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Introduction
Parkinson’s disease (PD) is traditionally defined as a movement 

disorder associated with loss of dopaminergic neurons in the 
substantia nigra pars compacta and the presence of Lewy bodies (LBs), 
intraneuronal aggregates composed largely of α-synuclein. However, 
PD is increasingly recognized as a complex disorder involving 
debilitating non-motor symptoms (NMS) such as mood disorders, 
cognitive impairment and autonomic dysfunction in addition to 
its hallmark motor symptoms [1,2]. Autonomic dysfunction in PD, 
including sleep disorders, orthostatic hypotension, urinary dysfunction 
and constipation, often begins before motor symptoms and greatly 
impacts patients quality of life [3-7]. Constipation is especially common, 
occurring in 80-90% of PD cases, and is typically identified by patient 
reports of fewer than three bowel movements per week and hard stools 
[8,9]. Current anti-parkinsonian dopamine replacement therapies are 
not effective and can worsen gastrointestinal (GI) dysfunction [10]. The 
etiology of constipation in PD is still unclear; loss of catecholaminergic 
innervation in the colon [11] or the presence of LBs in autonomic 
neurons regulating GI motility [12] have been proposed as contributing 
factors. Recently, findings of colonic catecholaminergic neuron loss 
in PD patients and the role of this neurodegeneration in PD-related 
constipation have been challenged [13,14]. Studies in animal models 
can help unravel the cause of constipation in PD and identify targets 
for future therapeutic intervention. 

The enteric nervous system (ENS) is the intrinsic nervous system 
of the GI tract and consists of groups of neuronal cell bodies, or 
ganglia, arranged in two neuronal plexuses. The submucosal plexus 
is located between the mucosa and circular muscle and primarily 
serves to regulate secretion. The myenteric plexus is located between 
the circular and longitudinal muscle layers and is principally involved 
in controlling smooth muscle motility [15]. Each plexus contains a 
complex, heterogeneous neuronal population, with neurons expressing 
and often co-expressing, a variety of transmitters and neuropeptides 
including acetylcholine, nitric oxide, vasoactive intestinal peptide 
(VIP), and dopamine [16]. GI function is controlled by ENS activity in 
combination with extrinsic input from the autonomic nervous system, 
of which the ENS is part [15,17]. Extrinsic autonomic innervation 
of the colon includes parasympathetic cholinergic input originating 
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 Abstract
Objective: Constipation is a common non-motor symptom of Parkinson’s disease (PD). Although pathology of 

the enteric nervous system (ENS) has been associated with constipation in PD, the contribution of catecholaminergic 
neurodegeneration to this symptom is currently debated. The goal of this study was to assess the effects of 
the neurotoxin 6-hydroxydopamine (6-OHDA) on the colonic myenteric plexus and shed light on the role of 
catecholaminergic innervation in gastrointestinal (GI) function.

Methods:  Proximal colon tissue from 6-OHDA-treated (n=5) and age-matched control (n=5) rhesus monkeys 
was immunostained and quantified using ImageJ software. All animals underwent routine daily feces monitoring to 
assess for constipation or other GI dysfunction.

Results: Quantification of tyrosine hydroxylase (TH) and aromatic L-amino acid decarboxylase (AADC)-
immunoreactivity (-ir) revealed significant reduction in myenteric ganglia of 6-OHDA-treated animals compared to 
controls (TH-ir: 87.8%, P<0.0001; AADC-ir: 61.7% P=0.0034). Analysis of pan-neuronal markers (PGP9.5, HuC/D), 
other neurochemical phenotypes (VIP, nNOS), PD-associated pathology proteins (α-synuclein, phosphorylated 
α-synuclein), glial marker GFAP and neuroinflammation and oxidative stress (HLA-DR, CD45, Nitrotyrosine) did 
not show significant differences. Monitoring of feces revealed frequent (>30% days) soft stool or diarrhea in 2 of the 
5 6-OHDA-treated animals and 0 of the 5 control animals during the 2 months prior to necropsy, with no animals 
exhibiting signs of constipation.

Conclusion:  Systemic administration of 6-OHDA to rhesus monkeys significantly reduced catecholaminergic 
expression in the colonic myenteric plexus without inducing constipation. These findings support the concept that 
ENS catecholaminergic loss is not responsible for constipation in PD. 
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from the vagus and pelvic nerves and sympathetic catecholaminergic 
(noradrenergic) post-ganglionic input.

The neurotoxin 6-hydroxydopamine (6-OHDA) is specifically 
uptaken by catecholamine transporters [18] and induces 
catecholaminergic neuronal loss by increasing oxidative stress and 
eliciting inflammation, mechanisms reported to also be involved in 
PD-related neurodegeneration [18,19]. When delivered systemically, 
6-OHDA does not cross the blood-brain barrier and therefore neither 
induces nigral dopaminergic cell loss nor the cardinal motor symptoms 
of PD [20-22], yet its toxic effects mimic peripheral catecholaminergic 
neuronal loss. Our research group used systemic 6-OHDA to develop 
a nonhuman primate model of PD cardiac dysautonomia, which 
typically presents cardiac postganglionic sympathetic denervation, 
and performed a battery of imaging, clinical and behavioral tests for in 
vivo characterization [23,24]. Our daily monitoring of the 6-OHDA-
treated monkeys showed either normal or soft feces [23]. This finding 
prompted us to question whether systemic 6-OHDA affected the 
colonic ENS and, if so, what is the role of ENS catecholaminergic loss 
in GI dysfunction. Here, we report our analysis of the colonic ENS of 
the 6-OHDA-treated monkeys compared to age- and sex- matched 
controls. 

Materials and Methods
Ethics statement

The experiment was performed in strict accordance with the 
recommendations in the National Research Council Guide for the Care 
and Use of Laboratory Animals (2011) in an AAALAC accredited 
facility, the Wisconsin National Primate Research Center (WNPRC) 
at the University of Wisconsin-Madison. Experimental procedures 
were approved by the Institutional Animal Care and Use Committee 
(IACUC) of the University at the Wisconsin-Madison (protocol 
G00538). All efforts were made to minimize the number of animals 
used and to ameliorate any distress. The control monkey tissues were 
obtained from the WNPRC tissue bank. These monkeys were originally 
assigned to and euthanized under the University of Wisconsin-
Madison IACUC experimental protocols G00101, G00591and G00423.

Subjects

Proximal colon sections from 10 rhesus monkeys (Macaca mulatta, 
5 male, 5 female, 5.4-10.4 years old) were utilized in this study. The 
animals from which the tissue was obtained were single housed in 
Group 3 or Group 4 enclosures (cage floor area 4.3 foot2 or 6.0 foot2 
per animal, height 30 or 32 inch) in accordance with the Animal 
Welfare Act and its regulations and the Guide for the Care and Use of 
Laboratory Animals with a 12 h light/dark cycle. Throughout the study, 
the animals were monitored twice daily by an animal researcher or 
veterinary technician for evidence of disease or injury (e.g. inappetance, 
dehydration, diarrhea, lethargy, trauma, etc.). Body weight was 
monitored as a health measure and 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) twice daily, supplemented with fruits or 
vegetables and a variety of environmental enrichment and forage items 
and received ad libitum water. Nonhuman primate chow soaked in a 
protein-enriched drink (Ensure ©, Abbott Laboratories, Abbott Park, 
IL) was offered to stimulate appetite as needed. 

The 6-OHDA-treated proximal colon sections (n=5; 7.0 ± 1.57 
years old; 7.35 ± 1.65 kg; 2 male) were obtained from previously 
published studies [20,23,24]. Dosing of 6-OHDA to these monkeys 

was done in sterile surgical conditions under isoflurane anesthesia, as 
a sequence of 7-9 intravenous injections totaling a final dose of 50 mg/
kg. The animals were necropsied 3 months post-6-OHDA. No animal 
died due to experimental procedures or needed to be euthanized 
prior to the end of the experiment due to pre-determined humane 
clinical endpoints (e.g.: loss of >15% body weight) or WNPRC clinical 
veterinarian’s determination that an animal developed an untreatable 
or incurable condition that would have caused significant stress or 
pain. If needed, discomfort, distress, pain or injury were minimized by 
the appropriate use of analgesics (e.g.: buprenorphine 0.01-0.03 mg/kg 
im) under veterinary direction. The normal proximal colon sections 
(n=5; 8.67 ± 1.94 years. old; 6.92 ± 2.42 kg; 3 male) were obtained from 
the tissue bank at the WNPRC; the donors were selected by matching 
them to the baseline condition of the 6-OHDA-treated monkeys. 
As described in Joers et al. [23], all animals underwent routine daily 
feces monitoring including reports of no stool, very little stool, firm 
stool, soft feces, diarrhea and mucus. Based on this scale, constipation 
is diagnosed by records of no or very little stool, and/or firm stool 
for more than 3 days during a period of a week. Comparison of this 
data revealed frequent (>30% days) soft stool or diarrhea in 2 of the 
5 6-OHDA-treated animals and 0 of the 5 control animals during the 
2 months prior to necropsy; no stool, very little stool, firm stool and 
mucus were either not observed or very infrequently present during 
this time (Supplementary Figure 1). The number of subjects per group 
was defined by our previous cardiac dysautonomia study [20,23,24] in 
which n=5 found a statistically significant loss of cardiac sympathetic 
innervation. Tissues from both groups were processed in parallel for 
each immunostaining to minimize bias.

Necropsy and tissue preparation

Following previous methods [23,24], all animals were anesthetized 
with ketamine hydrochloride (10 mg/kg, im) followed by pentobarbital 
sodium (25 mg/kg, iv) and perfused through the ascending aorta or 
left atrium (6-OHDA-treated) or left ventricle (normal controls) 
with heparinized phosphate-buffered saline, followed by 4% 
paraformaldehyde. Proximal colon sections approximately 3 cm in 
length were post-fixated in 4% paraformaldehyde for 24-48 h and 
further preserved with 70% ethanol at 4°C. Colon sections were 
trimmed and blocked in paraffin. All blocked tissue was cut on a 
standard rotary microtome in 5 µm section thickness and mounted on 
positively charged slides.

Anatomical evaluation 

A representative proximal colon section from each subject was 
stained with hematoxylin and eosin (H&E) and blindly evaluated 
by board certified veterinary pathologists (HS & AM) for general 
histological changes and presence of inflammation. Assessment of 
the submucosal plexus was not performed because tissue processing 
and immunohistochemistry resulted in inconsistent presence of the 
submucosa across animals.

General immunohistochemistry

Immunohistochemistry (IHC) against markers of neurochemical 
phenotypes, α-synuclein, inflammation and oxidative stress in the 
myenteric plexus of the proximal colon was performed using a 
previously published protocol, modified as needed [24] (Supplementary 
Table 1 for full list of antibodies and specific protocol details). Colon 
sections were deparaffinized and treated with heat antigen retrieval. 
The sections were then washed and endogenous peroxidase activity 
blocked by incubation with 30% H2O2 and methanol for 20 min. Non-
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specific binding sites were blocked with a 20% serum and 0.5% BSA 
solution for 60 min at room temperature and incubated overnight with 
a primary antibody (Supplementary Table 1) diluted in blocking buffer 
plus 0.1% triton-X. The sections were than incubated in appropriate 
biotinylated secondary antibody (1:200), followed by avidin-biotin-
peroxidase complex (ABC Standard, Vector Laboratories, Burlingame, 
CA), and visualized with either a commercial 3,3’-diaminobenzidine 
kit (DAB; colon tissue) (Vector Laboratories, Burlingame, CA) or a 
NovaRED kit (brain tissue) (Vector Laboratories, Burlingame, CA). 
All sections were counterstained with hematoxylin, dehydrated, and 
coverslipped (Cytoseal mounting media, Thermo Scientific, Waltham, 
MA). 

Negative controls were performed in parallel by omitting the 
primary antibodies in the immunostaining procedures. Human 
substantia nigra tissue from a PD patient (courtesy of the Wisconsin 
Alzheimer’s Disease Research Center) was used as a positive control for 
α-synuclein and phosphorylated α-synuclein immunostaining. 

Immunofluorescence 

Double label immunofluorescence stainings were performed to 
verify neuronal localization of tyrosine hydroxylase (TH), validate TH 
colocalization with aromatic L-amino acid decarboxylase (AADC) 
and assess changes in α-synuclein expression (Supplementary Table 2) 
following previously validated methods [24]. Slides were deparaffinized 
and treated for heat antigen retrieval in a microwave for 6 min at 100% 
power followed by 6 min at 80% power and left to cool for 30 min at 
room temperature. Tissue was blocked with 5% donkey serum and 2% 
BSA solution and incubated in primary antibodies (Supplementary 
Table 2) overnight at 4°C. The sections were then incubated with 
alexafluor-conjugated secondary antibody (1:1000) against the 
appropriate species and cover slipped with mounting media with 
DAPI (Vector Laboratories, Burlingame, CA). Negative controls were 
performed in parallel by omitting the primary antibodies.

Immunohistochemistry quantification 

Immunostainings in myenteric ganglia were quantified using a 
Zeiss Axioimager M2 equipped with a Qimaging camera and NIH 
ImageJ software. Each immunostained colon tissue section was first 
divided into 3 regions of approximately equal size. Per region, three 
individual myenteric ganglia (area >30 µm2) were identified and a 
photomicrograph captured at 40x (9 ganglia per colon tissue section). 
For each immunohistochemical marker, 45 ganglia were evaluated per 
treatment group (one tissue section per animal per immunostaining). 
In each photomicrograph, DAB color was separated from hematoxylin 
counterstain with the ImageJ Colour Deconvolution filter. ImageJ was 
calibrated using a step tablet and grey scale values were converted to 
optical density (OD) units using the Rodbard function. The ganglia 
were outlined and percent area above threshold (%AAT) measured. 
The threshold was calculated by averaging the optimal individual 
threshold that best represented the immunoreactivity (-ir) for 2-4 
photomicrographs of immunostained tissue sections. Thresholds used 
were 0.37 for TH, protein gene product 9.5 (PGP9.5), VIP, AADC, 
nNOS (neuronal nitric oxide synthase); 0.45 for glial fibrillary acidic 
protein (GFAP); and 0.29 for CD45, human leukocyte antigen DR 
(HLA-DR), and nitrotyrosine. α-Synuclein-ir was evaluated using two 
different thresholds per ganglion, 0.42 and 1.27 to quantify light and 
dark immunoreactivity respectively and, therefore, identify potential 
protein aggregation. As phosphorylated α-synuclein-ir was minimal, 
%AAT analysis was not performed; instead if a ganglion presented any 
visible phosphorylated α-synuclein-ir, it was scored as positive. The 

total number of phosphorylated α-synuclein-ir ganglia was reported 
per treatment group. 

To validate the results of PGP9.5-ir, neuron number per mm2 
ganglion area was quantified in colon sections immunostained against 
human neuronal protein HuC/HuD (HuC/D). Twenty-40 ganglia 
(area >30 µm2 and any HuC/D-ir) per animal were photomicrographed 
using a Zeiss Axioimager M2 equipped with a Qimaging camera. The 
area of each ganglion was measured using NIH Image J software, the 
number of cells with nuclear HuC/D-ir was counted and then the 
neuron density per ganglion calculated. Abercrombie correction [25] 
was not applied, as this methodology overcorrects cell counts in tissue 
sections thinner than the object being counted [26-28]. 

Statistical Analysis 
Data collection and analysis were performed by investigators 

blind to the treatment groups. Statistical analysis was performed using 
GraphPad Prism (version 5.0f, GraphPad Software). A P value<0.05 
was accepted as significant. Group averages for colonic myenteric 
ganglia evaluations were compared by independent sample t-test. 
Potential relationships between data sets were analyzed with Pearson 
correlations.

Results 
Colon anatomy of experimental animals

General evaluation of H&E stained tissue revealed normal proximal 
colon morphology in all animals (Figure 1). Ganglia in the myenteric 
plexus contained neurons with large, round euchromatic nuclei with 
prominent nucleoli. Tightly packed around these neurons were a large 
number of presumed enteric glial cells, with smaller cell bodies mostly 
filled by the nucleus. Some tissue separation and loss of the submucosa 
(including the submucosal plexus) were observed in both groups.

PGP9.5 immunostaining had a similar pattern in all animals, 
with immunoreactivity uniformly present throughout all neuronal 
cell bodies and processes in the myenteric plexus and in nerve fibers 
running between muscle fibers and mucosa (Figure 1). Quantification 
of PGP9.5-ir in myenteric ganglia (Supplementary Table 3) showed 
similar %AAT values in both control and 6-OHDA-treated animals 
(P=0.13). 

HuC/D immunostained colon tissue sections were used to assess 
neuronal number in the myenteric plexus of all animals, as PGP9.5-ir 
throughout neuronal processes makes identifying individual neurons 
unreliable. HuC/D-ir was present in the neuronal cell bodies and 
nuclei of neurons in the myenteric plexus (Figure 1). Nuclear counts of 
HuC/D-ir myenteric neurons per mm2 ganglion area (Supplementary 
Table 3) showed no statistically significant difference between groups 
(P=0.56). 

TH expression 

TH is the rate-limiting enzyme in catecholamine biosynthesis and 
is present in dopaminergic, adrenergic, and noradrenergic neurons 
[29]. TH positive neurons appeared to be a minority of those present in 
the myenteric plexus, with only 23% of average ganglion area exhibiting 
TH-ir in normal control animals (Figure 2 and Supplementary Table 
3), similar to previous descriptions in humans and rhesus monkeys 
[13,25]. In the myenteric plexus of all animals TH-ir was present 
mainly in neuronal processes, appearing morphologically punctate 
or strand like, representing processes cut at transverse or longitudinal 
orientations. TH-ir was also found as a light, diffuse pattern in the 
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neuronal somata in a minority of myenteric ganglia. Strikingly, less 
TH-ir in neuronal cell bodies and processes was visible in systemic 
6-OHDA-treated animals compared to controls. Quantification of 
myenteric plexus ganglia confirmed catecholaminergic loss, revealing 
an 87.8% decrease in TH-ir %AAT in animals treated with 6-OHDA 
compared to controls (P<0.0001). Double label immunofluorescence 
confirmed TH-ir neuronal colocalization with PGP9.5-ir, TH-ir 
presence in a small minority of total ganglion area, and near complete 
loss of TH-ir in 6-OHDA treated monkeys (Figure 3).

To further assess the loss of catecholaminergic innervation, 
AADC immunohistochemistry was performed in proximal colon 
sections. AADC is an enzyme that catalyzes the decarboxylation 
of L-3,4-dihydroxyphenylalanine (L-DOPA) to dopamine and 
5-hydroxytryptophan (5-HTP) to serotonin, therefore it is a marker of 
catecholaminergic and serotonergic innervation. AADC-ir was present 
in myenteric neurons, in nerve fibers in the muscle layers, and in 
enterochromaffin cells in the mucosal crypts (Figure 2). In the myenteric 
plexus, AADC-ir was visible in about 50% of ganglion area, mainly 
in neuronal processes with punctate or strand-like morphology, and 
occasionally as light, diffuse somatic immunoreactivity. As with TH-ir, 
AADC-ir appeared to be present in a greater percent area of ganglia in 
control animals compared to those treated with 6-OHDA. Analysis in 
myenteric plexus ganglia (Supplementary Table 3) confirmed a 61.7% 
loss of AADC-ir in 6-OHDA-treated animals compared to controls 
(P=0.0034). Double label immunofluorescence revealed that all TH-ir 
cells also expressed AADC, while only a subpopulation of AADC-ir 
neurons colocalized with TH-ir (Figure 3). 

VIP and nNOS expression

VIP and nNOS immunohistochemistry were performed to assess 
whether non-catecholaminergic neurochemical phenotypes were 
affected by 6-OHDA treatment in proximal colon sections. VIP-ir was 
present in a small percentage of the total ganglion area in the myenteric 
plexus and in nerve fibers in the mucosa (Figure 4). A punctate pattern 

was observed in neuronal processes, and occasionally light, granular 
immunoreactivity was present in neuronal cell bodies. VIP-ir %AAT 
did not show a difference between groups (P=0.78; Supplementary 
Table 3). nNOS-ir was present throughout the myenteric ganglia 
as a diffuse pattern of immunostaining in neuronal somata and 
processes, and in fibers in the muscle and mucosa. nNOS-ir %AAT 
was not significantly different between groups (P=0.84; Figure 4 and 
Supplementary Table 3).

α-Synuclein expression 

α-Synuclein-ir was found in nearly the entire myenteric ganglion 
area and in fibers running through the muscle and mucosal layers. 
In all myenteric ganglia, α-synuclein expression was present as both 
light, diffuse immunostain and as small, dark, granular spots, matching 

Figure 1: Control and systemic 6-OHDA-treated monkeys had similar 
proximal colon general morphology and expression of neuronal markers. 
Photomicrographs of H&E stained proximal colon tissue showing anatomical 
organization (A,B); box in (A) corresponds to higher magnification (40x) image 
(C) of a myenteric ganglion (white asterisk). Myenteric ganglia with PGP9.5-ir 
(D,E) or HuC/D-ir (G,H) counterstained with hematoxylin. %AAT of PGP9.5-ir 
in colonic myenteric ganglia was similar between treatment groups (F; P=0.13). 
HuC/D-ir neurons per mm2 ganglion area was also similar (I; P=0.56). Scale 
bar=200 μm (A) or 50 μm (C). LM, Longitudinal Muscle; MP, Myenteric Plexus; 
CM, Circular Muscle; S, Submucosa; M, Mucosa; %AAT, Percent Area Above 
Threshold; PGP9.5, Protein Gene Produce 9.5; HuC/D, Human Neuronal 
Protein HuC/HuD.

Figure 2: 6-OHDA-treated monkeys had reduced TH-ir and AADC-ir in 
proximal colon myenteric plexus 3 months post-neurotoxin. Photomicrographs 
of myenteric ganglia with TH-ir (A,B) or AADC-ir (D,E) counterstained with 
hematoxylin. TH-ir (C; *, P<0.0001) and AADC-ir (F; **, P=0.0034) %AAT 
in myenteric ganglia were reduced in 6-OHDA-treated monkeys compared 
to controls. Scale bar=50 μm. %AAT, Percent Area Above Threshold; TH, 
Tyrosine Hydroxylase; AADC, Aromatic L-Amino Acid Decarboxylase.

Figure 3: Double immunofluorescence confirmed TH-ir and AADC-ir 
colocalization and loss in 6-OHDA-treated animals. Photomicrographs of 
immunofluorescence double labeling of myenteric ganglia with PGP9.5 (red; 
A,E) or AADC (red; I,M) and TH (green; B,F,J,N), counterstained with DAPI 
(blue nuclei; C,G,K,O) in controls (A-D, I-L) and 6-OHDA-treated animals (E-H, 
M-P). Colocalization of TH-ir with PGP9.5-ir (D, H) or AADC-ir (L,P) is identified 
as yellow. Scale bar=50 μm. TH, Tyrosine Hydroxylase; PGP9.5, Protein Gene 
Product 9.5; AADC, Aromatic L-Amino Acid Decarboxylase.
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previous reports [30] (Figure 5). %AAT quantification did not reveal 
significant differences between treatment groups for light (P=0.96) 
or dark (P=0.94; Supplementary Table 3) α-synuclein-ir. Double 
label immunofluorescence of α-synuclein with PGP9.5, TH or VIP 
(Supplementary Figure 2) showed similar colocalization in all animals.

Phosphorylated (serine 129) α-synuclein was rarely detected in the 
myenteric plexus of all subjects. When present, it was observed as light, 
diffuse immunostaining in neuronal somata of the ganglia (Figure 
5). No immunoreactivity was seen in nerve fibers in the muscle or 
mucosal layers, similar to previous descriptions [30]. Phosphorylated 
α-synuclein-ir was detected in a total of 3 ganglia in 2 control animals 
and 0 ganglia in any 6-OHDA-treated animals.

Inflammation and oxidative stress 

Evaluation of H&E stained sections revealed variable amounts 
of inflammation in animals of both groups (Supplementary Table 4), 
consistent with previous findings in captive rhesus monkeys [31]. In the 
control group, two animals had histopathologically normal proximal 
colon tissue, one had moderate proliferation of Peyer’s patches and 
two displayed mild to moderate colitis. Of the 5 animals that received 
systemic 6-OHDA, one animal displayed moderate proliferation of 
Peyer’s patches and 4 had mild to moderate colitis.

Immunostainings against CD45, HLA-DR, nitrotyrosine and GFAP 
were performed to corroborate the above-described findings. CD45-ir 
and HLA-DR-ir were observed on the cell surface or cytoplasm of cells 
with circular/ovoid shape in all animals with varying amounts between 
subjects; HLA-DR-ir was also visible in macrophage-like cells with visible 
processes (Supplementary Figure 3). In each treatment group, three 
animals had minimal CD45-ir and HLA-DR-ir mainly in the mucosa, 
while two subjects displayed more robust immunoreactivity in the 
mucosa, large reactive Peyer’s patches in the submucosa and occasional 
staining within the muscle layers and myenteric plexus. No significant 
differences between groups were found for CD45-ir %AAT (P=0.24) or 
HLA-DR-ir %AAT (P=0.70) in the myenteric ganglia. Nitrotyrosine-ir 
was detected in all animals as diffuse, heterogeneous staining in myenteric 
ganglia and sometimes as a lighter immunoreactivity in muscle layers 
(Supplementary Figure 3). No significant difference was found between 
groups for nitrotyrosine-ir %AAT in the myenteric plexus (P=0.97). 
Pearson correlations between TH-ir %AAT and  CD45-ir %AAT (P=0.20) 
or HLA-DR-ir %AAT (P=0.64) did not show an association between 
catecholaminergic loss and inflammatory markers.

GFAP-ir was found throughout a majority of the myenteric plexus 
area, packed tightly around neuronal somata, and occasionally visible 
in the muscle and mucosal layers (Figure 6). In the myenteric plexus, 
GFAP-ir was expressed in enteric glial cell bodies and nuclei, and also 
abundantly present in glial projections of varying shapes and lengths, 
matching previous descriptions [32]. GFAP-ir %AAT in the myenteric 
plexus was not statistically different between groups, although there 
was a trend towards less expression in 6-OHDA-treated monkeys 
(P=0.093). Double GFAP and HuC/D immunofluorescence confirmed 
non-neuronal localization of GFAP (Figure 6). 

Discussion
The present study in rhesus monkeys demonstrates that 3 months 

after systemic 6-OHDA administration nearly all TH-ir in the colonic 
myenteric plexus is lost. To the best of our knowledge, this is the first 
report of the effects of systemic 6-OHDA in the colon of nonhuman 
primates.

Myenteric neuronal numbers in the proximal colon were not 
affected by 6-OHDA as evaluated with PGP9.5-ir and HuC/D-ir. The 
lack of change in pan-neuronal markers is likely due to the low overall 
%AAT (23%) of TH-ir in the proximal colon myenteric plexus. It 
should be noted that TH-ir in the colonic myenteric ganglia is localized 
almost entirely in neuronal processes rather than cell bodies. As the 
unmyelinated neuronal processes of the ENS tend to be less than 1 
μm in diameter [33] and the tissue used for this study was cut at 5 μm 
section thickness, even a complete loss of TH-ir neuronal processes 
would be difficult to detect by PGP9.5-ir.

Our finding of an 87.8% decrease in TH-ir in the colonic myenteric 
plexus following systemic 6-OHDA administration is in agreement 
with a previous publication by Chaumette et al. [34] on rhesus ENS 
changes following catecholaminergic neurotoxin challenge. The 
authors reported that 5 months after chronic, systemic 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) treatment there was 
a 72% decrease in TH-ir in the colon myenteric plexus [34]. Loss 
of myenteric catecholaminergic innervation and not simply a 
downregulation in TH protein expression levels, was confirmed in 

Figure 4: VIP-ir and nNOS-ir in the proximal colon myenteric plexus were not 
affected by systemic 6-OHDA. Photomicrographs of myenteric ganglia with 
VIP-ir (A,B) or nNOS-ir (D,E) counterstained with hematoxylin. No significant 
differences between groups were found for VIP-ir %AAT (C; P=0.78) and 
nNOS-ir %AAT (F; P=0.84) in colonic myenteric ganglia. Scale bar=50 μm. 
%AAT, Percent Area Above Threshold; VIP, Vasoactive Intestinal Peptide; 
nNOS, Neuronal Nitric Oxide Synthase.

Figure 5: Systemic 6-OHDA did not affect α-synuclein-ir or phosphorylated 
α-synuclein-ir 3 months post-neurotoxin. Photomicrographs of myenteric 
ganglia with α-synuclein-ir (A,B) and examples of myenteric ganglia from 
a control animal with (D) and without (E) phosphorylated α-synuclein-ir 
(arrow). PD patient substantia nigra (F) (immunostaining positive control) 
with neuromelanin containing neurons (asterisks) and phosphorylated 
α-synuclein-ir (red) present both diffusely in a neuromelanin containing 
neuron (arrow head) and as part of a Lewy body-like inclusion (arrow). All 
tissues were counterstained with hematoxylin. α-Synuclein-ir %AAT in 
colonic myenteric ganglia was similar between groups, using a low (0.42) 
and a high (1.27) threshold (C; 0.42, P=0.96 and 1.27, P=0.94). Scale bar=50 
μm. %AAT, Percent Area Above Threshold; pα-syn, Serine 129 (S129) 
Phosphorylated α-Synuclein; PD, Parkinson’s Disease.
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our study by AADC immunostaining. Previous reports indicate that 
in mammals about 5-10% of total colonic myenteric plexus ENS 
neurons are catecholaminergic [13,25] while approximately 5% are 
serotonergic [35]. As AADC is a marker of both catecholaminergic 
and serotonergic neurons, the 61.7% loss of AADC-ir observed in the 
6-OHDA-treated monkeys is in agreement with the near complete loss 
of catecholaminergic innervation. 

Myenteric VIP-ir and nNOS-ir were not affected by systemic 
6-OHDA treatment. In contrast, systemic MPTP dosing to nonhuman 
primates led to a significant increase in nNOS-ir in the myenteric 
plexus 5 months post-neurotoxin [34]. It could be argued that 
differences in neurotoxin administration and time of euthanasia after 
dosing of the neurotoxin affected the results. In the Chaumette et al. 
study, rhesus monkeys received a daily dose of MPTP following a semi-
chronic dosing paradigm until they displayed parkinsonian symptoms 
(mean cumulative dose 3.7mg/kg iv; approximately 18 dosing days) 
and were euthanized 5 months post-MPTP. Compared to our acute 
neurotoxin dosing followed by necropsy at 3 months, the extended 
period during and after MPTP administration may have allowed 
time for compensatory ENS changes post-neurotoxin. Alternatively, 
differences in criteria for quantification of nNOS expression may have 
affected the results. The MPTP study quantified number of nNOS-
ir cells colocalized with the somatic/nuclear pan-neuronal marker 
HuC/D. As nNOS subcellular localization can be affected by cell stress 
[36,37], inclusion of neuronal somata and pprocesses in our %AAT 
whole ganglion analysis may have produced differences between 
studies. Another explanation could be related to the ability of MPTP 
to cross the blood brain barrier and induce nigral dopaminergic loss, 
unlike systemic 6-OHDA [20]. A related key issue to keep in mind 
when comparing these results to previous publications is the method 
of neurotoxin delivery. Specifically, in rodents 6-OHDA is typically 
delivered directly into the brain, exerting central nervous system 
effects, while in our study it was delivered systemically via intravenous 
administration. In that regard, rats injected with 6-OHDA only in 
the medial forebrain bundle presented, in addition to dopaminergic 
nigrostriatal loss, a colonic increase in VIP [38] and dopamine [39] 
and decreased nNOS [38,40]. Collectively, these reports suggest that 
catecholaminergic loss may have differential effects on colonic enteric 

neurons depending on whether the subjects have central and/or 
peripheral lesions. 

In PD patients, α-synuclein accumulation in the form of Lewy 
bodies has been found in VIP-ir neurons and some in TH-ir neurons 
of the myenteric and submucosal plexus, throughout the entire length 
of the GI tract [41,42] suggesting that α-synuclein may have a role 
in PD GI dysfunction. Evaluation in our 6-OHDA-treated monkeys 
failed to show changes in α-synuclein and phosphorylated α-synuclein 
expression. The lack of changes may be due to the acute dosing and 
neurotoxicity compared to the progressive neurodegeneration 
characteristic of PD or chronic PD models. For example, transgenic 
mice overexpressing human wild type α-synuclein had increased 
α-synuclein immunoreactivity surrounding cholinergic neurons in the 
colonic myenteric plexus and decreased fecal output at 8-10 months of 
age [43] and, in a separate study, displayed increased insoluble colonic 
myenteric α-synuclein and constipation (reduced fecal pellet output 
and fecal water content) at 12-15 months [44]. In addition, transgenic 
mice expressing human A53T α-synuclein, a mutation associated with 
familial, early-onset PD, had accumulation of insoluble phosphorylated 
α-synuclein in the ENS [45], decreased stool frequency and fecal water 
content [46,47] and increased α-synuclein protein and transcript 
levels in the colon [47]. Although changes in enteric α-synuclein were 
not reported for the nonhuman primate systemic MPTP model [34], 
analysis at varying timepoints in neurotoxin-induced rodent models 
of PD has produced diverse results. Systemic MPTP in mice increased 
α-synuclein-ir in the duodenum, with no change in the colon, one 
week post-neurotoxin [48]. In another rodent PD model, rotenone (a 
mitochondrial complex I inhibitor like MPTP and 6-OHDA) increased 
phosphorylation, accumulation, and aggregation of enteric α-synuclein 
when delivered via stomach tube 5 days a week for 3 months [49], 
but had no effect on colonic α-synuclein following 28 days of daily 
oral administration [50]. When rotenone was administered as five 
2 mg/kg injections per week for 6 weeks, rats displayed slowing of 
gastrointestinal motility [51]. In these animals, an acute decrease in 
α-synuclein expression was observed at 3 days, while a moderate loss 
of small intestine myenteric neurons and an increase in Lewy body-
like neuronal cytoplasmic inclusions were found at 6 months [51]. 
Interestingly, rats injected unilaterally with 6-OHDA into the medial 
forebrain bundle had no changes in the α-synuclein mRNA levels in the 
substantia nigra and decreased levels in the striatum three weeks after 
neurotoxin, further suggesting that type of neurotoxin and paradigm of 
administration affect the impact on α-synuclein expression [52].

Inflammatory and oxidative stress markers in the colon were 
similar between groups 3 months post-neurotoxin and did not 
correlate with TH-ir. The presence of inflammatory cell infiltration or 
colitis found in varying degrees in animals of both groups may have 
affected the detection of 6-OHDA-induced inflammation. Colitis 
occurs in about 20% of monkeys in captive rhesus colonies [31]; 
therefore it is unsurprising that at least one animal in the 6-OHDA-
treated and control groups had mild to moderate colitis. Another 
possibility is that a difference in inflammation and oxidative stress may 
not have been observed due to the length of time post-intoxication (3 
months); it should be mentioned that the monkeys in this study did 
not have upregulation of inflammatory markers in the heart three 
months after 6-OHDA administration, despite extensive left ventricle 
catecholaminergic loss [23,24]. In that regard, rats treated with 
unilateral intrastriatal 6-OHDA showed temporarily increased levels of 
reactive nitrogen and oxygen species markers in the striatum, peaking 
between 25 min to 2 h after neurotoxin, and returning to near-baseline 
values within 7 days [53]. mRNA microarray and positron emission 
tomography (PET) with the radioligand [3H]PK11195 (a marker 

Figure 6: 6-OHDA-treated monkeys showed a trend toward decreased 
GFAP-ir in the proximal colon myenteric plexus. Photomicrographs of 
myenteric ganglia with GFAP-ir counterstained with hematoxylin (A,B); 
double immunofluorescence of GFAP (red; C,D) with HuC/D (green; C,D) 
counterstained with DAPI (blue; C,D). Note the lack of colocalization of 
GFAP-ir with HuC/D-ir. Scale bar=50 μm (A,C). GFAP, Glial Fibrillary Acidic 
Protein; HuC/D, Human Neuronal Protein HuC/HuD.
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of microglial activation) confirmed these transient inflammatory 
changes, demonstrating a return to baseline values within 28 days post-
6-OHDA [54,55]. 

The trend toward decreased GFAP-ir in animals that received 
6-OHDA contrasts with reported increases in GFAP mRNA [56] 
and protein [57] levels in colonic biopsies from PD patients. A 
possible explanation is that PD patients have chronic upregulation of 
proinflammatory cytokines in the colon [56], which has been proposed 
to induce enteric gliosis and increased GFAP expression [58]. In 
comparison, the acute effect of 6-OHDA may not be sufficient to 
produce a persistent effect in enteric glial cells. Moreover, sympathetic 
innervation of the myenteric plexus has been shown to specifically 
activate enteric glial cells in the guinea pig distal colon [59]. As 
systemic 6-OHDA induced extensive loss of colonic catecholaminergic 
innervation (Figure 2), it may have eliminated sympathetic neuron 
activation of enteric glial cells, perhaps contributing to decreased 
GFAP-ir in neurotoxin-treated animals. 

Investigating the relationship between ENS pathology and GI 
dysfunction in animal models can help tease apart the complex and 
multivariate etiology of constipation in PD. In both systemic MPTP 
and 6-OHDA-treated rhesus monkeys, loss of catecholaminergic 
neurons in the colonic ENS was not associated with constipation. 
Systemic MPTP did not affect stool consistency as evaluated one week 
before necropsy (5 months after neurotoxin, n=6 rhesus monkeys) 
[34], while in our study, two 6-OHDA treated animals exhibited 
frequent soft feces or diarrhea post-neurotoxin and three showed no 
change [23]. Although we did not perform specific assays to quantify 
changes in colonic transit time, the daily feces observations performed 
throughout the duration of this study produced data similar to patient 
reports used in clinical evaluations [56]. In PD patients, the presence 
of ENS catecholaminergic loss and its role in producing constipation 
is currently debated [11,13,60]. A significant decrease in dopaminergic 
immunoreactivity was found in the colon of PD patients with extremely 
severe constipation (9 of the 11 PD patients had colectomies undertaken 
for intractable constipation) [11]. However, these findings have not been 
replicated; more recent publications by Annerino et al. and Corbille et 
al. did not find any changes in ENS neurochemical phenotypes in PD 
patients [13,14]. Although our data cannot clarify the debate regarding 
the presence of ENS neurodegeneration in PD patients, our results 
demonstrate that dopaminergic neuron loss in the ENS is not sufficient 
to induce constipation. The lack of association between colonic ENS 
catecholaminergic loss and constipation is also supported by reports 
demonstrating that enteric dopaminergic neurons exert an inhibitory 
effect on GI motility [15,61,62]. These findings implicate additional 
alterations, not observed in the rhesus ENS following systemic 6-OHDA, 
as contributors to constipation in PD. 

Although in this study we have focused on the ENS, GI function 
is also regulated by input from the extrinsic autonomic nervous 
system, which is affected in PD. For example, PD patients can 
experience impaired supraspinal modulation of the sacral defecation 
reflex, which is hypothesized to lead to dyssynergic defecation, 
contributing to constipation [12,63]. Lewy body pathology found in 
paravertebral sympathetic ganglia and the dorsal motor nucleus of 
the vagus (which are involved in regulation of colonic function and 
motility [64-66]), may affect neuronal function and colonic transit 
time [12]. Cholinergic dysfunction has been suggested to contribute to 
constipation in PD [67]. A recent publication using positron emission 
tomography and 5-[11C]-methoxy-donepezil documented decreased 
acetylcholinesterase (AChE) in the small intestine, pancreas and 
myocardium of PD patients compared to controls [68]. The authors 

concluded that this represented parasympathetic denervation, rather 
than ENS cholinergic neurodegeneration, based on correlation 
between AChE density loss and the distribution of vagal innervation, 
in addition to previous findings of no ENS neuron loss in PD patients 
[13,14]. Rodent models of PD have presented mixed effects on GI 
tract acetylcholine content and ENS cholinergic neurons, with some 
studies showing decreased AChE, decreased choline acetyltransferease 
(ChAT) immunoreactivity [69-71] or no effect on cholinergic markers 
[38,72,73]. Nigral neuron density has also been reported to correlate 
with bowel movement frequency in PD patients [74]. Similarly, in 
rodents bilateral injection of 6-OHDA into the substantia nigra has 
led to delayed gastric emptying in association with decreased ChAT 
and increased TH immunoreactivity in the dorsal motor nucleus of the 
vagus [71]. Additionally, unilateral nigral 6-OHDA increased TH and 
decreased nNOS expression in the colonic myenteric plexus [72]. These 
studies support the concept that nigral cell loss induces changes in 
neurotransmitter expression in anatomical areas not classically linked. 

The diverse inputs involved in control of GI function and lack of 
characteristic PD Lewy body pathology may partially explain why the 
6-OHDA-treated animals evaluated in this study did not show signs 
of constipation [23]. This complexity should be considered when 
analyzing potential models of PD-related constipation, as it suggests 
that GI symptoms depend on a combination of central and enteric 
nervous system pathology, as well as other factors, which are beyond 
the scope of this paper (e.g.: diet, physical activity, microbiome) [75-
77].

Conclusion 
Overall, our results indicate that systemic administration of 

6-OHDA to rhesus monkeys significantly reduces TH-ir and AADC-
ir in the colonic myenteric plexus without affecting α-synuclein 
expression, inflammation or oxidative stress markers as observed 3 
months post-intoxication. The reduction in ENS TH-ir and AADC-ir 
was not associated with constipation in monkeys, suggesting that loss 
of catecholaminergic innervation in the colon is not solely responsible 
for decreased bowel movement in PD. Future animal studies assessing 
the independent contribution of various pathological factors to GI 
dysfunction will be key to elucidate the etiology of constipation in PD.  
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