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SUMMARY 

One key limitation in developing effective treatments for neurodegenerative diseases is the lack of 

models that accurately mimic the complex physiopathology of the human disease. Humans 

accumulate with age the pigment neuromelanin inside catecholaminergic neurons. Neurons 

reaching the highest neuromelanin levels preferentially degenerate in Parkinson’s, Alzheimer’s 

and apparently healthy aging individuals. However, this brain pigment is not taken into 

consideration in current animal models because, in contrast to humans, common laboratory species 

such as rodents do not produce neuromelanin. Here we generated a tissue-specific transgenic 

mouse that mimics the human age-dependent brain-wide distribution of neuromelanin within 

catecholaminergic regions, based on the constitutive catecholamine-specific expression of human 

melanin-producing enzyme tyrosinase. In parallel to progressive human-like neuromelanin 

pigmentation, these animals display age-related neuronal dysfunction and degeneration affecting 

numerous brain circuits and body tissues, linked to motor and non-motor deficits, reminiscent of 

early neurodegenerative stages. This model may open new research avenues in the field of brain 

aging and neurodegeneration. 

 

Keywords: neuromelanin, aging, neurodegeneration, Parkinson, substantia nigra, locus coeruleus, 

dorsal vagal complex, autonomic dysfunction, neuroinflammation. 
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INTRODUCTION 

Humans progressively accumulate with age the dark-brown pigment neuromelanin (NM) within 

catecholaminergic brain nuclei. NM is formed as a byproduct of catecholamine synthesis and 

metabolism, beginning with the conversion of tyrosine to L-DOPA, which is then synthesized 

further to form the neurotransmitters dopamine and noradrenaline, the cytosolic excess of which, 

if not encapsulated into synaptic vesicles, is oxidized into NM (Sulzer et al., 2000). In contrast to 

the widespread distribution of other brain pigments such as lipofuscin, NM is thus restricted to 

catecholamine-producing regions and forms only in neurons. Because neurons do not have the 

capacity to degrade or eliminate this pigment, NM progressively accumulates with age until 

occupying most of the neuronal cytoplasm (Halliday et al., 2006). It has long been established that 

neurons with the highest NM levels, including midbrain dopaminergic neurons from the substantia 

nigra pars compacta (SNpc/A9) and ventral tegmental area (VTA/A10) and pontine noradrenergic 

neurons from the locus coeruleus (LC/A6), preferentially degenerate in Parkinson’s disease (PD) 

leading to characteristic motor and non-motor symptoms (Sulzer and Surmeier, 2013). In addition, 

the LC also degenerates extensively in patients with Alzheimer’s disease (AD) (Tomlinson et al., 

1981). In both disorders, the LC is in fact one of the first nuclei to become affected, underlying 

prodromal symptoms such as sleep disorders, anxiety or depression (Braak et al., 2011; Del Tredici 

and Braak, 2013; Zarow et al., 2003). Even in the absence of overt PD or AD, NM-filled neurons 

from apparently healthy aged individuals also exhibit early signs of neuronal dysfunction and 

degeneration compared to young adult brains, including age-related loss of pigmented SNpc and 

LC neurons, downregulation of phenotypic neuronal markers, alpha-synuclein and tau pathology 

or the presence of extracellular NM (eNM) released from dying neurons associated with sustained 

microglial activation (Beach et al., 2007; Chu and Kordower, 2007; Kordower et al., 2013; Mann 

and Yates, 1979; Xing et al., 2018). 

While various factors may contribute to the preferential susceptibility of melanized neurons in 

neurodegenerative disease and brain aging, including their long and diffuse axonal projections, 

intrinsic pacemaker activity and high metabolic demand (Sulzer and Surmeier, 2013), the presence 

of conspicuous intracellular pigment deposits has long been suspected as a key vulnerability factor 

contributing to their early and extensive demise (Hirsch et al., 1988). However, the potential 

influence of age-dependent NM accumulation on neuronal function and viability has been largely 

overlooked in experimental animal modeling because, in contrast to humans, common laboratory 

animal species such as rodents lack this pigment. Although NM is present in some other species 

as varied as monkeys (Herrero et al., 1993; Marsden, 1961), dolphins (Sacchini et al., 2018) and 

frogs (Kemali and Gioffre, 1985), the highly abundant amount of NM in the brainstem, visible 

with the naked eye, is unique to humans, as NM accumulation increases progressively as the 

evolutionary relation to man becomes closer (Marsden, 1961). Thus, most of what is known about 

the formation and potential role of this pigment in both health and disease is inferred from human 

postmortem analyses (Zucca et al., 2018). 

To overcome this major limitation, here we generated a tissue-specific transgenic mouse (termed 

tgNM) that mimics the progressive, age-dependent brain-wide distribution of pigmentation within 

all catecholaminergic regions of the human brain. This model is based on the constitutive 

catecholaminergic-specific expression of the human melanin-producing enzyme tyrosinase (TYR) 

driven by the tyrosine hydroxylase (TH) promoter. In a previous proof-of-concept study we have 

shown that unilateral viral vector-mediated expression of TYR restricted to the rodent SNpc 

induced the production of a NM-like pigment within ipsilateral nigral dopaminergic neurons 
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virtually analogous to human NM, at levels up to those reached in elderly humans (Carballo-

Carbajal et al., 2019). In the latter animals, progressive NM build-up in the SNpc ultimately 

compromised neuronal function and triggered nigrostriatal degeneration associated to motor 

deficits (Carballo-Carbajal et al., 2019; Gonzalez-Sepulveda et al., 2023). In the tgNM mice 

reported here, we found that progressive brain-wide bilateral NM pigmentation is associated to 

age-related neuronal dysfunction and degeneration affecting numerous brain neurotransmission 

systems and tissues in the body linked to a myriad of motor and non-motor alterations, equivalent 

to prodromal/early stages of neurodegeneration. 

 

RESULTS 

Brain-wide and age-dependent human-like NM accumulation in tgNM mice 

Constitutive and catecholaminergic-specific overexpression of TYR was achieved by classical 

transgenesis driven by the TH promoter (Tg-TH:TYR mice; tgNM). TYR cDNA expression was 

assessed in distinct catecholaminergic and non-catecholaminergic dissected brain nuclei from 

tgNM mice at 12 months (m) of age (Figure S1A). As expected, higher TYR expression was 

detected within catecholaminergic brain areas compared with non-catecholaminergic regions, with 

a positive correlation between TYR and TH expression levels (Figure S1A-B). TYR expression 

was also confirmed at the cellular level by in situ hybridization in tgNM brain tissue sections 

(Figure S1C). As anticipated from our previous work (Carballo-Carbajal et al., 2019), TYR 

overexpression resulted in high NM levels in the most PD-vulnerable catecholaminergic regions 

(SNpc, VTA and LC), appearing as macroscopically visible dark-brown colored areas in the 

absence of any staining, mimicking their appearance in human specimens (Figure 1A-C and Movie 

S1). As in humans, melanized SNpc, VTA and LC from tgNM mice could also be detected 

macroscopically as hyperintense areas by NM-sensitive high-resolution T1-weighted magnetic 

resonance imaging (Figure 1A-C). Histologically, NM from tgNM mice appeared as a dark-brown 

neuronal pigment in hematoxylin and eosin-stained sections and stained prominently with the 

melanin marker Masson-Fontana, similar to melanized human neurons (Figure 1A-C). NM 

production in tgNM mice was not limited to these major catecholaminergic nuclei but was also 

present, at varying degrees, in all catecholaminergic cell groups (i.e. A1-A16) (Figure 2A and 

Table S1), thereby mimicking the pattern of human NM distribution (Saper and Petito, 1982). As 

in humans (Fedorow et al., 2006), NM is continuously produced throughout life in tgNM mice and 

progressively accumulates with age until occupying a major portion of the neuronal cytoplasm 

(Figure S2A-B). In these animals, NM exhibits a caudorostral gradient of accumulation, reaching 

earlier higher intracellular levels in lower brainstem areas (dorsal vagal complex [DVC] and LC) 

than in upper brainstem regions (SNpc and VTA) (Figure 2B). These results indicate that TYR 

expression in tgNM mice leads to the production of human-like NM within all brain 

catecholaminergic neuronal groups in an age-dependent manner. 

Dopaminergic dysfunction and pathology in aged tgNM mice 

SNpc and adjacent VTA constitute the main catecholaminergic nuclei in the midbrain and are the 

primary source of NM in the human brain. Both dopaminergic nuclei degenerate in PD (McRitchie 

et al., 1997). We assessed the consequences of intracellular NM build-up in terms of viability and 

function of dopaminergic neurons (Figure S3A). We characterized first the sensorimotor capacities 

of these animals at different ages (i.e. young [3-4m], adult [8-12m], old [18-20m]), corresponding 

to progressively increased levels of NM in SNpc and VTA (Figure S2). Adult and old tgNM mice 
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spent more time to cross a horizontal beam (Figure 3A), indicating impaired motor coordination 

and balance. Adult and old tgNM mice also exhibited decreased olfactory acuity to discriminate a 

lemon essence (Figure 3B), indicating impaired olfaction. We also noticed a significant absence 

of vocalizations during the performance of the behavioral tests that was already present in young 

tgNM mice (Figure 3C), a phenotype related to cranial sensorimotor deficits previously reported 

in alpha-synuclein-overexpressing transgenic mice as an early pre-motor manifestation (Grant et 

al., 2014). Other behavioral tests, such as grip strength and novel object recognition, did not reveal 

any differences between genotypes at any age (Figure S3B-C). We then performed stereological 

cell counts of TH-positive neurons in tgNM mice and noted a significant decrease both in SNpc 

and VTA at adult and old ages (Figure 3D-E). This decrease appeared to correspond to a TH 

phenotypic downregulation rather than cell loss, as indicated by the presence of dopaminergic NM-

containing neurons immunonegative for TH (Figure 3F). These TH-immunonegative pigmented 

neurons, which are also conspicuously observed in human PD and aged postmortem brains 

(Korzhevskii et al., 2021; Nagatsu et al., 2019), represent dysfunctional dopaminergic neurons at 

early stages of degeneration (Carballo-Carbajal et al., 2019; Hirsch et al., 1988). The loss of 

dopaminergic phenotype was confirmed by decreased transcript expression of dopaminergic 

markers in SN-VTA dissected tissue from old tgNM mice (Figure S4A). To further assess cell 

death, we performed stereological cell counts of total NM-containing neurons, including TH-

immunopositive and TH-immunonegative neurons, which confirmed a lack of significant cell loss 

in the SNpc and VTA of tgNM mice (Figure 3G). However, tgNM brain sections showed 

considerable amounts of extraneuronal NM (eNM) granules, especially at old ages (Figure S4B). 

The presence of eNM, which derives from dying neurons and is typically observed in PD and aged 

postmortem brains (Beach et al., 2007; Ishikawa and Takahashi, 1998; Korzhevskii et al., 2021; 

Langston et al., 1999), indicates an incipient neurodegenerative process in these animals. All these 

changes were accompanied by reductions of dopaminergic markers in striatal fibers (i.e. TH, 

dopamine transporter [DAT] and vesicular monoamine transporter 2 [VMAT2]), as measured by 

Western blot in dissected tissue and/or by optical densitometry in immunostained histological 

sections (Figure S4C-D). While total dopamine (DA) levels were not changed in tgNM, as 

analyzed by ultra-performance liquid chromatography (UPLC) in striatal and SN-VTA tissue 

homogenates (Figure S5A), these animals exhibited alterations in DA metabolic pathways, 

including decreased DA synthesis and increased catechol oxidation, the latter producing DA 

oxidized species acting as NM precursors (Gonzalez-Sepulveda et al., 2023) (Figure S5B-C). In 

addition, striatal DA release, as assessed by in vivo microdialysis, was impaired in adult tgNM 

mice (Figure S5D), an age concurring with the appearance of behavioral alterations in these 

animals. 

Neuropathologically, NM-containing SNpc and VTA neurons from tgNM mice exhibited 

intracellular inclusion bodies as typically seen in PD and aged human brains, including 

cytoplasmic Lewy body (LB)-like inclusions and nuclear Marinesco bodies (MB) (Figure 4A-B). 

Similar to humans (Kuusisto et al., 2003), both LB and MB were immunopositive for p62, a 

common component of neuropathological inclusions (Figure 4A-B). More than 60% of p62-

positive cytoplasmic inclusions were also immunopositive for alpha-synuclein (Figure 4C). In 

contrast, as reported in humans (Kuusisto et al., 2003), all MB were immunonegative for alpha-

synuclein (Figure 4B). Inclusion body formation was restricted to melanized neurons and was not 

observed in wt mice. The number of both LB and MB was less prominent in old tgNM, coinciding 

with the intensification of neurodegenerative changes (i.e. eNM), thus suggesting that inclusion-

containing neurons may be those that preferentially start to degenerate (Figure 4A-B). In 
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agreement with this, the number of neuronal inclusions in PD brains at advanced stages of the 

disease is much lower than that observed in early PD cases (Braak et al., 2003). Inclusion formation 

in tgNM mice coincided with decreased expression of autophagy markers (Figure S6A), both 

reflecting impaired proteostasis in NM-laden brain regions (Carballo-Carbajal et al., 2019). TgNM 

mice also exhibited early inflammatory changes in the SNpc and VTA, including increased 

numbers of GFAP-positive astrocytic cells and reactive Iba1-positive microglial cells (Figure 4D 

and Figure S6B), the latter surrounding eNM as it occurs in postmortem PD brains (Ishikawa and 

Takahashi, 1998; Langston et al., 1999). Overall, progressive NM production in SNpc and VTA 

from tgNM mice is associated to age-dependent dopaminergic functional alterations and 

neuropathological changes linked to incipient neurodegeneration, as similarly observed in aged 

human brains and prodromal/early PD stages. 

Early LC pathology and noradrenergic neurodegeneration in tgNM mice 

The LC is a highly melanized region in the pons that constitutes the main source of noradrenaline 

(NA) modulation in the brain. In addition, the LC is another major area consistently affected in 

PD, among the earliest sites of Lewy pathology and its degeneration is postulated to precede SNpc 

involvement and to account for non-motor PD symptoms, including sleep disturbances, anxiety-

depression and cognitive decline (Betts et al., 2019; Braak et al., 2003; Knudsen et al., 2018; Zarow 

et al., 2003). However, the LC is usually neglected in PD research. We next examined the 

consequences of NM buildup in noradrenergic LC neurons (Figure S7A). First, we assessed the 

functional integrity of the LC in anxiety-related behavior (open field test), emotional memory 

(step-down test) and sleep (polysomnography) paradigms. Adult tgNM mice spent more time and 

travelled more distance in the periphery of an open field than their wt littermates (Figure 5A), 

despite moving at a similar speed (Figure S7B), indicative of an anxiety-related behavior. Old 

tgNM animals spent less time on a platform before stepping down and receiving an electric shock, 

indicative of a deficit in the amygdala-dependent learning and memory process (Figure 5B). Adult 

tgNM mice exhibited reduced amounts of both paradoxical sleep (PS) and slow-wave sleep (SWS) 

at the expense of wakefulness (Figure S7C), indicative of an altered sleep-wake cycle. An in-depth 

analysis of PS evidenced significantly reduced numbers of bouts concomitant to a significant 

increase of their duration in both adult and old tgNM mice (Figure 5C), indicative of an irreversible 

dysregulation of PS ultradian rhythm. 

Stereological cell counts revealed a marked reduction of TH-positive cells in the LC of tgNM mice 

compared with wt littermates, which was already present at a pubertal age (1m) (Fig. 5D). In 

contrast to the SNpc and VTA above, the reduction in TH-positive cells in the LC corresponded 

to an actual neuronal loss as indicated by stereological cell counts of total noradrenergic NM-

containing LC neurons (Figure 5D). We also found abundant eNM at all ages concomitant with 

cell loss (Figure 5E). LC neurodegeneration resulted in a significant reduction in total NA levels, 

already evident at a young age, in both LC and its projecting areas such as the prefrontal cortex 

(Figure 5F). These animals also exhibited reduced NA synthesis and increased NA degradation 

(Figure S7D), indicating altered NA neurotransmission. Melanized LC neurons also exhibited p62-

positive cytoplasmic inclusions but almost no MB were detected (Figure 5G) and Figure S7E). 

The highest number of LC cytoplasmic inclusions were found at pubertal ages and decreased 

afterwards (Figure 5G), possibly due to the high degree of neuronal loss in this area with only a 

few remaining neurons left (Figure 5D). Most of these inclusions were also immunoreactive for 

alpha-synuclein (Figure S7F). Concomitant to neurodegeneration, the LC from tgNM mice 

exhibited marked inflammatory changes from a young age, including astrocytosis and microglial 
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activation (Figure 5H and Figure S7G). Altogether, tgNM mice exhibit an early and extensive 

degeneration of the LC, linked to non-motor alterations, that precedes nigral dopaminergic 

dysfunction, similar to prodromal/early PD stages (Betts et al., 2019; Knudsen et al., 2018; Zarow 

et al., 2003). 

Cholinergic and serotonergic alterations in tgNM mice 

In addition to catecholaminergic pigmented areas, non-pigmented neurons also degenerate in PD, 

in particular cholinergic neurons from the nucleus basalis of Meynert (NBM) and the 

pedunculopontine nucleus (PPN) (Giguere et al., 2018). These two cholinergic nuclei are vastly 

connected with the brainstem PD-vulnerable catecholaminergic areas (French and Muthusamy, 

2018; Gratwicke et al., 2013; Mena-Segovia and Bolam, 2017; Tubert et al., 2019) (Figure S8A), 

and their degeneration in PD may be related to the degeneration of the interconnected melanized 

neurons from the SNpc, VTA and LC (Bensaid et al., 2016; Szego et al., 2011). We detected a 

significant decrease in the total number of choline acetyltransferase (ChAT)-positive neurons in 

the NBM and PPN nuclei in old tgNM mice (Figure 6A-B and Figure S8B). However, total 

acetylcholine (Ach) levels were not decreased in the cortex of old tgNM animals, and they were 

actually increased in the PPN itself (Figure 6C).  

Another neurotransmitter system often altered in PD is the serotonergic system. Indeed, anxiety 

and depression are common non-motor symptoms affecting 30-35% of PD patients (Aarsland et 

al., 2011; Chuquilin-Arista et al., 2020; Miquel-Rio et al., 2022). Variable degrees of cell death 

have been reported in the raphe nuclei from PD postmortem brains (Giguere et al., 2018). We 

assessed the integrity of the dorsal raphe (DR) nucleus in tgNM mice. Stereological cell counts of 

tryptophan hydroxylase (TPH)-positive serotonergic DR neurons did not show statistically-

significant differences in old tgNM mice, although these numbers were overall lower than in wt 

littermates (Figure 6D). Of note, some TPH-positive DR cells (~3%) contained NM, which is 

compatible with these neurons being also catecholaminergic, as previously described (McDevitt 

et al., 2014; Trulson et al., 1985). No significant changes were found in serotonin (5-HT) levels in 

the DR nor in the PFC of tgNM mice (Figure 6E). Still, tgNM mice exhibited increased 

immobilization time in the tail suspension test, indicative of a depressive-like behavior (Cryan et 

al., 2005) (Figure 6F). 

NM accumulation in medullary nuclei associated to autonomic dysfunction in tgNM mice 

Pigmented catecholaminergic neuronal groups in the caudal medulla have also been reported to 

degenerate in PD, in particular NM-containing neurons of the dorsal motor nucleus of the vagus 

region (Gai et al., 1993; Halliday et al., 1990; Rajput and Rozdilsky, 1976; Saper et al., 1991). 

These neurons, which are part of the dorsomedial medullary A2 group and present both 

noradrenergic and adrenergic cells, intermingle with cholinergic neurons of the dorsal motor 

nucleus of the vagus nerve (DNV) and nucleus of the solitary tract (NTS) to constitute an 

overlapped structure referred to as the DVC, which altogether provide the major integrative center 

for the mammalian autonomic nervous system. We next characterized the viability of DVC 

pigmented neurons in tgNM mice (Figure 7A and Figure S9A). Stereological cell counts of TH-

positive and total catecholaminergic neurons in DVC sections showed no consistent decreases in 

tgNM mice compared with wt littermates (Figure S9B). However, only a small percentage (~10%) 

of TH-positive neurons in the DVC were actually pigmented. Hence, we evaluated only the 

pigmented TH-positive neurons and found a significant decrease of these cells with age (Figure 

7B). In adult tgNM mice, this decrease mostly corresponded to a phenotypic TH-downregulation, 
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as the number of total pigmented cells was not yet reduced at this stage (Figure 7C). Reduced 

number of pigmented TH-positive DVC neurons was accompanied by extensive eNM and 

microglial activation (Figure 7D-E and Figure S9C). A few cytoplasmic inclusions were also 

detected in melanized DVC neurons, but only at pubertal ages preceding phenotypic loss in adult 

ages (Figure 7F). In contrast, ChAT-positive DVC cells were not affected in tgNM mice (Figure 

S9D). 

To evaluate the functional consequences of medullary DVC alterations, we assessed autonomic 

parameters (cardiovascular, respiratory and gastrointestinal) in tgNM mice (Figure 8A). Old tgNM 

mice showed decreased heart rate (Figure 8B), despite no apparent alterations in blood pressure 

(Figure 8C). These animals also exhibited increased respiratory rate by measuring diaphragmatic 

movements (Figure 8D). In contrast, no changes in gastrointestinal function were found in tgNM 

mice by measuring intestinal transit time with oral red carmine administration (Figure 8K). 

Concomitant with these signs of peripheral autonomic dysfunction, we detected a significant 

decrease in DA and NA levels, as well as altered synthesis and degradation, in the DVC of tgNM 

mice (Figure 8F and Figure S9E). In addition, alterations in NA and Ach levels were also detected 

in vagal-innervated peripheral organs of tgNM mice like the heart and intestines (Figure 8F). 

Dysautonomic disorders, in particular cardiovascular and respiratory, are reported to be more 

frequent causes of death in PD than in age-matched controls40,41. We evaluated life expectancy in 

tgNM mice and detected a decreased lifespan compared to their wt counterparts (median survival 

of TgNM mice: 20.7m; Figure 8G). Overall, in addition to the brain-related alterations reported 

above, our results reveal that tgNM mice also recapitulate some of the peripheral autonomic 

alterations occurring in PD. 

 

DISCUSSION 

Modelling the physiopathology of neurodegenerative diseases remains a difficult task. Several 

animal models have been developed to understand disease pathogenesis and test new drug 

candidates. However, neurodegenerative diseases are highly heterogeneous diseases involving 

several factors and pathways. Therefore, none of the existing models replicates the entire spectrum 

of clinical and neuropathological features occurring in neurodegenerative diseases. Here we 

provide a new animal model that fills a significant gap in the field by incorporating in rodents a 

human factor intimately linked to brain aging and neurodegeneration such as NM, which has been 

so far neglected in experimental preclinical in vivo research. Indeed, because NM is not 

spontaneously produced in the most commonly used laboratory animals, such as rodents, work on 

this pigment has been so far limited to a small number of studies using scarcely available human 

brain tissue. Consequently, many aspects of the biology of NM remain to be elucidated. While 

NM shares some features with melanin found in the periphery (e.g. skin, hair), peripheral melanin 

is structurally, functionally and compositionally different from NM. Peripheral melanogenesis 

occurs within specialized cells (i.e. melanocytes) through a biosynthetic pathway enzymatically 

driven by TYR as the key, rate-limiting enzyme (Slominski et al., 2004). In contrast, the presence 

of TYR in the human brain, that we and others have reported to be expressed at very low levels 

(Carballo-Carbajal et al., 2019; Greggio et al., 2005; Miranda et al., 1984; Vila, 2019; Xu et al., 

1997), is still disputed (Ikemoto et al., 1998; Plum et al., 2016; Tribl et al., 2007; Tribl et al., 2006; 

Vila, 2019). In fact, it is widely assumed that NM may be produced by spontaneous nonenzymatic 

dopamine auto-oxidation (Monzani et al., 2018). However, experimentally increasing dopamine 

or oxidized dopamine levels in rodents, either with chronic L-dopa treatment (Burbulla et al., 2017; 
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Murer et al., 1998) or by genetically enhancing TH activity (Mor et al., 2017), is not sufficient by 

itself to produce NM in these animals, as it might be expected if NM represents a mere process of 

DA autoxidation. Remarkably, synthetic melanin produced in a test tube by oxidizing dopamine 

with TYR resembles more closely NM, in terms of absorbance spectra, elemental composition and 

melanic components, than synthetic melanin obtained by dopamine autoxidation (Cai et al., 2023; 

Chand et al., 2023). We have previously corroborated, and extended it here, that the neuronal 

pigment induced by TYR overexpression in rodent catecholaminergic neurons is indeed very 

similar to human NM, including: (i) its detection by NM-sensitive magnetic resonance imaging, 

which reflects NM’s avid binding of iron (Carballo-Carbajal et al., 2019); (ii) its chemical 

composition by UPLC-MS/MS, comprising all NM’s melanic components (Gonzalez-Sepulveda 

et al., 2023; Gonzalez-Sepulveda et al., 2020); or (iii) its ultrastructure by electron microscopy, 

exhibiting an electron-dense matrix associated to characteristic lipid droplets within autophagic 

compartments (Carballo-Carbajal et al., 2019). This complex structure, including melanic, lipid, 

peptide and inorganic components contained inside special autolysosomes is a defining hallmark 

of true NM as opposed to peripheral melanin (Zucca et al., 2023). Therefore, independently of the 

current debate around the endogenous expression and role of TYR in the human brain, the neuronal 

pigment produced in tgNM mice can be considered as analogous to human NM, thereby supporting 

the relevance of our approach to study the impact of human-like NM pigment on age-dependent 

neuronal function and viability in vivo. 

The functional significance of NM production, if any, is not currently known. This pigment was 

long considered just a waste product of catecholamine metabolism devoid of any physiological 

function. More recently, it has been hypothesized that NM could play a neuroprotective role by 

removing excessive cytosolic catecholamine oxidized species, chelating potentially toxic metals 

or sequestering environmental neurotoxins (Zucca et al., 2014). However, a putative protective 

effect of NM has never been formally demonstrated, probably because of the lack of proper 

experimental models, and thus remains speculative to this day. In any case, even if we consider 

NM synthesis to be an initially beneficial process, this is compatible with a deleterious effect of 

its long-term age-dependent accumulation, by ultimately interfering with normal cell function and 

proteostasis in addition to an excess production of potentially toxic oxidized catechol 

intermediates, as we observed in NM-producing rodents (Carballo-Carbajal et al., 2019; Gonzalez-

Sepulveda et al., 2023; Vila et al., 2019). Supporting this concept, reduction of intracellular NM 

accumulation in AAV-TYR-injected rats, either by boosting NM cytosolic clearance with 

autophagy activator TFEB or by delaying age-dependent NM production through VMAT2-

mediated enhancement of dopamine vesicular encapsulation, resulted in a major attenuation of 

their neurodegenerative phenotype, both at the behavioral and neuropathological level (Carballo-

Carbajal et al., 2019; Gonzalez-Sepulveda et al., 2023). In contrast, in absence of associated NM 

formation, TYR expression was not apparently toxic per se, as indicated by a lack of NM 

production and degeneration of TYR-expressing gamma-aminobutyric acid nigrotectal neurons in 

AAV-TYR-injected rats (Carballo-Carbajal et al., 2019). 

Our results in tgNM mice suggest that age-dependent brain-wide pigmentation, as it occurs in 

humans, may be sufficient to ultimately trigger a progressive neurodegenerative phenotype with 

motor and non-motor deficits, affecting multiple neuronal systems in the brain, beyond the SNpc, 

as well as peripheral organs, all reminiscent of what is observed in prodromal/early PD stages. 

Brain pigmentation in tgNM mice follows a caudorostral gradient of accumulation that parallels 

the occurrence of neuropathological alterations observed in PD, reaching higher levels of 

pigmentation and neuronal pathology earlier in the medulla and pons than in midbrain nuclei 
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(Halliday et al., 1990; Mann and Yates, 1979; Zecca et al., 2004). In this context, the caudorostral 

gradient of alpha-synuclein pathology reported in PD brains (Braak et al., 2003) may be linked to 

a gradient of increasing intracellular NM levels promoting Lewy pathology. In agreement with 

this, alpha-synuclein has been reported to redistribute to the NM pigment in early stages of PD and 

become entrapped within NM granules, which may predispose melanized neurons to precipitate 

alpha-synuclein around pigment-associated lipids under oxidative conditions, such as those linked 

to NM formation (Fasano et al., 2003; Halliday et al., 2005; Zucca et al., 2018). Our findings also 

suggest that the neuroinflammatory changes found in human non-diseased aged and PD brains 

(Beach et al., 2007; Cebrian et al., 2014; Hirsch and Hunot, 2009; Korzhevskii et al., 2021) may 

actually start prior to overt neurodegeneration and be linked to the presence of incipient eNM 

released from early degenerating neurons. 

Because all humans accumulate NM with age, our results in NM-producing rodents imply that all 

humans could potentially develop NM-linked neurodegenerative changes if they were to live long 

enough to reach pathogenic levels of intracellular NM. However, and focusing on PD, only a 

fraction of the aging population actually develops overt neurodegenerative disease  (e.g. up to ~5% 

of the population over 60 in the case of PD, increasing with age (de Lau and Breteler, 2006)). Yet, 

in absence of clinically diagnosed PD: (i) 10-30% of apparently healthy people older than 60 years 

already exhibit Lewy pathology in their melanized brainstem nuclei (i.e. incidental Lewy body 

disease, who are considered to represent early, presymptomatic stages of PD) (DelleDonne et al., 

2008); (ii) parkinsonian signs such as bradykinesia, stooped posture and gait disturbance are 

common in elderly individuals, reaching a prevalence of up to 50% in individuals over 80 years of 

age (Bennett et al., 1996; Prettyman, 1998); (iii) multiple reports have documented an age-related 

loss of pigmented nigral neurons, estimated at about 5-10% per decade, in otherwise healthy 

individuals (Beach et al., 2007; Mann and Yates, 1979; Xing et al., 2018); (iv) brains from aged 

individuals commonly exhibit a downregulation of dopaminergic phenotypic markers within 

melanized nigral neurons, which reflects neuronal dysfunction at early stages of 

neurodegeneration, as well as abundant eNM released from dying neurons associated with 

sustained microglial activation, compared to young adult brains (Beach et al., 2007; Chu and 

Kordower, 2007; Kordower et al., 2013). These observations, combined with our results in NM-

producing rodents, suggest that progressive NM accumulation may not be just an innocuous 

consequence of normal catecholaminergic neuronal aging, as it is currently regarded, but underlie 

incipient age-dependent functional/degenerative changes in these neurons that would clinically 

manifest as overt neurodegenerative disease once a certain level of NM accumulation and 

subsequent cell dysfunction/death is reached. In agreement with this, intracellular NM levels are 

increased in dopaminergic nigral neurons of PD patients and subjects with incidental Lewy body 

disease, compared to age-matched healthy individuals, indicating that they may have reached 

earlier a pathogenic threshold of intracellular NM accumulation (Carballo-Carbajal et al., 2019; 

Halliday et al., 2005; Vila, 2019). Additional elements, such as genetic or environmental factors, 

could potentially accelerate or trigger pathology in these already vulnerable NM-filled neurons. 

Age-dependent brain pigmentation may thus represent a key molecular substrate underlying the 

well-established association between aging and increased risk of neurodegenerative disease. 

Overall, the tgNM mouse model reported here, now readily available to the entire scientific 

community, provides the opportunity to experimentally address all of these questions in a human-

relevant context. These humanized animals recapitulate the biological and temporal complexity of 

age-dependent neurodegeneration, affecting numerous brain neurotransmission systems and 

tissues in the body leading to a myriad of motor and non-motor symptoms. Because of the 
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prodromal nature of these changes, these animals could be combined with additional disease-

relevant genetic or environmental manipulations. In addition, these animals could also be used to 

test potential therapeutic strategies in a human disease state-informed context at different stages 

of the disease, which should facilitate the translation of findings to humans. The failure, to date, 

of many rodent model-based findings to translate to clinical utility in the context of age-related 

neurodegenerative disease strengthens the importance of introducing into in vivo research a human 

factor so intimately linked to brain aging and neurodegeneration such as NM. 
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FIGURE LEGENDS 

Figure 1. Accumulation of human-like NM in PD-vulnerable catecholaminergic brain nuclei 

from TgNM mice. (A-C) From left to right, unstained macroscopic view, NM-sensitive high-

resolution T1-weighted magnetic resonance imaging, hematoxilin-eosin (H&E) and Masson-

Fontana (M-F) staining of aged healthy human postmortem brains (A), wt (B) and tgNM (C) mice. 

In C (right panel), macroscopic view of a clarified tgNM brain. Unstained NM, brown (see also 

Movie S1). Scale bars: 20 µm (H&E), 5 µm (M-F). Macroscopic human midbrain image adapted 

from (Carballo-Carbajal et al., 2019).  

Figure 2. Brain-wide NM distribution and accumulation of human-like NM in PD-vulnerable 

catecholaminergic brain nuclei from TgNM mice. (A) Qualitative mouse brain atlas showing 

NM accumulation in all catecholaminergic groups in tgNM mice (see also Supplementary Table 

1). Left, Mouse brain atlas. Number of dots represents the quantity of NM-accumulating cells and 

dot color represents the levels of intracellular NM from very low levels (blue) to higher levels 

(red). Image credit: Allen Institute. Right, chatecholaminergic areas immunostained for TH in wt 

mice and Nissl-stained in tgNM mice. Unstained NM, brown. Scale bars: 25 µm, 25µm (inset). 

(B) Quantification of intracellular NM levels in unstained SN/A9, VTA/A10, LC/A6, and DVC/A2 

brain sections from tgNM mice *p≤0.05 compared with A9, #p≤0.05 compared with A10, $p≤0.05 

compared with A2. Box plots: median, min-max values and individual dots for each neuron. 

Genotypes, ages, sample sizes and statistical analyses (Data S1).  

Figure 3. Dopaminergic dysfunction in tgNM mice. (A) Time to cross the beam in seconds (s). 

(B) Olfactory discrimination index. (C) Percentage of animals vocalizing. (D) SNpc and VTA 

immunostained sections. TH, blue; unstained NM, brown. Scale bars: 500 µm, 20µm (inset). (E) 

Cell counts of SNpc and VTA TH-positive neurons. (F) Left, quantification of TH downregulation 

measured as the percentage (%) of TH-immunonegative neurons within the total population of 

NM-containing neurons in tgNM mice. Right, TH-immunostained SNpc showing TH-NM+ (arrow) 
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and TH+NM+ (arrowhead) neurons. (G) Cell counts of total SNpc and VTA dopaminergic neurons. 

In A-C, E-F; *p≤0.05 compared with wt littermates. Box plots: median, min-max values and 

individual dots for each animal. Genotypes, ages, sample sizes and statistical analyses (Data S1).  

Figure 4. PD-like neuropathology in tgNM mice. (A-B) Left, SNpc and VTA sections exhibiting 

NM-laden neurons with cytoplasmic (A) and nuclear (B) inclusions. TH, purple; p62, green; alpha-

synuclein (Syn), red; Hoechst (blue); NM, dark grey. Scale bar: 10 µm. Right, quantification of 

SNpc and VTA NM-laden neurons with p62-positive cytoplasmic (A) and nuclear (B) inclusions. 

(C) Percentage of SN-VTA cytoplasmic inclusions positive or negative for Syn in tgNM at 

different ages. (D) Left, reactive (top) and non-reactive (middle) Iba1-positive microglia (blue) and 

GFAP-positive astrocytes (bottom, blue). Scale bar: 20 µm. Right, quantification of reactive Iba1- 

and GFAP-positive cells in SNpc and VTA sections. In B; *p≤0.05 compared with young tgNM. 

In D; *p≤0.05 compared with wt littermates. Box plots: median, min-max values and individual 

dots for each animal. Genotypes, ages, sample sizes and statistical analyses (Data S1).  

Figure 5. Noradrenergic neurodegeneration and PD-like neuropathology in tgNM mice. (A) 

Percentage of time spent and distance travelled in the periphery compared with the center of an 

open field. (B) Time spent on the platform of a step-down test. (C) Number and mean duration (s, 

seconds) of paradoxical sleep (PS) bouts. (D) Left, LC sections immunostained for TH. TH, blue; 

unstained NM, brown.  Scale bars: 200 µm, 20µm (inset). Right, cell counts of LC TH-positive 

neurons and total NA neurons at different ages. (E) Number of eNM granules in tgNM mice. (F) 

LC and prefrontal cortex (PFC) NA levels in young/old tgNM and wt mice. (G) Left, LC section 

exhibiting a NM-laden neuron with a cytoplasmic inclusion. TH, purple; p62, green; alpha-

synuclein (Syn), red; Hoechst (blue); NM, dark grey.  Scale bar: 5 µm. Right, quantification of LC 

NM-laden neurons with p62-positive cytoplasmic inclusions in tgNM mice. (H) Images and 

quantification of reactive Iba1- and GFAP-positive cells in LC sections. In A-D, F, H; *p≤0.05 

compared with wt littermates. Box plots: median, min-max values and individual dots for each 

animal. Genotypes, ages, sample sizes and statistical analyses (Data S1).  

Figure 6. Cholinergic and serotonergic alterations in tgNM mice. (A-B) Left, NBM and PPN 

sections immunostained for choline acetyltransferase (ChAT). ChAT, blue; unstained NM, brown. 

Scale bars: 500 µm, 20 µm (inset). Right, cell counts of NBM and PPN ChAT-positive neurons in 

old tgNM and wt mice. (C) PPN and prefrontal cortex (PFC) acetylcholine (Ach) levels. (D) Left, 

dorsal raphe (DR) sections immunostained for tryptophan hydroxylase (TPH). TPH, blue; 

unstained NM, brown. Scale bars: 200 µm, 20 µm (inset). Right, Cell counts of DR TPH-positive 

neurons in old tgNM and wt mice. (E) DR and PFC serotonin (5HT) levels. (F) Immobilization 

time in the tail suspension test (s, seconds). In A-C, F; *p≤0.05 compared with wt littermates. Box 

plots: median, min-max values and individual dots for each animal. Genotypes, ages, sample sizes 

and statistical analyses (Data S1).  

Figure 7. Medullary catecholaminergic nuclei alterations in tgNM mice. (A) Medullary 

sections immunostained for TH and ChAT. TH, red; ChAT, blue; unstained NM, brown. Scale 

bars: 200µm, 10µm (insets). Dorsal motor nucleus of the vagus nerve, DNV; dorsal vagal complex, 

DVC. (B-C) Cell counts of TH-positive (B) and total (C) pigmented catecholaminergic cells. (D) 

Left, image of eNM granules (white arrowhead). Scale bar: 25 µm. Right, number of eNM granules 

in A2 neuronal group in tgNM mice. (E) Images and quantification of Iba1-positive reactive 

microglia in tgNM and wt mice. (F) Top, DVC section exhibiting a NM-laden neuron with a 

cytoplasmic inclusion. TH, purple; p62, green; alpha-synuclein (Syn), red; Hoechst (blue); NM, 

dark grey. Scale bar: 5 µm. Bottom, quantification of DVC NM-laden neurons with p62-positive 
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cytoplasmic inclusions in tgNM mice. In B-D; *p≤0.05 compared with young tgNM. In E; *p≤0.05 

compared with wt littermates. In F; p≤0.05 compared with adult and old tgNM. Box plots: median, 

min-max values and individual dots for each animal. Genotypes, ages, sample sizes and statistical 

analyses (Data S1).  

Figure 8. Autonomic dysfunction and decreased lifespan in tgNM mice. (A) Schematic 

diagram of the peripheral A2 innervation sites. (B) Heart rate (bpm, beats per minute) in tgNM 

and wt mice. (C) Systolic and diastolic blood pressure in old tgNM and wt mice. (D) Respiratory 

rate (number of breaths/min) in old tgNM and wt mice. (E) Intestinal transit time (min, minutes) 

in old tgNM and wt mice. (F) Levels of DA, NA and Ach in DVC and peripheral organs from 

tgNM and wt mice. (G) Survival analysis of tgNM mice compared with wt. m, months. In B-G; 

*p≤0.05 compared with wt littermates. Box plots: median, min-max values and individual dots for 

each animal. Genotypes, ages, sample sizes and statistical analyses (Data S1). 
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