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ABSTRACT 

There is anatomical and functional evidence that ventral midbrain 

dopaminergic (DA) cell groups and the subthalamic nucleus (STN) receive 

noradrenergic innervation in rodents, but much less is known about these 

interactions in primates. Degeneration of NE neurons in the locus coeruleus (LC) 

and related brainstem NE cell groups is a well-established pathological feature of 

Parkinson’s disease (PD), but the development of such pathology in animal 

models of PD has been inconsistent across species and laboratories. We 

recently demonstrated 30-40% neuronal loss in the LC, A5 and A6 NE cell 

groups of rhesus monkeys rendered parkinsonian by chronic administration of 1-

methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). In this study, we used 

dopamine-beta-hydroxylase (DH) immunocytochemistry to assess the impact of 

this neuronal loss on the number of NE terminal-like varicosities in the substantia 

nigra pars compacta (SNC), ventral tegmental area (VTA), retrorubral field (RRF) 

and STN of MPTP-treated parkinsonian monkeys. Our findings reveal that the 

NE innervation of the ventral midbrain and STN of normal monkeys is 

heterogeneously distributed being far more extensive in the VTA, RRF and 

dorsal tier of the SNC than in the ventral SNC and STN. In parkinsonian 

monkeys, all regions underwent a significant (~50-70%) decrease in NE 

innervation. At the electron microscopic level, some DH-positive terminals 

formed asymmetric axo-dendritic synapses in VTA and STN. These findings 

demonstrate that the VTA, RRF and SNCd are the main ventral midbrain targets 

of ascending NE inputs, and that these connections undergo a major break-down 
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in chronically MPTP-treated parkinsonian monkeys. This severe degeneration of 

the ascending NE system may contribute to the pathophysiology of ventral 

midbrain and STN neurons in PD.   

 

Keywords: locus coeruleus, substantia nigra, ventral tegmental area, 

norepinephrine, noradrenaline, Parkinson’s disease, ultrastructure, dopamine 

beta hydroxylase 
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HIGHLIGHTS         

 The VTA and RRF are the two main ventral midbrain targets of NE inputs 

in primates 

 The STN and ventral SNC receive sparse NE innervation in primates 

 NE neurons in LC, A5 and A6 cell groups degenerate in MPTP-treated 

monkeys 

 NE inputs to the ventral midbrain and STN are lost in parkinsonian 

monkeys 
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Introduction 

Norepinephrine is an abundant and widely distributed neurotransmitter in 

the central nervous system (CNS).  The LC contains more than half of brain NE 

neurons (Gaspar, 1994, Aston-Jones et al., 2000, Aston-Jones, 2004)  and 

sends projections throughout the CNS (Lindvall et al., 1974, Swanson and 

Hartman, 1975, Jones et al., 1977, Jones and Moore, 1977, Carpenter et al., 

1981, Foote et al., 1983, Nieuwenhuys et al., 1988, Geisler and Zahm, 2005). 

Although there is significant evidence for NE-mediated effects on various 

populations of midbrain dopamine (DA) neurons (Grenhoff and Svensson, 1988, 

Grenhoff et al., 1995), the ventral tegmental area (VTA) and the retrorubral field 

(RRF) receive a stronger NE innervation than the substantia nigra pars compacta 

(SNC) in rodents (Jones et al., 1977, Phillipson, 1979, Simon et al., 1979, Mejias-

Aponte et al., 2009). Another basal ganglia target of NE afferents in rodents is 

the STN (Arcos et al., 2003, Belujon et al., 2007). Despite some advances in 

knowledge of the anatomy and physiology of NE in the rodent ventral midbrain 

and STN, much remains to be known about these interactions in primates 

(Ginsberg et al., 1993, Liprando et al., 2004, Vogt et al., 2008).    

Degeneration of the LC and other brainstem NE cell groups is one of the 

pathological hallmarks of idiopathic PD and other neurodegenerative disorders 

(Chan-Palay and Asan, 1989, Chan-Palay, 1991). In fact, there is evidence that 

NE cell loss may occur prior to midbrain DA neurons degeneration in PD (Braak 

et al., 2003, Zarow et al., 2003, Halliday et al., 2006, Sotiriou et al., 2010). Animal 

models of PD have been inconsistent in mimicking NE cell loss (Forno et al., 
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1986, Gibb et al., 1989, Herrero et al., 1993), most likely due to differences in the 

type of toxins used, their regimen of administration, and the rigor with which 

quantitative methods were applied to assess these changes (Burns et al., 1983, 

Langston et al., 1984, Mitchell et al., 1985, Snyder and D'Amato, 1986, Gibb et 

al., 1989). Recently, we have reported 40% cell loss in LC and the adjoining A5 

and A6 cell groups  in rhesus monkeys chronically intoxicated with low doses of 

MPTP (Masilamoni et al., 2011), which is consistent with previous reports 

indicating that chronic low dose regimen of MPTP administration mimic much 

more closely the slow and progressive degeneration and dopaminergic and non-

dopaminergic cell groups described in idiopathic PD (Forno et al., 1986, 

Hantraye et al., 1993, Fornai et al., 2005, Masilamoni et al., 2010).    

In addition to its potential contribution to a wide range of non-motor deficits 

(autonomic dysfunction, psychiatric disorders, sleep disturbances, etc…), the 

loss of NE neurons may contribute to the progressive degeneration of midbrain 

DA neurons in PD (Mavridis et al., 1991, Bing et al., 1994, Fornai et al., 1995, 

Srinivasan and Schmidt, 2003, 2004).  Rodent studies have, indeed, suggested 

that NE may be neuroprotective towards midbrain DA neurons degeneration in 

mice models of PD (Mavridis et al., 1991, Fornai et al., 1997, Rommelfanger et 

al., 2004). Altogether, these data provide a solid foundation through which NE 

degeneration could play a critical role in the development of non-motor features 

and progressive loss of midbrain dopaminergic neurons in PD (Cash et al., 1987, 

Zweig et al., 1993, Bedard et al., 1998, Remy et al., 2005, Pintor et al., 2006, 

Marsh et al., 2009, Del Tredici and Braak, 2013).  
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Thus, to set the stage for a deeper understanding of NE functions in the 

ventral midbrain and STN of primates, the goals of the present study are two 

folds: (1) map the distribution, assess the relative abundance, and determine the 

synaptic connections of NE terminals in various DA cell groups and the STN of 

normal rhesus monkeys and (2) determine the extent of NE denervation these 

regions undergo in chronically MPTP-treated monkeys. 

 

MATERIAL AND METHODS 

Animals  

Six adult female rhesus monkeys (Macaca mulatta, 4.5–8.5 kg) from the Yerkes 

National Primate Research Center colony were used in this study, in accordance 

with guidelines from the National Institutes of Health. All procedures were 

approved by Emory’s Animal Care and Use Committee. The animals were 

housed in a temperature-controlled room and exposed to a 12-h light/dark cycle. 

They were fed twice daily with monkey chow supplemented with fruits or 

vegetables. The animals had free access to water. 

MPTP treatment and behavioral observations 

The 6 rhesus monkeys used in this study were divided into two groups. 

Group 1 consisted of 3 animals that were treated with MPTP and Group 2 

comprised 3 untreated monkeys that were used as control for DH and tyrosine 

hydroxylase (TH) immunocytochemistry, and for varicosities and cell bodies 

counting. The MPTP regimen used to induce parkinsonism in these animals was 

reported elsewhere (Masilamoni et al., 2010). In brief, group 1 monkeys were 
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trained to tolerate handling, transport and transfer in and out of behavioral cages. 

After habituation, baseline behavioral data were collected using a modified 

Parkinson’s disease rating scale and other general locomotor activity rating 

methods routinely used in our laboratory (Masilamoni et al., 2010, Masilamoni et 

al., 2011).  

Following collection of these baseline behavioral data, animals received 

weekly intramuscular injections of 0.2 mg/kg of MPTP (Sigma-Aldrich) for 17 

weeks. The dosage of MPTP was then increased to 0.5 mg/kg for weeks 18 to 21. 

After the 21st MPTP injection, the monkeys displayed moderate parkinsonism 

(Motor Disability Score from 12-15.6 out of 27 points scale) (Masilamoni et al., 

2011). At this point, the monkeys had received a cumulative MPTP dose of 33.8, 

35.4, 39.8 mg. Because the parkinsonian rating scores did not significantly 

change 6 weeks after the last MPTP injection (11, 14 and 15, respectively), these 

monkeys were considered ‘stably parkinsonian’ (Masilamoni et al., 2010, 2011).  

Termination of the experiment 

At the end of the experiments, the monkeys were deeply anaesthetized 

with an overdose of pentobarbital (100 mg/kg, iv), and perfused transcardially 

with cold oxygenated Ringer’s solution, followed by 2 liters of fixative containing 

4% paraformaldehyde and 0.1% glutaraldehyde in phosphate buffer (0.1 M, pH 

7.4). After perfusion, the brains were removed from the skull and cut into 10 mm-

thick blocks in the frontal plane. The blocks were further cut into 50 μm-thick 

sections with a vibratome and used for post-mortem immunostaining and cell 

counting procedures. 
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Immunohistochemistry  

Pre-embedding immunoperoxidase for light microscopy 

In order to validate the extent of NE innervation and its sensitivity to 

MPTP-induced degeneration in the ventral midbrain dopaminergic nuclei and the 

STN, brain sections from control and MPTP-treated monkeys were 

immunostained with specific antibodies against DH (monoclonal rabbit anti- 

dopamine beta hydroxylase IgGs; Table 1). Some sections were immunostained 

for tyrosine hydroxylase (monoclonal mouse anti-tyrosine hydroxylase IgGs; 

Table 1) at a concentration of 1:1000 to identify DA neurons and define borders 

between the various midbrain cell groups. In addition, we used highly specific 

mouse monoclonal calbindin D28K antibodies at a concentration of 1:4000 

(Sigma, catalogue number C9848; Table 1) to label calbindin-positive cells in the 

dorsal tier of the SNC (SNCd) and VTA, which allowed us to differentiate these 

neurons from the calbindin-negative ventral tier (SNCv) neurons (Masilamoni et 

al., 2010) (see Suppl. Fig. 1).  

The immunostaining protocols used to localize the various antigens were 

described in our previous studies (Masilamoni et al., 2010, 2011). In brief, 

sections were treated at room temperature (RT) with sodium borohydride for 20 

minutes followed by a pre-incubation for 1 hour in a solution containing 1% 

normal horse serum or normal goat serum (NGS), 0.3% Triton-X-100, and 1% 

bovine serum albumin (BSA) in PBS. Sections were then incubated for 24 hours 

at RT in a solution containing the subsequent primary antibodies in 1% normal 

horse or goat serum, 0.3% Triton-X-100, and 1% BSA in PBS. Further details 
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about the sources and antigen specificity of these antibodies are provided in 

Table 1. On the following day, sections were thoroughly rinsed in PBS and then 

incubated in a PBS solution containing either (secondary) biotinylated horse anti-

goat IgGs, goat anti-rat IgGs, or goat anti-rabbit IgGs (1:200; Vector, Burlingame, 

CA) combined with 1% normal horse or goat serum, 0.3% Triton-X-100, and 1% 

BSA for 90 minutes at RT. Sections were exposed to an avidin-biotin-peroxidase 

complex (ABC; 1:100 [Vector] for 90 minutes followed by rinses in PBS and Tris 

buffer (50 mM; pH 7.6). Sections were then incubated within a solution containing 

0.025% 3,3′-diaminobenzidine tetrahydrochloride (DAB; Sigma, St. Louis, MO), 

10 mM imidazole, and 0.005% hydrogen peroxide in Tris buffer for 10 minutes at 

RT, rinsed with PBS, placed onto gelatin-coated slides, and cover slipped with 

Permount. Lastly, the sections were analyzed by using a Leica DMLB light 

microscope (Vienna, Austria) and scanned using a Scan Scope light microscope 

(Aperio Technologies, Vista, CA). 

Pre-embedding immunoperoxidase for electron microscopy 

To characterize the ultrastructural features of NE terminals in the ventral 

midbrain and STN, some sections were processed using the pre-embedding 

immunoperoxidase method to localize DH at the electron microscopic level. In 

brief, series of STN and midbrain sections from 3 normal monkeys were 

transferred to a cryoprotectant solution containing 25% sucrose and 10% glycerol 

in PB (0.05 M, pH 7.4) for 20 min and then placed in a - 80°C freezer for 20 min 

to permeabilize cell membranes. They were then thawed through washes in 

decreasing concentrations of cryoprotectant solution until being washed in PBS. 
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The subsequent tissue processing was identical to that used for light microscopy, 

up to the point of DAB exposure, with two important differences: Triton X-100 

was omitted from all solutions, and sections were incubated in the primary 

antibody solution for 48 h at 4°C. After DAB exposure, the tissue was rinsed in 

PB (0.1 M, pH 7.4) and treated with 1% osmium tetroxide for 20 min. It was then 

rinsed with PB and dehydrated with increasing concentrations of ethanol, up to 

100%. Uranyl acetate (1%) was added to the 70% EtOH dehydration solution 

and incubated for 35 min in order to increase the contrast of membranes in the 

electron microscope. After alcohol dehydration, sections were treated with 

propylene oxide, embedded in epoxy resin (Durcupan ACM; Fluka, Buchs, 

Switzerland) for at least 12 h, mounted onto slides, and placed in a 60°C oven for 

48 h to cure the resin. 

Electron microscopic observations  

To confirm that DH-positive varicosities seen at the light microscopic 

level were vesicle-containing axon terminals, two blocks of tissue from the VTA 

and STN of one control monkey that displayed optimal ultrastructural 

preservation and DH staining  were cut out from the embedded sections and 

glued onto resin blocks for ultrathin sectioning with an ultramicrotome (Leica 

Ultracut T2). Sixty-nanometer-thick sections were collected from the surface of 

the tissue block to ensure that antibody penetration was optimal. Sections were 

mounted on single-slot pioloform-coated copper grids, stained for 5 min with lead 

citrate, and examined with a JEOL transmission electron microscope (EM; model 

1011, Jeol, Peabody, MA). Electron micrographs were captured and saved with a 
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CCD camera (Model 785; Warrendale, PA) controlled by Digital Micrograph 

software (version 3.11.1; Gatan, Inc.). Immunoperoxidase labeling for DH could 

be identified as a dark, amorphous deposit in the neuronal elements. 

Immunoreactive elements were classified based on ultrastructural features 

(Peters et al., 1991). A total of fifty micrographs of randomly-encountered DAB-

labeled axon terminals were captured at 50,000X in the VTA and STN.  

Estimation of the number of DH-positive varicosities  

Unbiased sampling of labeled varicosities in the ventral midbrain and STN was 

applied to determine regional differences in the density of DH-containing 

varicosities across various regions of the ventral midbrain and STN in normal and 

MPTP-treated monkeys. The unbiased estimation of the total number of DH-

positive varicosities in SNCv, SNCd, VTA, RRF and STN was determined using 

the optical fractionator principle (StereoInvestigator, MicroBrightField, Inc., 

Williston, VT). For this analysis, DH-positive varicosities were defined as 

individual round or oval-shaped bulbous structures spaced irregularly along 

labeled axons that varied in size from 0.5 to 3.0 µm in diameter. In some cases, 

clusters of varicosities were attached at the end of short stalks which originated 

from a parent labeled axon (Fig. 3 E and G). The random systematic sampling of 

counting areas was done using the Leica DMR microscope. First, we took low 

power micrographs (1.25× ) of TH- and CB-immunostained ventral midbrain 

sections, and manually delineated the borders of SNCv vs SNCd, and VTA, 

based on the absence or presence of CB immunoreactivity, respectively (Suppl. 

Fig.1). Then, the borders of the different ventral midbrain regions were manually 
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delineated on DH- and TH-immunolabeled slides adjacent to those 

immunostained for CB. Counts of DH-immunoreactive varicosities and TH-

positive neurons were generated using a 100×  oil immersion objective. To 

perform unbiased stereology, counting frames (65×65 μm) were randomly 

placed by the stereology software within the chosen region of interest. The 

software also controlled the position of the x–y stage of the microscope, so that 

the entire nuclei could be scanned by successively meandering between 

counting frames. The software calculated the estimated total number of DH- 

positive varicosities in the different subnuclei. Measurements were made from 1 

of 12 serial sections through the rostrocaudal extent of these nuclei. The number 

of labeled varicosities was counted in a total of 4, 12, 11, 10 and 4 sections of the 

STN, SNCv, SNCd, VTA and RRF, respectively. This design resulted in a 

coefficient of error of 0.027- 0.067 (Gundersen, m = 1) (Gundersen and Osterby, 

1981). The density of labeled varicosities was calculated by dividing the total 

number of varicosities counted in each nucleus by the estimated volume of the 

nuclei. 

We used the Cavalieri’s principle to estimate the volume of the SNCv, 

SNCd, VTA, RRF and STN from TH-immunostained sections in three controls 

and three parkinsonian monkeys (Gundersen and Osterby, 1981, Schmitz and 

Hof, 2005). The boundary of each nuclei was delineated by TH- and CB-

immunostained elements as explained above. Measurements were made from 1 

of 12 serial sections through the rostrocaudal extent of these nuclei.  

RESULTS 
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Motor impairment and nigrostriatal dopamine loss in MPTP-treated 
parkinsonian monkeys.  
 

Chronic low dose MPTP exposure was used in this study to slowly induce 

progressive parkinsonian motor signs and nigrostriatal dopaminergic denervation 

in three monkeys. A detailed description of this MPTP treatment protocol,  and 

quantitative data about parkinsonian motor scores, extent of striatal dopamine 

denervation and nigral dopaminergic neurons loss are provided in our previous 

studies, and will not be repeated here (Masilamoni et al., 2010, Masilamoni et al., 

2011). In brief, after the last injection of MPTP, the monkeys displayed stable 

moderate parkinsonian symptoms, including akinesia, bradykinesia, rigidity, 

postural instability, mask-like faces for at least 6 weeks prior to sacrifice. In 

postmortem tissue, TH immunostaining was significantly decreased in the whole 

striatum, but most particularly in the post-commissural and anterolateral putamen 

than in the caudate nucleus, anteromedial putamen and nucleus accumbens (Fig. 

2 A-D). As expected, this striatal denervation was accompanied with a significant 

loss of TH-immunoreactive neurons in the SNCv, but not as pronounced in the 

SNCd and VTA (Fig. 2E, F). There were highly significant differences (P < 0.001) 

in the extent of cell loss in the different ventral midbrain dopaminergic cell groups. 

The loss was more severe in the SNCv (71%) than in the SNCd (59%) and in 

VTA (48%). As previously described (Masilamoni et al., 2010), these animals 

displayed a 30-40% loss of noradrenergic neurons in the LC and related A5 and 

A7 noradrenaline cell groups (Fig. 2G,H). 

 

Morphological Characteristics and ultrastructural features of DH-positive 
varicosities in the ventral midbrain and STN. 
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At the light microscopic level, DH-positive varicose fibers were found through 

the full extent of the ventral midbrain dopaminergic cells groups, but were 

particularly abundant in the VTA, RRF and SNCd. Only scarce elements were 

found in the SNCv (Fig. 3A-F). In general, beaded axonal-like profiles and 

terminal-varicosities which were either isolated within the neuropil or part of 

pericellular baskets around the cell bodies or proximal dendrites (Fig. 3A-F). The 

pericellular innervation was most prevalent in the VTA and RRF, though it could 

occasionally be seen in the SNCd, but not in the SNCv. In the STN, DH 

immunoreactivity was faint and associated predominantly with thin long varicose 

axon-like processes that were sparsely distributed throughout the nucleus (Fig. 

3G).  

To confirm that the DH-positive varicose processes seen at the light 

microscopic level correspond to axon terminals, an electron microscopic analysis 

was performed on two blocks of tissue from the VTA and the STN of a control 

monkey. At the ultrastructural level, DH immunoreactivity was expressed either 

in small unmyelinated axons or in the pre-synaptic active zones of axon terminals 

in both the STN and VTA (Fig. 4A-D). The labeled boutons displayed 

ultrastructural features reminiscent of those previously described for terminals 

immunoreactive for norepinephrine transporter in the rodent VTA (Liprando et al., 

2004) i.e. they were small to medium-sized (~0.3-1.2 m in diameter), contained 

a few mitochondria as well as a variable number of small round and pleomorphic 

synaptic vesicles. In cases that the synaptic specialization could be seen in the 

plane of single ultrathin section, it was of the asymmetric type (Fig. 4A-D).  
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The RRF and VTA receive the densest noradrenergic innervation in the 
ventral midbrain of normal rhesus monkeys  
 

The density of DH-positive axons and varicosities varied significantly across 

different DA regions of the ventral midbrain and the STN; the strongest DH-

positive innervation being found in RRF and VTA (Figs 3C,D; 6). Albeit to a lower 

degree, the SNCd also received a moderate NE innervation, while the SNCv and 

STN contained only scarce DH-positive profiles in normal monkeys (Fig. 3F,G). 

Counts of DH-positive varicosities confirmed these observations showing that 

the RRF was the most densely innervated region (656.1 X 104 varicosities/mm3) 

followed by the VTA (356.2 X104 varicosities/mm3), SNCd (178.4 X 104 

varicosities/mm3), SNCv (67.5 X 104 varicosities/mm3) and STN (7.5 X 104 

varicosities/mm3) (Fig. 5C). Our quantitative analysis further highlighted specific 

patterns of distribution of DH-positive varicosities along the rostrocaudal axis of 

the different nuclei examined such that the density of DH-labeled varicose 

processes was greatest in the rostral tier of the RRF, while it reached its peak in 

the middle tier of VTA (Figs 5A,B; 6). The caudal and rostral tiers of the SNCv 

and SNCd were the most massively innervated regions of these sub-nuclei, 

respectively (data not shown).  

Reduced noradrenergic innervation of dopaminergic cell groups and STN 

in MPTP-treated monkeys.  

 

To assess changes in the abundance of DH-positive terminals in parkinsonian 

animals, we compared the distribution of DH–immunopositive varicosities 

between normal and MPTP-treated monkeys. Our light microscopic observations 
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showed that chronic low dose MPTP treatment significantly decreased the 

density of NE innervation in the ventral midbrain and STN of parkinsonian 

monkeys compared to control. Our stereological quantitative assessment of the 

number of labeled varicosities showed that the STN contained 542,663 DH-

immunopositive varicosities, while this density was 66% lower (183,642) in 

parkinsonian animals (Fig. 5C). The difference between normal and parkinsonian 

monkeys was significant (P<0.001).  The decrease in DH-immunopositive 

varicosities appeared to be roughly similar across the midbrain DA groups in the 

SNCv (46% loss), SNCd (69% loss) VTA (74% loss) and RRF (59% loss) in the 

parkinsonian monkeys (Fig. 5C).  

 

DISCUSSION 
 

The results of this study reveal new aspects of the distribution and 

structural features of NE terminals in the ventral midbrain and STN of nonhuman 

primates. Our findings demonstrate that the RRF, VTA and SNCd are areas most 

enriched in NE terminals, while the SNCv and STN receive a much sparser 

noradrenergic innervation in primates. At the ultrastructural level, NE terminals in 

the monkey VTA and STN display similar ultrastructural features, occasionally 

form asymmetric axo-dendritic synapses, and structurally resemble NE terminals 

in the rodent VTA. In line with our previous findings of significant NE cell loss in 

the LC of chronically MPTP-treated monkeys, our quantitative analysis 

demonstrates a 40-50% loss of DH-positive terminal-like varicosities in all 

ventral midbrain regions and the STN of parkinsonian monkeys. Taken together 
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with our previous data, these results provide strong evidence that monkeys 

treated chronically with low doses of MPTP undergo severe NE neuronal loss 

and a major breakdown of the noradrenergic innervation of midbrain 

dopaminergic cell groups and STN. Knowing the critical regulatory, and possibly 

neuroprotective, role of NE afferents towards degeneration of midbrain 

dopaminergic neurons in parkinsonism, our findings set the stage for future 

studies aimed at better understand the physiological and pathological 

consequences of degeneration of the ascending NE system in Parkinson’s 

disease.  

     

Noradrenergic afferents to midbrain DA neuron and its functional 

implications in PD 

Results of our light microscopic observations and stereological analyses 

from normal monkeys are consistent with those previously described in rodents, 

showing that the RRF and VTA receive the densest NE innervation among the 

ventral midbrain DA cell groups (Aston-Jones, 2004, Mejias-Aponte et al., 2009). 

These anatomical findings corroborate electrophysiological and pharmacological 

evidence that ascending noradrenergic afferents regulate the activity of midbrain 

dopaminergic neurons and/or release of dopamine in the striatum and cerebral 

cortex (Snoddy and Tessel, 1985, Gonon, 1988, Bean and Roth, 1991, Delaville 

et al., 2012).  

NE acts via two G-protein receptor families,  (α1,α2), and β (subtype 

), each consisting of several subtypes (Wikberg, 1982). In the CNS, α1 
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and β receptors are primarily expressed at postsynaptic sites, where they 

generally mediate an excitatory action, while α2 receptors are often located pre-

synaptically, and exert inhibitory effects on transmitter release (Kawasaki et al., 

2003, Otmakhova et al., 2005, Ferry et al., 2015). The electrical stimulation of LC 

and pharmacological blockade of α2 adrenergic receptors influence the activity of 

midbrain DA neurons (Grenhoff and Svensson, 1993) by decreasing potassium 

conductance, inhibiting metabotropic glutamate receptor (mGluR)-mediated 

IPSPs, or through a non-selective cationic conductance (Grenhoff et al., 1995, 

Paladini et al., 2001, Cathala et al., 2002). On the other hand, α1 adrenoceptors 

antagonist reduces burst firing in these cells (Grenhoff and Svensson, 1988, 

1993, Grenhoff et al., 1995) through an activation of a calcium dependent 

potassium conductance and an increase in GABA release (Paladini et al., 2001, 

Cathala et al., 2002, Dumont and Williams, 2004).     

In light of these findings, our data showing a major loss of NE terminals in 

the ventral midbrain of MPTP-treated parkinsonian monkeys strongly suggest 

that such denervation could impact significantly upon the firing rate and pattern of 

activity of mesocortical and nigrostriatal dopaminergic neurons in primates. 

Future studies are needed to further characterize the regulatory functions of NE 

on midbrain dopaminergic cell groups’ activity in normal and parkinsonian 

monkeys.  

 

Sources of ascending NE afferents to ventral midbrain dopaminergic cell 

groups 
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Although the exact sources of NE inputs to the ventral midbrain remain 

poorly characterized in primates, this issue has been examined in more detail in 

rats (Jones et al., 1977, Phillipson, 1979, Geisler and Zahm, 2005, Mejias-

Aponte et al., 2009) by means of retrograde and anterograde tracing methods. In 

brief, these studies revealed that neuronal populations in various brainstem 

noradrenergic cell groups (A1, A2, A5 and LC) send projections to the VTA and 

RRF, while inputs to the SN are far less prominent and largely arise from the LC. 

Axonal projections from these various cell groups likely account for the majority 

of DH-immunoreactive terminals described in the present study.  

However, some of these DH-positive terminals may also originate from 

brainstem adrenergic cell groups (C1,C2,C3), but these probably comprise only a 

small proportion of labeled terminals in the VTA and SN (Mejias-Aponte et al., 

2009), although the RRF may receive a stronger adrenergic innervation than 

other cell groups (Mejias-Aponte et al., 2009). These adrenergic and 

noradrenergic cell groups receive inputs from a wide variety of lower brainstem 

centers that carry information related to homeostatic regulation, suggesting their 

involvement in regulating the physiological well-being of organisms (Aston-Jones 

and Bloom, 1981, Blessing and Willoughby, 1985, Rinaman, 2003, Hilaire et al., 

2004, Guyenet, 2006). Another important function of these ascending systems 

might be to regulate increased burst firing in midbrain dopaminergic neurons 

during stress, a physiological effect that is modulated by alpha-1 and alpha-2 

adrenoreceptors (Grenhoff and Svensson, 1988, 1993, Paladini et al., 2001). The 

possible role of ascending LC inputs in regulating cognitive performance through 
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interactions with midbrain dopaminergic neurons has also been suggested  

(Aston-Jones and Cohen, 2005).  

Thus altogether, these data indicate that the degeneration of 

noradrenergic inputs to the ventral midbrain in PD may contribute to a wide 

variety of motor a non-motor symptoms of the disease. Further studies of the 

functional effects of noradrenergic systems degeneration in MPTP-treated 

monkeys would help translate these observations to the human diseased 

condition.  

Neuroprotective effects of NE on SNc dopaminergic neurons 

degeneration? 

Beyond its role as a classic neurotransmitter, some evidence suggests 

that NE may exert neuroprotective influence upon midbrain dopaminergic 

neurons in MPTP- or 6-OHDA-treated nonhuman primate and rodent models of 

parkinsonism (Mavridis et al., 1991, Marien et al., 1993, Bing et al., 1994, Fornai 

et al., 1997). In these studies, lesion of noradrenergic neurons potentiated the 

toxin-induced damage of nigrostriatal dopaminergic cells. In line with these data, 

blockade of the norepinephrine transporter was found to protect midbrain 

dopaminergic neurons from MPTP-induced degeneration in mice (Rommelfanger 

et al., 2004). Although the mechanisms that underlie these neuroprotective 

effects remain to be established, in vitro studies have described NE as a 

mediator of anti-inflammatory actions (Galea et al., 2003), antioxidant effects 

(Troadec et al., 2001, Mourlevat et al., 2003, Traver et al., 2005), and inhibitor of 

nitric oxide synthase production (Feinstein et al., 1993, Dello Russo et al., 2004). 
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The combination of these properties likely contributes to the neuroprotective 

effects of NE.  

It is noteworthy that the pattern of midbrain dopaminergic neuronal loss in 

Parkinson’s disease follows a pattern of degeneration that is inversely correlated 

with the extent of NE innervation of the ventral midbrain i.e. DA loss is more 

extensive in SNCv, which receives sparse NE inputs, than in the SNCd, VTA and 

RRF (Fearnley and Lees, 1991), which contain a far greater number of NE 

terminals. Thus, it is tempting to speculate that the strong NE innervation of VTA 

and RRF regions may be responsible for the selective sparing of a large 

proportion of dopaminergic neurons in these regions in the parkinsonian 

condition. The neuroprotective role of NE has also been suggested in mouse 

models of Alzheimer’s disease (Jardanhazi-Kurutz et al., 2010).   

Noradrenergic innervation of the STN 

Our light and electron microscopic data provide evidence for a sparse to 

moderate noradrenergic innervation of the STN in rhesus monkey. At the 

ultrastructural level, DH-positive terminals in the monkey STN display similar 

features to those seen in the monkey and rodent VTA (Liprando et al., 2004). 

These data are consistent with results of tract tracing studies showing a small 

number of retrogradely labeled neurons in the LC after STN injections (Carpenter 

et al., 1981, Canteras et al., 1990, Parent and Hazrati, 1995) and previous 

histochemical studies of DH fibers in the monkey and rodent STN (Swanson 

and Hartman, 1975, Ginsberg et al., 1993). Despite this modest innervation, 

patch clamp recording studies have shown that modulation of pre-synaptic alpha-
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2 or post-synaptic alpha-1 adrenergic receptors have a significant effect on the 

firing of STN neurons in rat brain slices (Arcos et al., 2003, Belujon et al., 2007). 

In light of these findings, it has been suggested that direct NE innervation of the 

STN may play a role in mediating some of the antiparkinsonian effects of alpha-2 

noradrenergic receptor antagonists in animal models of PD (Mavridis et al., 1991, 

Bezard et al., 1999, Chopin et al., 1999, Belujon et al., 2007, Coenen et al., 

2008).  

Thus, despite its modest nature, the NE innervation of the STN has some 

functional relevance, suggesting that the partial loss of NE innervation of the STN 

described in our study could potentially contribute to the abnormal firing rate and 

bursting pattern of STN neurons in parkinsonism. Knowing the importance of 

abnormal STN outflow in the parkinsonian state, a deeper understanding of the 

mechanisms by which NE regulates STN neuronal activity in primates is 

warranted.       

Concluding Remarks 

Despite well-established evidence that brainstem NE neurons in the locus 

coeruleus and related brainstem cell groups degenerate in PD (Greenfield and 

Bosanquet, 1953, Ehringer and Hornykiewicz, 1960, 1998), sometimes to a 

greater extent than in SNc (Zarow et al., 2003), the importance of this 

degeneration in the development of motor and non-motor symptoms of the 

disease remains poorly understood. Because the majority of PD-related studies 

make use of animal models that display limited or no significant loss of NE cell 

groups, much remains to be known about the exact involvement of NE neuronal 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 

loss in PD pathophysiology. Results from this study and previous data from our 

laboratory and others (Mitchell et al., 1985, Di Paolo et al., 1986, Forno et al., 

1986, Masilamoni et al., 2011, Delaville et al., 2012) demonstrate that chronic 

MPTP administration in nonhuman primates results in significant NE cell loss, 

and prominent denervation of key brain regions that could contribute to a wide 

range of motor, psychiatric, cognitive and autonomic dysfunctions commonly 

seen in PD patients (Olanow et al., 2011). The use of such an animal model in 

future behavioral and physiological studies should help better understand the role 

of NE denervation in PD pathophysiology, and assess more thoroughly the 

potential therapeutic benefits of NE-related drugs in this disorder (Delaville et al., 

2012). 
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FIGURE LEGEND 
 
Figure 1. Photomicrographs of TH-immunostained coronal sections at the level 

of the pre-commissural striatum (A–B), post-commissural striatum (C–D), 

midbrain dopaminergic cell groups (E–F) and noradrenergic cells groups (G, H) 

of a control (left column) and a MPTP-treated (right column) monkey. 

Abbreviations: A5,A7: Noradrenergic cell groups A5 and A7; CA: caudate 

nucleus; GPe: globus pallidus, external segment; GPi: globus pallidus, internal 

segment; LC: locus coeruleus; PU: putamen; SNCd: substantia nigra compacta, 

dorsal tier; SNCv: substantia nigra, ventral tier; Th: thalamus;  VTA: ventral 

tegmental area. Scale bars: A–D = 5mm, E-F = 2mm, G-H=2mm. 

Figure 2. Photomicrographs of DH-immnoreactive axonal profiles and terminal-

like varicosities in the VTA (A,D,E), SNc-d (B), RRF (C), SNc-v (F) and STN (G) 

of a normal rhesus monkey. See text for abbreviations. Scale bars: A = 200µm 

B–G = 50µm 

Figure 3: Electron micrographs of DH-positive terminals (Te) that form 

asymmetric axo-dendritic synapses in the STN (A,B) and VTA (C,D) of a normal 

rhesus monkey. The arrows indicate aggregates of peroxidase deposit confined 

to pre-synaptic vesicles in the active zones of asymmetric axo-dendritic synapses 

formed by these terminals.  Abbreviation: Den (dendrite). Scale bars: A–D = 

500nm 

Figure 4. (A,B) Relative percentages of DH-positive varicosities along the 

rostrocaudal extent of the VTA and RRF in normal monkeys. (C) Comparison of 

the estimated density of DH-positive varicosities (means± SD) in the various 

ventral midbrain dopaminergic cells groups (SNCv, SNCd, VTA, RRF) and the 

STN between control and MPTP-treated parkinsonian monkeys.*< 0.001 for 

differences between control, and MPTP-treated animals by using one-way 

ANOVA with Tukey’s post hoc test. 

Figure 5. Schematic diagram to illustrate the relative density and distribution of 

DH-containing axonal profiles through the ventral midbrain dopaminergic cell 

groups (SNCv, SNCv, SNCd, VTA, RRF) and the STN of controls and MPTP-
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treated monkeys. The SN pars reticulate (SNr) was almost completely devoid of 

DH-immunoreactive profiles. 
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Table 1 
Primary Antibodies used in this study 
Antibody Immunogen Manufacturer data Dilution 

Thyroxin 
hydroxylase  

Tyrosine Hydroxylase purified from 
PC12 cells 

Millipore (MAB 
318),  Mouse 
monoclonal 

1:1000 

Calbindin-D-28K Bovine kidney calbindin-D Sigma (C-9848) 
Mouse monoclonal  
 

1: 4000 

Dopamine- beta 
-hydroxylase 

Synthetic peptide, 
CPTSQGRSPAGPTVVSI-amide, 
cloned from human (DbH) cDNA 
(Nagatsu et al. 1990) 

Millipore (AB 
1536), Rabbit 
polyclonal  

1:500 
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HIGHLIGHTS         

 The VTA and RRF are the two main ventral midbrain targets of NE inputs 

in primates 

 The STN and ventral SNC receive sparse NE innervation in primates 

 NE neurons in LC, A5 and A6 cell groups degenerate in MPTP-treated 

monkeys 

 NE inputs to the ventral midbrain and STN are lost in parkinsonian 

monkeys 
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