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Background: We recently developed a nonhuman primate model of cardiac dysautonomia by 

systemic dosing of the catecholaminergic neurotoxin 6-hydroxydopamine (6-OHDA). The aim 

of this study was to assess whether systemic 6-OHDA affects the central nervous system of 

nonhuman primates, in particular the dopaminergic nigrostriatal system.

Methods: Brain sections from adult rhesus monkeys that received systemic 6-OHDA (50 mg/kg 

intravenously; n=5) and were necropsied 3 months later, as well as normal controls (n=5) were 

used in this study. Tissue was cut frozen at 40 µm on a sliding microtome, processed for immu-

nohistochemistry, and blindly evaluated.

Results: Neither the optical density of tyrosine hydroxylase immunoreactivity (TH-ir; a dopa

minergic neuronal marker) in the caudate and putamen nucleus nor the TH-ir cell number and 

volume in the substantia nigra showed significant differences between groups. Yet within groups, 

statistical analysis revealed significant individual differences in the 6-OHDA-treated group, 

with two animals showing a lower cell count and volume. Optical density quantification of 

α-synuclein-ir in the substantia nigra did not show differences between groups. As α-synuclein 

intracellular distribution was noted to vary between animals, it was further evaluated with a 

semiquantitative scale. A greater intensity and presence of α-synuclein-positive nigral cell 

bodies was associated with larger TH-positive nigral cell volumes. Increased human leukocyte 

antigen (HLA-DR; a microglial marker) expression was observed in 6-OHDA-treated animals 

compared with controls. HLA-DR-ir was primarily localized in endothelial cells and perivascular 

spaces throughout cortical and subcortical structures. Semiquantitative evaluation using a rating 

scale revealed higher HLA-DR-ir in blood vessels of 6-OHDA-treated animals than controls, 

specifically in animals with the lowest number of dopaminergic nigral neurons.

Conclusion: Our results demonstrate that systemic 6-OHDA administration to rhesus monkeys 

can affect the dopaminergic nigrostriatal system and upregulate inflammatory markers in the 

cerebrovasculature that persist 3 months post neurotoxin challenge. The variability of the subject 

response suggests differences in individual sensitivity to 6-OHDA.

Keywords: 6-hydroxydopamine, blood–brain barrier, nonhuman primates, neuroinflammation, 

parkinsonism

Introduction
Parkinson’s disease is a progressive neurodegenerative multisystem disorder that pres-

ents both motor and nonmotor symptoms. The pathological hallmarks of Parkinson’s 

disease are the loss of dopaminergic nigral neurons and the presence of intracytoplasmic 

inclusions termed Lewy bodies, which are mainly composed by the presynaptic protein 

α-synuclein. Neuroinflammation, observed as activated microglia and reactive astro-

cytes, is also typically found in the brains of patients with Parkinson’s disease.1–4
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6-Hydroxydopamine (6-OHDA) is a catecholaminergic 

neurotoxin used to model Parkinson’s disease in animals. 

Similar to dopamine, 6-OHDA does not cross the blood–brain 

barrier5,6 and its method of administration defines whether 

central or peripheral catecholaminergic neurons are affected, 

and therefore which symptoms of Parkinson’s disease are 

modeled. When 6-OHDA is intracerebrally injected into the 

nigrostriatal system or medial forebrain bundle, it replicates 

typical loss of dopaminergic nigral neurons in Parkinson’s 

disease.7–12 Systemic dosing of 6-OHDA induces loss of 

catecholaminergic innervation to the heart and adrenal 

medulla,13 and replicates Parkinson’s disease pathologies 

associated with cardiac dysautonomia. There are no reports 

of 6-OHDA-induced α-synuclein changes in monkey models, 

yet in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-

treated monkeys, investigators have found aggregation and 

redistribution of α-synuclein, suggesting that neurotoxins 

have the potential to interact with α-synuclein.14,15

Although systemic dosing of 6-OHDA to rodents does 

not seem to affect central catecholamines, it has been shown 

to compromise the blood–brain barrier in areas of the 

mesencephalon.16 We have recently developed a nonhuman 

primate model of cardiac dysautonomia by systemic dosing 

of 6-OHDA.17,18 In vivo and post mortem analysis confirmed 

loss of catecholaminergic innervation in the heart as well as 

loss of circulating catecholamines produced by the adrenal 

medulla; motor symptoms of Parkinson’s disease were not 

observed. Here we report the brain post mortem studies to 

assess whether systemic administration of 6-OHDA to rhesus 

monkeys has central nervous system effects, in particular in 

the dopaminergic nigrostriatal network.

Material and methods
Ethics statement
The present study was performed in strict accordance with the 

recommendations in the National Institutes of Health Guide for 

the Care and Use of Laboratory Animals (1996) in an Associa-

tion for Assessment and Accreditation of Laboratory Animal 

Care accredited facility (Wisconsin National Primate Research 

Center, University of Wisconsin-Madison). Experimental pro-

cedures were approved by the Institutional Animal Care and 

Use Committee of the University at the Wisconsin-Madison 

(permit number G00538). All efforts were made to minimize 

the number of animals used and to ameliorate any distress.

Subjects
Brain sections from nine adult rhesus monkeys (Macaca 

mulatta, aged 5–17 years) were utilized for this study. 

The animals from which the tissue was obtained were 

individually housed in group 3 or group 4 enclosures in 

accordance with the Animal Welfare Act and the Guide for 

the Care and Use of Laboratory Animals (7th edition, 1996) 

with a 12-hour light/dark cycle. Throughout the study, the 

animals were monitored twice daily by an animal research 

or veterinary technician for evidence of disease or injury 

(eg, lack of appetite, dehydration, diarrhea, lethargy, trauma), 

and body weight was monitored to ensure animals remained 

in properly sized cages. Animals were fed commercial 

nonhuman primate chow (2050 Teklad global 20% protein 

primate diet; Harlan Laboratories, Madison, WI, USA) twice 

daily, supplemented with fruit or vegetables and a variety 

of forage items. and received water ad libitum. Nonhuman 

primate chow soaked in a protein-enriched drink (Ensure®; 

Abbott Laboratories, Abbott Park, IL, USA) was offered to 

stimulate appetite as needed.

Normal brain sections were obtained from four adult 

rhesus monkeys (mean age 9.6±5.2 years, mean weight 

11.03±3.29 kg) from the Wisconsin National Primate Center 

tissue bank. The 6-OHDA-treated brain sections were from 

five rhesus monkeys (mean age 7.0±1.57 years, 7.35±1.65 kg) 

from a previously published study.18 Dosing of 6-OHDA to 

these monkeys was done in sterile surgical conditions under 

isoflurane anesthesia, as a sequence of 7–9 injections totaling 

a final dose of 50  mg/kg. The animals were necropsied 

3 months post 6-OHDA.

Necropsy and preparation of tissue
Animals from which the tissue was obtained were anesthetized 

with sodium pentobarbital sodium (35 mg/kg, intravenously) 

and perfused through the ascending aorta artery with heparin-

ized phosphate-buffered saline, followed by 4% paraformal-

dehyde. The brains were removed from the calvaria, blocked 

and immersed in 4% paraformaldehyde for 48–72 hours, and 

cryoprotected in increasing grades (10%–30%) of sucrose/0.1 

M phosphate-buffered saline (pH 7.2) solution. Tissue slabs 

were frozen and cut at 40 µm on a sliding microtome and the 

tissue stored in cryoprotectant as previously described.19

Clinical rating scale evaluation
All monkeys were monitored daily and any changes in 

overall health and general behaviors, including presence of 

neurological signs, were recorded. Animals that received 

6-OHDA were evaluated for symptoms of parkinsonism 

using a previously validated clinical rating scale.20,21 Briefly, 

the scale assessed tremor, posture, gait, bradykinesia, 

balance, gross motor skills, defense reaction, and freezing 
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using a 32-point scale, with a higher score describing a 

severe disability. Assessments were recorded at baseline 

and approximately 4, 10, and 14 weeks after 6-OHDA as 

previously reported.18

General immunohistochemistry
Immunohistochemical staining of brain sections was per-

formed as described in previously published protocols19,22 

for tyrosine hydroxylase (TH; 10,000; Immunostar, Hudson,  

WI, USA), microglia marker human B-lymphocyte LN-3 

(HLA-DR; 1:200; MP Biomedical, Santa Ana, CA, 

USA), glial f ibrillary acidic protein (GFAP; 1:2,000; 

DakoCytomation, Glostrup, Denmark), and α-synuclein 

(Invitrogen, Carlsbad, CA, USA). HLA-DR staining was 

enhanced by addition of ammonium nickel sulfate. Tissue was 

immunostained for soluble and insoluble α-synuclein using 

the protocol described above. Immunostaining for insoluble 

α-synuclein included an additional incubation in proteinase 

K (1:4,000; Life Technologies, Grand Island, NY, USA) for  

10 minutes before endogenous peroxidase block. All slides 

were dehydrated and coverslipped with permount (Fisher 

Scientific, Pittsburgh, PA, USA) and dried overnight.

Immunofluorescence
Sequential day immunofluorescence stainings were per-

formed in brain sections to identify the localization of vascu-

lar (by CD31) and microglia (by HLA-DR) markers. Tissue 

was blocked in 5% donkey serum and 2% bovine serum 

albumin before primary antibody incubation with mouse 

anti-CD31 (1:80; DakoCytomation) and 0.1% Triton X-100 

overnight at 4°C. Tissue was incubated in donkey anti-mouse 

immunoglobulin G conjugated to Alexa Fluor-488 (1:1000; 

Invitrogen). Tissue was washed and incubated in a second 

serum block containing 5% goat serum and 2% bovine serum 

albumin, following the second primary antibody mouse anti-

HLA-DR (1:100) with 0.1% Triton X-100 overnight at 4°C. 

Tissue was incubated in Alexa Fluor-594-conjugated goat 

anti-mouse secondary (1:1,000; Invitrogen). All tissues were 

incubated in 4′ 6-diamidino-2-phenylindole dihydrochloride 

(DAPI) for 5 minutes (0.005 µg/mL; Invitrogen), mounted 

on subbed slides and coverslipped using fluorescent mount-

ing medium (Golden Bridge International Inc., Mukiteo, 

WA, USA).

Stereological TH-ir nigral cell counts
The total number of neurons with TH immunoreactivity (-ir) 

in the right and left substantia nigra was determined using 

unbiased stereological cell counting methods as described 

previously.23,24 Briefly, the optical dissector system consisted 

of an AxioImager microscope (Zeiss, Oberkochen, Swit-

zerland) coupled to a QImaging video camera system, and 

neuronal counts were performed using the optical fractionator 

probe in StereoInvestigator (MicroBrightField, Williston, VT, 

USA). Six equally spaced sections were used for analysis. 

The substantia nigra was outlined under a low magnification 

(2.5×), and using dissector counting frames sized 150×90 µm, 

tissue thickness was manually adjusted and neurons counted 

using a 63× oil immersion objective.

Optical density quantification of TH-ir, 
soluble α-synuclein-ir, and HLA-DR-ir
Optical density (OD) was evaluated using National Insti-

tutes of Health ImageJ software version 1.43u. TH-ir OD 

was quantified in six matched slides in the right and left 

caudate and putamen. HLA-DR-ir OD was evaluated in the 

right and left caudate and putamen in one matched slide 

and the substantia nigra in another matched slide. Soluble 

α-synuclein OD was quantified in right and left substantia 

nigra in two slides. Images were captured using an Epson 

1640XL-GA high-resolution digital scanner. ImageJ was 

calibrated using a step tablet, gray scale values converted to 

OD units using the Rodbard function, and the area above a 

threshold of 0.10 (TH) or 0.12 (HLA-DR and α-synuclein) 

OD units was recorded.

Evaluation of soluble and insoluble 
α-synuclein-ir nigral distribution
Soluble and insoluble α-synuclein-ir in nigral cells were eval-

uated in two sections per staining using a light microscope 

(10×, Zeiss). Soluble α-synuclein-ir in fibers and cell bodies 

was identified and scored separately using a semiquantita-

tive scale. The scale was defined as 0= absent, 1= mild 

immunostaining, and 2= moderate immunostaining.

Inflammation scale
Two investigators blind to the treatment group evaluated 

tissue for HLA-DR-ir and GFAP-ir using a semiquantita-

tive rating scale. Two coronal slices were assessed per 

animal per staining using a Zeiss light microscope under 

low magnification (10×). One coronal slide at the level of 

the anterior commissure was used to evaluate the right and 

left putamen, caudate, internal capsule, septum, and anterior 

commissure. Another coronal slide at the level of cranial 

nerve III was used to assess the right and left thalamus, sub-

stantia nigra, and hippocampus. HLA-DR-positive microglia 

were defined as resting when cells presented small bodies 
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and thin elongated processes (Figure 1A) and as activated 

when the cells had enlarged cell bodies and thickened or 

intensely immunostained processes (Figure 1B). Activated 

astrocytes were identified by GFAP-ir with intense hyper-

ramified processes.

The rating scale for activated HLA-DR-ir and GFAP-ir 

was based on the number of focal patches of reactive 

microglia or astrocytes, respectively, including upregulated 

perivascular immunostaining (Figure 1C and D). The scale 

was defined as 0= no staining, 1= weak (more than one focal 

patch), 2= moderate (more than two focal patches), 3= strong 

(more than three focal patches), and 4= intense (more than 

four focal patches).

HLA-DR-ir was further evaluated in resting microglia 

and blood vessels. The presence of HLA-DR-positive rest-

ing microglia and blood vessels expressing HLA-DR was 

evaluated using a semiquantitative scale defined as 0= absent, 

1= weak, 2= moderate, and 3= strong.

Statistical analysis
Data collection and analysis were performed by investiga-

tors blind to the treatment groups. All statistical analysis 

was done using PASW Statistics version 18.0 software 

(SPSS Inc., Chicago, IL, USA) or Statistical Package for 

the Social Sciences version 18.0 software (SPSS Inc.). 

Morphological data were quantified and compared between 

control and 6-OHDA-treated monkeys using independent 

t-tests. Analysis within each group was conducted using 

one-way analysis of variance with Bonferroni post hoc 

analysis. Pearson’s correlations were performed between 

morphological measures. Statistical significance was con-

sidered at P,0.05.

Results
Parkinsonian motor signs were not 
detected after systemic 6-OHDA dosing
All animals were highly active and interactive with their 

environment, displaying behaviors typical of adult rhesus 

monkeys. The 6-OHDA-treated animals did not display 

any signs of parkinsonism before or at any time point post 

neurotoxin, scoring 0 in the clinical rating scale.

TH-ir was variably decreased in the 
substantia nigra of 6-OHDA-treated 
monkeys
Qualitative evaluation of TH-ir revealed in all animals a 

similar pattern of intense expression of TH-positive fibers 

in the caudate and putamen (Figure 2A and B). Numerous 

TH-positive neurons were found within both the dorsal 

and ventral tier of the ventral mesencephalon and the 

ventral tegmental area, although some animals in the 

6-OHDA group seemed to have decreased TH-ir (Figure 

2C–E). TH-positive perikarya had round or triangular 

morphology, with multipolar varicose neurites emanating 

from the cell body. Dendrites from TH-ir somata were 

observed extending ventrally to the substantia nigra pars 

reticulata.

As comparisons per group between left and right OD 

TH-ir in the caudate and putamen or TH-positive nigral 

cell counts did not show significant differences, individual 

monkey datasets are reported as averages between left and 

right measures. OD quantification of TH-ir in the caudate and 

putamen showed no significant differences between groups. 

The average stereological TH-ir nigral cell counts were also 

not significantly different between groups (Figure 2F). Further 

analysis within the 6-OHDA group showed a significant 

difference in the number of TH-ir nigral cells [F(4,9)=18.68, 

P=0.0033], with post hoc analysis demonstrating significance 

between r04094 and rh2318 (P,0.05), r01098 (P,0.05), and 

rh2316 (P,0.01; Figure 2G). Animals rh2316 and rh2318, in 

particular, had low nigral counts, suggesting differences in 

individual sensitivity to systemic 6-OHDA in the nigrostriatal 

system. Although animal r04094 had an average nigral cell 

count greater than the rest of the 6-OHDA group, a Grubb’s 

outlier detection test did not find it an outlier (critical value, 

Z=1.715; animal r04094, Z=1.5538; P.0.05). No variability 

Figure 1 HLA-DR-ir microglia morphology and semiquantitative rating. 
Representative high magnification images of HLA-DR-positive resident (A) and 
activated (B) microglia. Characteristic images of HLA-DR-ir nigral sections showing 
a score of 1 (C) and 4 (D) on a rating scale of 0–4 defining the presence of activated 
microglia. Scale bar: (A and B) =10 µm; (C and D) =50 µm.
Abbreviations: HLA, human leukocyte antigen; ir, immunoreactivity.
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in substantia nigra cell counts was found in the control group 

[F(3,7)=3.082, P=0.1527].

Differences in nigral cell volume were not detected in 

the right compared with the left substantia nigra in either the 

6-OHDA group or the control group, suggesting no laterality 

in the size of cell bodies in the substantia nigra. The average 

volume of TH-ir nigral cells was not statistically different 

between groups (Figure 2F). Similar to TH-ir cell counts, 

significant variability was demonstrated within the 6-OHDA 

group for the nigral cell volume [F(4,9)=218.2, P,0.0001], 

with rh2316 and rh2318 having the smallest volumes of the 

6-OHDA animals (P,0.001; Figure 2H). The control group 

also had significant variability in TH-ir nigral cell volume 

[F(3,7)=7.071, P=0.0446], although a multiple comparisons 

test did not detect significance between animals. Averaged 

substantia nigra TH-ir cell counts did not correlate with 
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Figure 2 TH-ir nigral cell counts and volumes are variable in 6-OHDA-treated monkeys. Microphotographs of TH immunostained striatum at the level of the anterior 
commissure of control (A) and 6-OHDA-treated (B) monkeys, and in the left substantia nigra of a control (C, c), a 6-OHDA-treated monkey without reaction to toxin 
(D, d), and a 6-OHDA-treated monkey with a mild reaction to toxin (E, e). Stereological analysis of averaged TH-ir nigral cell counts and volumes show no difference 
between groups (F). TH-ir nigral cell counts for individual animals show no significant difference in the control group, but significant differences were found in 6-OHDA-
treated animals, with r01098, rh2316, and rh2318 showing a smaller number of nigral cells than r04094 (G). TH-ir nigral cell volumes for individual animals show no significant 
difference in the control group, but significant differences were found in 6-OHDA-treated animals, with a lower nigral volume found in r01097 and r01098 compared with 
r04094 and decreased volumes in rh2316 and rh2318 compared with all other 6-OHDA-treated animals (H). *P,0.05, **P,0.01, ***P,0.001. Scale bar: (A and B) =10 mm, 
(C–E) =500 µm; insets =10 µm.
Abbreviations: 6-OHDA, 6-hydroxydopamine; TH, tyrosine hydroxylase; ir, immunoreactivity.
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the volumes of the same cells; however, trends were found 

when separating for the left (r2=0.436, P=0.053) and right 

(r2=0.359, P=0.088) substantia nigra.

Intracellular distribution of α-synuclein  
in nigral neurons varied within groups
Soluble α-synuclein-ir was present in the substantia nigra of 

all animals, localized in cell bodies and/or fibers extending 

ventrally. Individual differences were observed in the inten-

sity of the staining and its distribution (Figure 3A and B). 

Control subjects had intense nigral α-synuclein-ir in fibers, 

with the exception of one animal (aged 17 years and the eldest 

of the series) that showed only mild fiber expression, while 

all 6-OHDA-treated monkeys had mildly α-synuclein-ir 

fibers. α-Synuclein-ir in cell bodies was variably present in 

all monkeys, with the exception of one control monkey and 

one 6-OHDA-treated monkey that lacked any expression. 

None of the subjects had proteinase K-resistant, insoluble 

α-synuclein aggregates.

Analysis of nigral soluble α-synuclein-ir OD, in addition to 

scores distinguishing cellular and fiber soluble α-synuclein-ir, 

did not show significant differences between treatment groups, 

probably due to the control subject that presented a pattern of 

staining similar to that in the 6-OHDA-treated animals.

Nigral α-synuclein-ir OD (mean of right and left per 

animal) positively correlated with fiber scores (r2=0.893, 

P,0.0001) and trended to negatively correlate with cell 

body scores (r2=0.368, P=0.083), suggesting that nigral 

α-synuclein-ir OD is driven by expression of α-synuclein in 

the fibers. Average soluble α-synuclein cell body scores tended 

to positively correlate with average total volume of TH-ir in 

nigral cells (r2=0.437, P=0.053), suggesting that larger dopa

minergic nigral cells had more soluble α-synuclein.

HLA-DR-ir was increased in the 
cerebrovasculature of 6-OHDA-treated 
monkeys
GFAP-positive resident astrocytes were observed in all 

animals. A few reactive astrocytes exhibiting enlarged cell 

bodies with more intense GFAP-ir ramified morphology 

were found sparingly dispersed in white matter tracts, and in 

patches or surrounding large vasculature throughout nuclei. 

Semiquantitative analysis of GFAP-labeled reactive astro-

cytes showed no significant difference between groups.

In all animals, HLA-DR-ir microglia presented either 

as resting, typically displaying long, lightly immunoreac-

tive fibers, or as mildly activated, characterized by enlarged 

cell bodies with increased cytoplasmic immunoreactivity 

and hyper-ramified fibers; activated cells tended to cluster 

together. HLA-DR-ir cells were found in the anterior 

commissure, internal capsule, septum, and the substantia 

nigra, and to a lesser extent in the caudate, putamen, and 

hippocampus. Notably, 6-OHDA-treated monkeys also 

showed HLA-DR-positive cells with morphology resembling 

blood vessels throughout the striatal nuclei, substantia nigra, 

and hippocampus (Figure 4A–F). Localization of HLA-DR-ir 

in cerebral blood vessels of 6-OHDA-treated monkeys was 

confirmed with immunofluorescent colabeling of HLA-DR-ir 

and CD31-ir (Figure 5).

OD of HLA-DR-ir in the caudate, putamen, and sub-

stantia nigra, as well as scores for HLA-DR-ir in resting and 

activated microglia were not significantly different between 

groups. Interestingly, scoring for HLA-DR-ir in blood 

vessels demonstrated a significant increase in the caudate 

[t(7)=3.388, P=0.012], septum [t(7)=2.657, P=0.033], and 

hippocampus [t(4.739)=2.788, P=0.041] in 6-OHDA-treated 

animals compared with controls (Figure 4G) suggesting that 

systemic 6-OHDA dosing induced upregulation of HLA-

DR-ir in the cerebrovasculature that persisted 3 months post 

administration. Other brain regions showed trends towards 

increased HLA-DR-ir scores in blood vessels of 6-OHDA-

treated animals compared with control animals [putamen: 

t(7)=2.123, P=0.071; thalamus: t(7)=2.106, P=0.073].

The amount of nigral HLA-DR-ir in blood vessels 

negatively correlated with the number of nigral TH-ir cells 

(r2=0.563, P=0.02) and trended toward a significant negative 

correlation with the volume of TH-ir in the substantia nigra 

(r2=0.389, P=0.072).

Discussion
The present study demonstrates that systemic 6-OHDA 

dosing in rhesus monkeys variably affects the central dopa

minergic nigrostriatal system and induces a proinflammatory 

response in the cerebrovasculature. To the best of our knowl-

edge, this is the first report in nonhuman primates assessing 

central effects of systemic dosing of 6-OHDA.

6-OHDA is a hydroxylated analog of dopamine and 

toxic to catecholamine-producing cells. Similar to the 

Figure 3 Distribution of α-synuclein-ir varies in the substantia nigra. Representative 
images of α-synuclein immunostaining in nigral cell bodies (A, a) or fibers (B, b). 
Scale bar: (A and B) =500 µm; (a and b) =50 µm.
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neurotransmitter, 6-OHDA is water-soluble and cannot 

cross the blood–brain barrier. Depending on the route of 

administration, the neurotoxin reaches central or peripheral 

catecholaminergic neurons. It actively enters these neurons 

through monoamine transporters and induces cell loss by 

increasing reactive oxygen species and blocking mitochon-

drial function.5,25,26

Although it is generally accepted that 6-OHDA does 

not cross the blood–brain barrier, previous studies have 

demonstrated mixed results on the effect of monoamine 

systems in the rodent central nervous system after the 

peripheral administration of 6-OHDA, specifically in young 

animals that do not have a fully developed blood–brain barrier. 

Systemic 6-OHDA dosing to mice and rats at birth and again 

at 48 hours (2.5–10 mg/kg intraperitoneally) did not affect 

noradrenaline or dopamine concentrations in brain tissue 

as early as postnatal day 3 or as long as postnatal 60 days.27 

A similar lack of effect in the hypothalamus, brainstem, and 
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cerebral hemispheres at 4 weeks postnatally was shown in 

rats that received 6-OHDA (50  µg/g ×7 subcutaneously) 

within the first 10 hours after birth.28 Contrary to these 

reports, newborn mice and rats administered systemic 

6-OHDA (50  µg/g ×4 subcutaneously) and followed for 

1, 3, and 6 months showed reduced labeled H3-noradrenaline 

(30%–60% of controls) in the brain.29 In another study, 

young kittens (age not defined) administered a single high 

dose of systemic 6-OHDA (20–30 mg/kg intraperitoneally) 

had reduced noradrenaline content in the hypothalamus 

8 days post-toxin (no other central nervous system tissue 

was evaluated).6 In the same study, adult mice administered 

6-OHDA (6.7 mg/kg intraperitoneally) did not have changes 

in dopamine or noradrenaline content in the brain 16 hours 

post toxin. These results suggest that age and toxin regimen 

may influence the effects of systemic 6-OHDA.

The subjects in this study received intravenous 6-OHDA, 

which induced peripheral catecholaminergic neuronal cell 

death, including loss of cardiac sympathetic innervation 

and dysautonomia, which were previously reported.17,18 

These animals did not develop parkinsonian motor signs, 

and analyzed as a group, their TH-positive striatal fibers and 

nigral neurons were not significantly different to controls, 

which agrees with previous reports in adult rodents.27,28 Our 

rationale for the interindividual analysis was based on our 

observation in two subjects of atrophic morphology and 

decreased number of TH-ir neurons. In our experience, these 

characteristics are not in the range of what is expected in an 

unaffected dopaminergic nigral cell population, and looked 

similar to a neurotoxic effect.30 After exhaustive review of 

the medical history of 6-OHDA-treated animals, no notable 

procedures were completed on these monkeys prior to neuro-

toxin administration that would explain any differential effect 

on the nigrostriatal system or compromise of the blood–brain 

barrier. Rather, the individual variability resembles previous 

reports of subjects’ responses to neurotoxins, in particular 

after systemic dosing.30,31

α-Synuclein is a presynaptic protein of great interest 

in Parkinson’s disease research, as its accumulation and 

aggregation have been associated with Parkinson’s disease 

pathology, and mutations in the α-synuclein gene have 

been found in cases of familial Parkinson’s disease.32 

α-Synuclein-ir has been identified in the substantia nigra 

of baboons,14 squirrel monkeys,15 and rhesus monkeys,33 

forming part of the dense network of terminal-like structures 

with limited expression in the nigral cell bodies. Interestingly, 

administration of the dopaminergic neurotoxin MPTP to 

baboons14 and squirrel monkeys15 shifted the α-synuclein 

location from fibers to the cell bodies. Similar pattern of 

α-synuclein translocation into the cell body has been found 

in middle-aged (15–23 years) and aged rhesus monkeys 

(24–34 years) compared with young rhesus monkeys 

(2–12 years).33

In our study, the control adult rhesus monkeys had intense 

nigral α-synuclein-ir in fibers and variable amounts in cell 

bodies, with the exception of one subject. Compared with the 

rest of the animals that were younger adults (5.2–9.1 years), 

this 17-year-old monkey showed low fiber but intense cell 

body expression, which agrees with reports of changes 

in intracellular distribution of α-synuclein-ir with age.33 

α-Synuclein-ir in 6-OHDA-treated monkeys was low in 

nigral fibers, suggesting a link between neurotoxin exposure 

and location of α-synuclein-ir, similar to reports with 

MPTP.14,15,33 Our finding of a positive correlation between 

the presence of α-synuclein-ir in nigral cell bodies and the 

volume of TH-ir nigral cells suggests that the larger dopa

minergic neurons maintain more α-synuclein in the cell body 

in adult rhesus monkeys.

Although we did not find significant changes in the 

dopaminergic nigrostriatal system between groups, markers 

Figure 5 Immunofluorescent staining localizes HLA-DR-ir in CD31+ vasculature. Immunofluorescence labeling demonstrated increased HLA-DR-ir threaded in CD31-positive 
blood vessels of the ventral putamen in animals that received systemic 6-OHDA (B and C) compared with controls (A). Scale bar =25 µm.
Abbreviations: 6-OHDA, 6-hydroxydopamine; CD31, platelet endothelial cell adhesion molecule; DAPI, 4′,6-diamidino-2-phenylindole; HLA, human leukocyte antigen; ir, 
immunoreactivity.
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of inflammation were upregulated in cerebrovasculature 3 

months post neurotoxin and negatively correlated with nigral 

TH-ir cell number, suggesting that 6-OHDA systemic dosing 

may indirectly affect the central nervous system. In rodents, 

6-OHDA administration is associated with an upregulated 

glial response,34–36 while MPTP also elicits infiltration of 

peripheral macrophages or leukocytes.37 In rhesus monkeys, 

MPTP-induced reactive microglia have been reported to per-

sist months38 to years39 after intoxication, yet in this study we 

did not find a change in ramified reactive microglia between 

groups. Although the link between neurotoxin-induced nigral 

cell loss and neuroinflammation is well documented, it is not 

clear if microglial markers are found in the cerebrovasculature 

after neurotoxin challenge, which could imply alteration of 

the blood–brain barrier.

Active neuroinflammation and alterations in the blood–

brain barrier are likely components of neurodegeneration 

in Parkinson’s disease.16 Although the relationship between 

peripheral immune system and central neurodegeneration is 

not well understood, there is evidence that exposure to envi-

ronmental factors including infections, which could trigger 

immune response and affect the blood–brain barrier, may 

contribute to Parkinson’s disease etiology or progression.40,41 

Disruption of the blood–brain barrier creates an opportunity 

for potential toxins to infiltrate the brain and contribute to 

Parkinson’s disease progression. Previous studies in rodents 

have documented that 6-OHDA can affect blood–brain bar-

rier integrity and allow transport of large molecules. Rats 

that received a unilateral injection of the neurotoxin into 

the striatum or the medial forebrain bundle followed 10 or 

30 days later by intravenous fluorescein isothiocyanate-

labeled albumin16 had albumin “hot spots” in areas of the 

striatum and mesencephalon ipsilateral to the 6-OHDA 

injection. In our study, 6-OHDA dosing may have affected 

the blood–brain barrier, allowing entry into the brain of small 

amounts of the neurotoxin, yet this is unlikely because of the 

high polarity of 6-OHDA. More likely, 6-OHDA toxicity 

may have increased oxygen or nitrogen species, that could 

have triggered the release of proinflammatory cytokines by 

the capillary endothelial cells of the blood–brain barrier, 

which have been described as a signaling interface between 

the brain and the blood.42 The release of these inflamma-

tory mediators can destabilize the tight junctions between 

endothelial cells and compromise the integrity of the blood–

brain barrier.43 Ultimately, prolonged inflammation can 

lead to neurodegeneration,44 and may be responsible for the 

variable nigral cell counts found in the 6-OHDA animals 

in this study. Increased cytokines and chemokines can also 

recruit inflammatory cells and induce upregulation of adhe-

sion molecules on the blood–brain barrier that control cell  

migration across this barrier.45,46 In this study, upregulation 

of HLA-DR in the blood vessels suggests that major histo-

compatibility complex II cells were recruited and remained 

tethered to the lining of the cerebral microvasculature due 

to limited entry into the brain. Future studies investigating 

the integrity of the blood–brain barrier and the presence 

of inflammatory mediators in the brain following systemic 

6-OHDA are warranted.

In conclusion, our results demonstrate that systemic 

dosing of 6-OHDA in nonhuman primates does not produce 

motor deficits, but contrary to previous reports, it variably 

affects the dopaminergic nigrostriatal system and upregulates 

HLA-DR-ir in the cerebrovasculature.
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