf et al., 2000b; Sherer et al., 2003).
Nevertheless, as yet there is no evidence that manipulations decreasing DOPAL formation or
decreasing DOPAL oxidation to DOPAL-quinone slow the neurodegenerative process in PD.

implications of cardiac sympathetic denervation in Lewy body

Based on the concept diagram in Figure 11, combining an MAQ inhibitor with an anti-
oxidant that is bioavailable to catecholaminergic neurons should decrease DOPAL formation
and toxicity.

Hydroxytyrosol (synonymous with 3,4-dihydroxyphenylethanol, DOPET) is the main anti-
oxidant in olives (Raederstorff, 2009). We recently reported that exogenous DOPET
(hydroxytyrosol) prevents MAO inhibitor-induced increases in Cys-DA levels in PC12 cells
(Goldstein et al., 2016). Potential limitations of DOPET are that as a catechol it feedback-
inhibits TH (Laschinski et al., 1986), and its bioavailability is poor (de la Torre, 2008;
Goldstein et al., 2017a; Kountouri et al., 2007).

N-Acetylcysteine (NAC) is a precursor of the cellular anti-oxidant, glutathione, and in PD
patients NAC increases brain glutathione levels (Holmay et al., 2013). Oral NAC increases
cerebrospinal fluid NAC concentrations to about 10 uM (Reyes et al., 2016), and in mice
neuronal reduced glutathione levels and anti-oxidant capacity are augmented at NAC doses
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that produce peak cerebrospinal fluid NAC concentrations of =50 nM. Thus, NAC seems to
have good bioavailability to the brain.

As noted above, DOPAL-quinone may mediate reactivity of DOPAL with lysine-rich
proteins such as alpha-synuclein (Follmer et al., 2015). NAC inhibits the protein reactivity
of DOPAL, presumably via decreased DOPAL-quinone production (Anderson et al., 2016).
Application of a recently described method to measure ortho-quinones by near-infrared
spectroscopy (Mazzulli et al., 2016) has shown that NAC inhibits the oxidation of DOPAL
to DOPAL-quinone (unpublished observations). Finally, NAC inhibits the DOPAL-induced
oligomerization of alpha-synuclein (Anderson et al., 2016). A case is building for a proof of
principle experimental therapeutics trial to test whether combining an MAO inhibitor with
NAC slows the loss of myocardial sympathetic neurons in Lewy body diseases.
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ABBREVIATIONS
ALDH aldehyde dehydrogenase
AR aldehyde/aldose reductase
Cys-DA 5-S-cysteinyldopamine
Cys-DOPA 5-S-Cysteinyldopa
DA dopamine
DA-Q dopamine quinone
DHPG 3,4-dihydroxyphenylglycol
DLB dementia with Lewy bodies
DOPAC 3,4-dihydroxyphenylacetic acid
DOPAL 3,4-dihydroxyphenylacetaldehyde
DOPAL-Q DOPAL quinone
DOPET 3,4-dihydroxyphenylethanol
GSH reduced glutathione
4-HNE 4-hydroxynonenal
ILBD Incidental Lewy body disease
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LAAAD L-aromatic-amino-acid decarboxylase

MD malondialdehyde

1231I.MIBG 123)_metaiodobenzylguanidine

MSA multiple system atrophy

NE norepinephrine

NET cell membrane norepinephrine transporter

OH orthostatic hypotension

PAF pure autonomic failure

PD Parkinson’s disease

PDD Parkinson’s disease with dementia

TH tyrosine hydroxylase

VMAT2 type 2 vesicular monoamine transporter
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Bepa

Figure 1: 13N-Ammonia and 18F-dopamine thoracic positron emission tomographic images from
a normal control subject, a patient with pure autonomic failure (PAF), a patient with multiple
system atrophy (MSA), and a patient with Parkinson’s disease (PD).

Note markedly decreased myocardial 18F-dopamine-derived radioactivity in PAF and PD.
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Figure 2: Myocardial tissue contents of (left) norepinephrine and (right) 6 endogenous catechols
in PD, PAF, and MSA.
Numbers in white boxes show the numbers of patients. Note large decreases in

norepinephrine and the sum of endogenous catechols in PD and PAF.
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Figure 3: Concept diagram showing effects of denervation, decreased vesicular uptake, and
combined denervation and decreased vesicular uptake on myocardial 18F-dopamine-derived
radioactivity and arterial plasma 18F-dihydroxyphenylacetic acid (18F-DOPAC).

Circles placed to indicate increased arterial 18F-DOPAC/18F-dopamine-derived radioactivity
as an inverse index of vesicular uptake.
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Figure 4: Concept diagram showing effects of denervation, and combined denervation and
decreased vesicular uptake on myocardial 18F-dopamine-derived radioactivity.

Denervation should decrease peak initial radioactivity (8’ Rad.), and decreased vesicular
uptake should increase the slope of decline of radioactivity (k8’-25").
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Figure 5: Mean (£ SEM) interventricular septal myocardial concentrations of 18F-dopamine-
derived radioactivity in groups with synucleinopathies or desipramine (DMI)-treated control
subjects.

PARK1, PARK4, PD with orthostatic hypotension (PD+OH), and PAF are associated with

accelerated declines in radioactivity, whereas MSA and DMI treatment are not.
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Figure 6: Concept diagram about sources and metabolic fates of catecholamines in myocardial
sympathetic nerves.

Under resting conditions, loss of norepinephrine (NE) from the neurons is due mainly to
passive leakage from the vesicles (NEv) into the cytosol (NEc), followed by enzymatic
deamination catalyzed by monoamine oxidase (MAQ). Cytosolic NE is taken up into the
vesicles via the type 2 vesicular monoamine transporter (VMAT). Release by exocytosis
from the vesicles, with escape of reuptake via the cell membrane NE transporter (NET), is
a minor determinant of NE turnover. NE loss is balanced by catecholamine biosynthesis
from the action of cytosolic L-aromatic-amino-acid decarboxylase (LAAAD) on 3,4-
dihydroxyphenylalanine (DOPA) produced from tyrosine (TYR) by tyrosine hydroxylase
(TH) and of dopamine-beta-hydroxylase (DBH), which is localized in the vesicles. The
action of MAO on cytosolic DA produces 3,4-dihydroxyphenylacetaldehyde (DOPAL)

and on NE produces 3,4-dihydroxyphenylglycolaldehyde (DOPEGAL). DOPEGAL is
mainly reduced by aldehyde/aldose reductase (AR), to form 3,4-dihydroxyphenylglycol
(DHPG), and DOPAL is mainly oxidized by aldehyde dehydrogenase (ALDH) to form 3,4-
dihydroxyphenylacetic acid (DOPAC). When vesicular uptake is attenuated, as in VMAT2-
Lo mice, myocardial NE depletion reflects decreased NE synthesis, because less DA is
taken up into the vesicles and more is deaminated to form DOPAC. Furthermore, decreased
reuptake of NE that leaks from vesicles into the cytoplasm, where the NE is deaminated and
is converted to DHPG, accelerates the turnover of NE. Decreased vesicular sequestration of
cytoplasmic catecholamines would be expected to produce 5 alterations in ratios of catechols
in myocardial tissue.
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Figure 7: Mean (£ SEM) ratios of catechols in myocardial tissue from (left) PD patients with
norepinephrine depletion (NE Depl.) and control subjects (CON) and (right) mice with very low
VMAT?2 activity (VMAT2-Lo) and wild type (WT) mice.

Note similar abnormalities of indices of vesicular storage in PD patients with norepinephrine
depletion and in VMAT-2 Lo mice.
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Figure 8: Estimated rates of processes in myocardial sympathetic nerves in control subjects and
in PD patients.

Norepinephrine (NE) depletion reflects both denervation (decreased DOPA production) and
decreased vesicular storage in the residual sympathetic nerves. The model cannot distinguish
decreased vesicular uptake from increased vesicular leakage and decreased intra-vesicular
NE synthesis as determinants of tissue NE depletion.
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Figure 9: Concept diagram about sources and metabolic fate of dopamine in putamen tissue.
Tyrosine hydroxylase (TH) catalyzes the conversion of tyrosine to DOPA, and L-aromatic-

amino-acid decarboxylase (LAAAD) converts DOPA to dopamine (DA). Most of the DA
in putamen tissue is in vesicles, due to uptake mediated by the vesicular monoamine
transporter (VMAT). Cytoplasmic DA can be metabolized by monoamine oxidase
(MAO) in the outer mitochondrial membrane to form 3,4-dihydroxyphenylacetaldehyde
(DOPAL), which is metabolize by aldehyde dehydrogenase (ALDH) to form 3,4-
dihydroxyphenylacetic acid (DOPAC) or by aldehyde/aldose reductase (AR) to form 3,4-
dihydroxyphenylethanol (DOPET). Cytoplasmic DA can oxidize spontaneously to form
DA-quinone (DA-Q) and then 5-S-cysteinyl-DA (Cys-DA), and cytoplasmic DOPA can
oxidize spontaneously to form DOPA-quinone (DOPA-Q) and then 5-S-cysteinyl-DOPA
(Cys-DOPA). The rectangle in aqua corresponds to products of TH proximal to DA; in pink
to cytoplasmic DA metabolites; and in green to vesicular DA.
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Figure 10: Myocardial 18F-dopamine-derived radioactivity as a function of time in (top) a
PD patient with initially normal radioactivity and (bottom) a PD patient with decreased

radioactivity in the apex and free wall.

In the PD patient at the top, radioactivity was normal for about 8 years, then free wall
radioactivity declined, and then septal radioactivity followed after about 2 years. In the
PD patient at the bottom, there was rapid loss of radioactivity over a few years. Red
circles placed to indicate hypothesized slowing of cardiac sympathetic denervation in an

experimental therapeutics trial.
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Figure 11: Overview of the catecholamine autotoxicity theory as applied to cardiac sympathetic

denervation in Lewy body diseases.

The theory explains PD in terms of toxic effects of products of enzymatic and
spontaneous oxidation of cytoplasmic dopamine (DA), via mitochondrial lesions;

lipid peroxidation and DNA damage, and protein modifications including alpha-
synucleinopathy. The complex inter-relationships set the stage for allostatic load and
multiple positive feedback loops that threaten neuronal integrity. Not shown are
cytoplasmic norepinephrine (NE), its deamination via monoamine oxidase A (MAO-A)
to form the catecholaldehyde 3,4-dihydroxyphenylglycolaldehyde (DOPEGAL), and the
reduction of DOPEGAL via aldehyde reductase (AR) to form 3,4-dihydroxyphenylglycol
(DHPG). Other abbreviations: ALDH=aldehyde dehydrogenase; Cys-DA=5-S-
cysteinyldopamine; DA-Q=dopamine quinone; DOPAC=3,4-dihydroxyphenylacetic acid;
DOPAL=3,4-dihydroxyphenylacetaldehyde; DOPAL-Q=DOPAL quinone; GSH=reduced
glutathione; 4-HNE=4-hydroxynonenal; LAAAD=L-aromatic-amino-acid decarboxylase;
MD=malondialdehyde; NET=cell membrane norepinephrine transporter; TH=tyrosine
hydroxylase; VMAT2=type 2 vesicular monoamine transporter.
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