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Increasing evidence suggests that the gut-brain axis plays a crucial role in Parkinson’s disease (PD). The
abnormal accumulation of aggregated alpha-synuclein (aSyn) in the brain is a key pathological feature of PD.
Intracerebral 6-hydroxydopamine (6-OHDA) is a widely used dopaminergic lesion model of PD. It exerts no
aSyn pathology in the brain, but changes in the gut have not been assessed. Here, 6-OHDA was administered
unilaterally either to the rat medial forebrain bundle (MFB) or striatum. Increased levels of glial fibrillary
acidic protein in the ileum and colon were detected at 5 weeks postlesion. 6-OHDA decreased the Zonula
occludens protein 1 barrier integrity score, suggesting increased colonic permeability. The total aSyn and
Ser129 phosphorylated aSyn levels were elevated in the colon after the MFB lesion. Both lesions generally
increased the total aSyn, pS129 aSyn, and ionized calcium-binding adapter molecule 1 (Ibal) levels in the
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Lesion lesioned striatum. In conclusion, 6-OHDA-induced nigrostriatal dopaminergic damage leads to increased
E;;On aSyn levels and glial cell activation particularly in the colon, suggesting that the gut-brain axis interactions

in PD are bidirectional and the detrimental process may start in the brain.

© 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Parkinson’s disease (PD) is the second most common neurode-
generative disease and the most common movement disorder (Simon
et al., 2020). In addition to the well-characterized motor impairments
that arise from the depletion of dopamine in the caudate putamen
and the degeneration of dopaminergic neurons in the substantia nigra
(SN), several nonmotor symptoms are common in PD, such as con-
stipation, sleep disorders, hyposmia, and, in the later stages of the
disease, depression and psychosis. With the progression of the dis-
ease, both motor and nonmotor symptoms worsen, resulting in
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tral nervous system; GFAP, glial fibrillary acidic protein; Iba-1, ionized calcium-
binding adapter molecule 1; MFB, medial forebrain bundle; MPTP, 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine; PD, Parkinson’s disease; pS129 aSyn, alpha-synu-
clein phosphorylated at serine 129; SN, substantia nigra; STR, striatum; TH, tyrosine-
hydroxylase; ZO-1, Zonula occludens protein 1
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disability and a significant reduction in the patient’s quality of life.
However, still today, PD treatment is based on dopamine replacement
therapy, and disease-modifying therapies have not reached clinical
use. Therefore, it is essential to study the pathophysiological me-
chanisms underlying PD if one wishes to develop novel disease-
modifying therapies and identify novel diagnostic biomarkers.
Certain nonmotor symptoms are thought to precede movement
disorders by as much as 10-20 years (Klingelhoefer and Reichmann,
2015). One such presymptom is constipation, which has raised sub-
stantial interest in the role of the gut-brain axis in PD. There are
numerous reports that PD patients exhibit changes in the composition
and function of their gut microbiome (Boertien et al, 2022;
Keshavarzian et al., 2015; Scheperjans et al., 2015). Another finding
that supports the role of the gut-brain axis in PD is the putative
propagation of aggregated alpha-synuclein (aSyn) and Lewy bodies
via the vagus nerve to the brain as hypothesized in 2003 by Braak
et al. (2003). Although the role of propagation in the clinical setting is
not fully understood, in some studies, an increased accumulation of
aSyn has been observed in the gut of PD patients (Pouclet et al., 2012),
but others have failed to confirm this finding (Antunes et al., 2016).
However, preclinical models have shown that patient-derived aSyn
(Holmgquvist et al., 2014) and fibrillar aSyn (Kim et al., 2019) can indeed

0197-4580/© 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).https://doi.org/

10.1016/j.neurobiolaging.2023.05.007


http://www.sciencedirect.com/science/journal/01974580
www.elsevier.com/locate/neuaging.org
https://doi.org/10.1016/j.neurobiolaging.2023.05.007
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.neurobiolaging.2023.05.007
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.neurobiolaging.2023.05.007
https://doi.org/10.1016/j.neurobiolaging.2023.05.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neurobiolaging.2023.05.007&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neurobiolaging.2023.05.007&domain=pdf
mailto:aaro.jalkanen@uef.fi

H. Cui, J. D. Elford, O. Alitalo et al./Neurobiology of Aging 129 (2023) 62-71 63

be transferred from the gut to the brain and evoke neuronal toxicity in
the SN. In mice, aSyn propagation and toxicity were blocked by va-
gotomy, supporting the role of the vagus nerve in the spreading of
aSyn to the brain, and a register study from a Swedish cohort in-
dicated the protective role of truncal vagotomy against PD (Liu et al.,
2017). However, there is also recent evidence from animal model
studies that aSyn can propagate from the gut to other organs such as
the skin and heart via sympathetic nerves (Van Den Berge et al., 2019,
2021). In addition, there is accumulating evidence that inflammation
and alterations in the immune system are present in PD pathophy-
siology [for a comprehensive review, see Tansey et al. (2022)]. Inter-
estingly, chronic inflammatory gut diseases increase the risk for PD
(Zhu et al.,, 2022), and it is possible that inflammatory processes in-
duce a state of aSyn instability in the gut and increase the leakage of
reactive glial cells into the brain. However, already, Braak et al. ob-
served that not all PD patients have Lewy bodies arising via the vagus
nerve, and the connection between gut inflammation and PD has not
been verified in all studies (Mertsalmi et al., 2021). Therefore, it has
been suggested that PD could have two subsets, the first being “body-
first” PD and the second “brain-first” PD, depending on where the
pathology has initiated (Horsager et al., 2020).

The role of the gut in PD can be modeled in preclinical settings, for
example, by injecting aSyn preformed fibrils into the duodenum and
stomach mucosa (Challis et al.,, 2020; Kim et al.,, 2019; Van Den Berge
et al., 2019, 2021). Moreover, in aSyn transgenic mice, enteric in-
flammation and gut leakage have been observed before the appearance
of motor symptoms (Pellegrini et al., 2022). Oral administration of
rotenone, a toxin model of PD, was observed to increase the amounts of
inflammatory markers and aSyn in the colon of mice (Dodiya et al.,
2020; Perez-Pardo et al.,, 2019) and systemically injected 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced aSyn oligomeriza-
tion and intestinal dysfunction (Li et al., 2020; Shan et al,, 2021). In-
terestingly, even nigral injection of a widely used toxin, 6-
hydroxydopamine (6-OHDA), evoked changes in gut neurotransmitter
levels, particularly in acetylcholine (Garrido-Gil et al., 2018), and caused
intestinal dysfunction (Toti and Travagli, 2014) and mild enteric neu-
ropathy (McQuade et al.,, 2021). This suggests that pathogenic events
can also move from the brain to the gut, and at least, aSyn has been
shown to transfer from the brain to the stomach (Ulusoy et al., 2017).

6-OHDA causes a rapid depletion of nigrostriatal tyrosine-hydro-
xylase positive (TH+) neurons after the injection of the toxin into the
rat or mouse SN or medial forebrain bundle (MFB), mimicking the end-
stage of PD (El-Gamal et al., 2021). It can also be delivered as a striatal
injection, causing a more progressive and less severe partial lesion in
nigrostriatal TH+ nerves and a less extensive depletion of striatal do-
pamine levels. While 6-OHDA causes severe neuronal inflammation in
the brain, it does not lead to any aSyn aggregation. However, if there is
a lack of aSyn, this reduces the toxicity of 6-OHDA, suggesting that aSyn
is also involved in this toxin model (Alvarez-Fischer et al., 2008). As
studies suggested that intracerebral 6-OHDA can induce alterations in
gut functions, we have characterized these and assessed the changes in
inflammation markers in the gut and other markers related to PD. To
our surprise, not only did we observe an increase in glial fibrillary
acidic protein (GFAP), a marker for astroglial cells, but we also noted an
increase in total and Ser129 phosphorylated aSyn levels in the colon
and increased colonic permeability after the MFB lesion. Our results
suggest that pathophysiological events occurring in the brain can in-
duce several pathological features connected to PD in the gut.

2. Materials and methods
2.1. Animals

Male RccHan:Wistar rats supplied by the Laboratory Animal
Center of the University of Eastern Finland were used in the studies.

The rats were 11-12 weeks old and weighed 310-370 g at the be-
ginning of the experiments. The animals were group-housed (except
for 2 days postsurgery to ensure wound healing) and kept on a
12-hour light/12-hour dark cycle (lights on between 7 AM and 7 PM)
at an ambient temperature of 22 + 1 °C. Pelleted food (Teklad 2016,
Envigo, The Netherlands) and tap water were available ad libitum. All
procedures with the animals were conducted in accordance with the
“Principles of Laboratory Animal Care” (NIH publication #85-23,
revised in 1985) and the European Commission Directive 2010/63/EU
and approved by the Finnish National Animal Experiment Board (li-
cense ESAVI-2014-701). All efforts were made to minimize the
number of animals used and their suffering.

2.2. 6-OHDA lesions

Intracerebral 6-OHDA administration was conducted as pre-
viously described by Leikas et al. (2017). The rats were randomly
assigned into three groups: (1) sham (i.e., sham lesioned, n = 4), (2)
STR (10 pg of 6-OHDA into the striatum, i.e., a partial lesion, n = 7),
and (3) MFB (10 pg of 6-OHDA into the medial forebrain bundle, i.e.,
a full lesion, n = 7). Briefly, the rats were first anesthetized with
sodium pentobarbital (60 mg/kg i.p.; Mebunat Vet, Orion Oyj, Espoo,
Finland) and attached to a stereotaxic frame. Thirty minutes before
the surgery and 6 hours after the surgery, buprenorphine (0.02 mg/
kg s.c.; Temgesic, Schering-Plough, Kenilworth, NJ, USA) was given to
relieve any postoperative pain. Next, the skull was exposed, a small
hole was drilled into the skull above the desired brain area, and
10 pg of 6-OHDA as a free base (Sigma; dissolved in 0.9% NaCl
containing 0.2 mg/ml of ascorbic acid) was infused over an 8-minute
period at a flow rate of 0.5 pl/min into the brain. The final co-
ordinates (from the bregma as calculated from the top of the skull)
for the partial striatal lesions (group STR) were AP +1.0, L -2.7, and
DV -5.0 and for the full lesions (group MFB) AP -4.4, L 1.2, and DV
-8.3. Following the 8-minute infusion, the needle was left in place
for an additional 4 minutes to prevent toxin backflow. Sham-le-
sioned animals were operated exactly as the MFB-lesioned rats, but
only 4 ul of vehicle (0.9% NaCl containing 0.2 mg/ml of ascorbic acid)
was infused into the MFB. The wound was closed with 2 stitches, and
the animals were allowed to recover from the surgery in individual
cages for 2 days, after which they were returned into groups of 3-4
animals per cage.

2.3. Behavioral studies

Four weeks after the 6-OHDA lesioning, the rats were subjected
to a series of sensorimotor behavioral tests to evaluate the success of
the lesion and the behavioral deficits caused by the unilateral 6-
OHDA infusions. The test battery assessed the different domains of
forelimb use in tasks requiring skilled and coordinated motor
functions, and it consisted of the cylinder, the adjusting steps, the
movement initiation, and the vibrissae tests (Leikas et al., 2017). The
ipsilateral limb use preference (i.e., the ability to use the forelimb
ipsilateral to the site of the 6-OHDA lesion) was assessed in each test.
The researcher conducting the behavioral tests and scoring was
blind to the experimental groups. In the cylinder test, the rats were
placed into a clear cylinder (@ 20 cm, height 30 cm) and were al-
lowed to freely explore the cylinder for 3 minutes. Each trial was
recorded, and from the captured video, the touches of the ipsilateral,
contralateral, and both forelimbs during the vertical exploration
along the cylinder walls were scored. The ipsilateral limb use pre-
ference was calculated with the equation (ipsilateral/[ipsi-
lateral + contralateral + both]) - (contralateral/[ipsilateral + con-
tralateral + both]). The adjusting step tests evaluated the forelimb
use in a situation where the researcher held the rat by its torso above
a table and allowed the rat to bear its body weight on one forelimb.
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The rat was then moved laterally along the tabletop, and the number
of adjusting steps for both the ipsilateral and contralateral forelimbs
was recorded over an 80 cm distance. Both forehand and backhand
directions were investigated in 5 consecutive trials, the results were
averaged, and the ipsilateral preference was calculated with the
equation (ipsilateral/[ipsilateral + contralateral]) - (contralateral/
[ipsilateral + contralateral]). In the movement initiation test, the rat
was held similarly to the adjusting steps test, but, instead of a lateral
movement, the rat was gently pushed forward, and the length of the
correcting step was recorded for both forelimbs. The test was
repeated 5 times, and the average step lengths were used in
the calculation of the ipsilateral limb use preference by the
equation (ipsilateral/[ipsilateral + contralateral]) - (contralateral/
[ipsilateral + contralateral]). In the vibrissae test, the rat was held by
its torso, and the vibrissae were brushed against the table surface.
The ability of the rat to react to the stimulus was assessed by cal-
culating the number of successful forelimb placements on the ta-
bletop in 10 consecutive trials. The ipsilateral limb use preference
was calculated with the equation (ipsilateral/[ipsilateral + con-
tralateral]) - (contralateral/[ipsilateral + contralateral]). Finally, an
overall ipsilateral limb use score was calculated as an average score
combining the scores from each test.

2.4. Sample collection

Five weeks after the 6-OHDA or sham lesion, the animals were
killed by brief CO, exposure and decapitation. The brains were
quickly removed, and the left and right striatum and the medial
prefrontal cortex were dissected and snap-frozen in liquid ni-
trogen to be used in western blot analyses. The intestines were
exposed, and about 5-cm-long segments of the distal ileum and
proximal colon were dissected for immunohistochemistry.
Separate, approximately 1-cm-long intestinal samples were col-
lected, gently washed with phosphate-buffered saline (PBS), and
frozen in liquid nitrogen. These samples were later used in the
western blot analyses.

2.5. Immunohistochemistry

The intestinal segments for the immunohistochemical staining
were prepared using the Swiss roll method. The 5-cm-long segments
were washed with 10 ml of Bouin’s fixative (containing 50% v/v
ethanol and 5% v/v acetic acid in H,0) using a syringe and a needle.
Next, the segments were cut longitudinally along the mesenteric line
and rinsed with PBS. Then, the segments were placed with the lu-
minal side facing upward and wrapped around a wooden toothpick
to form a Swiss roll. Finally, the rolls were allowed to incubate
overnight in 10% buffered formalin at room temperature and stored
at -80 °C until the immunohistochemical staining.

Upon thawing, the Swiss rolls of the colon and ileum were em-
bedded in paraffin, and 5-pm cross-sections of complete intestines
were taken. Following this, the samples were incubated in 0.3% H,0,
for 30 minutes and rehydrated, and antigen retrieval was performed
using citrate buffer. Incubation with primary antibodies (Table 1)
was then performed overnight at 4 °C. After washing with PBS, ap-
propriate secondary antibodies [Donkey antirabbit Alexa Fluor 594
(#A-21207; Thermofisher Scientific) and donkey antimouse Alexa
Fluor 488 (#A-21202; Thermofisher Scientific)] were added for
1 hour at RT, followed by washing. Finally, the slides were mounted
with ProLongTM Gold Antifade Mountant with DAPI (P36931;
Thermofisher Scientific). Images were obtained using determined
confocal microscopy (Leica SP8). Average corrected total fluores-
cence was calculated per image for GFAP and aSyn stainings, with a
mean value calculated per animal. For Zonula occludens protein 1
(Z0O-1) staining, a minimum of 15 images of the epithelial lining and
crypts were taken per sample. Images were then scored using a 4-
point scale, with 0 = no ZO-1 staining and 3 = continuous ZO-1
staining. This scoring was done for a minimum of 20 individual
epithelial lining and crypt sites, with an average score being as-
signed to each individual animal. All images were obtained and
scored in a blinded manner.

2.6. Western blot

The brain, ileum, and colon samples were lysed in 5x vol of Na-K-
Phosphate buffer (pH 7.0) by using a mechanical homogenizer. The
lysates were then sonicated and centrifuged at 13,300 rpm at +4 °C
for 15 minutes. The supernatants were collected, and the protein
amounts were measured with the BCA method (ThermoFisher
Scientific). Equal amounts of protein (~30 pg) were separated by 12%
Mini-Protein TGX gels (#4568044; Bio-Rad, Hercules, CA, USA) and
then transferred onto Trans-Blot Turbo Midi PVDF (#1704157; Bio-
Rad) membranes by using Trans-Blot Turbo Transfer System
(#1704150; Bio-Rad). The membranes were blocked with the
blocking buffer [5% (W/V) skimmed milk (Valio, Helsinki, Finland),
Tris-buffered saline-0.05% Tween 20 (TBS-T)] at room temperature
for 1 hour and incubated overnight with primary antibodies at 4 °C.
A detailed list of primary antibodies and their respective con-
centrations is presented in Table 1. The antibody specification was
verified by their vendor, and we also verified that the antibodies
produced a band with the correct molecular weight. After washing
with TBS-T 3 times, the membranes were incubated with the ap-
propriate horseradish peroxidase (HRP)-conjugated secondary anti-
bodies for 2 hours at room temperature, goat antirabbit HRP
(#31460; ThermoFisher Scientific), and goat antimouse HRP
(#31430; ThermoFisher Scientific). The membranes were incubated
with SuperSignal West Pico Plus Chemiluminescent Substrate
(#34580; ThermoFisher Scientific) or SuperSignal West Femto
Maximum Sensitivity Substrate (#34095; ThermoFisher Scientific).

Table 1

Details of antibodies used in immunohistochemistry (IHC) and western blotting (WB)
Antibody Application Species Manufacturer Product# Dilution
GFAP [HC Rabbit Dako 70334 1/1000
a-Synuclein IHC Mouse Sigma-Aldrich 36-008 1/1000
Z0-1 HC Rabbit Abcam ab59720 1/1000
GFAP WB Rabbit Abcam ab7260 1/10000
Ibal WB Rabbit Abcam ab178846 1/1000
a-Synuclein WB Rabbit Abcam ab212184 1/1000
pS129 a-Synuclein WB Rabbit Abcam ab51253 1/1000
Tyrosine hydroxylase WB Mouse Sigma-Aldrich MAB318 1/1000
Vinculin WB Rabbit Abcam ab129002 1/10000
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Immunoreactivity was visualized by the ImageQuant RT ECL Imager
(GE Healthcare), and the relative optical densities of the bands were
analyzed with image analysis software Image ] (version 1.8.0; Na-
tional Institutes of Health, Bethesda, MD, USA).

2.7. Statistical analysis

Results are expressed as mean + SEM. Statistical analyses were
performed using GraphPad Prism 5.03 software (GraphPad Software
Inc., San Diego, CA, USA). Data were tested with a 1- or 2-way ana-
lysis of variance (ANOVA) followed by Tukey’s multiple or
Bonferroni’s comparison test, respectively. The criterion for statis-
tical significance was set at p < 0.05.

3. Results
3.1. Behavioral studies

The effects of the partial striatal lesion and the full MFB lesion on
forelimb use were investigated 4 weeks after the surgery. The MFB
lesion significantly impaired the use of the contralateral forelimb
compared to the sham-lesioned animals, as indicated by the in-
creased ipsilateral limb use preference in each test (Fig. 1; cylinder
(A) and vibrissae tests (D), p < 0.01; adjusting steps (B) and move-
ment initiation tests (C), p < 0.001 vs. sham). The overall ipsilateral
limb use score (the average of 4 separate tests) revealed a clear
impairment (Fig. 1E; p < 0.001 vs. sham) in the use of the forelimb in
the MFB-lesioned rats; the average score was 0.55 = 0.08, whereas
the sham-lesioned animals showed no preference in their forelimb
use (Fig. 1E; ipsilateral score -0.01 + 0.017). The partially lesioned
rats (STR group) showed a tendency to prefer the ipsilateral forelimb
in each of the tests, but there were no statistically significant dif-
ferences in comparison to the sham-lesioned animals. However, the
combined overall ipsilateral score revealed a significant difference
compared to the sham group (0.14 + 0.11 in STR vs. -0.01 + 0.017 in
sham, p < 0.05).

3.2. Immunohistochemistry

Immunohistochemical analysis of the ileum and colon of the
animals revealed increased levels of GFAP in both the partial STR and
full MFB lesion groups. Specifically, quantification of staining in the
ileum showed that the partial 6-OHDA lesion significantly increased
the GFAP expression by approximately 2-fold compared to the sham-
lesioned animals (4.58 + 0.47 in the sham group vs. 8.95 + 0.82 in
the STR group, p < 0.05) (Fig. 1A and E). In rats subjected to the full
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MFB lesion, there was an even larger increase (2.3x vs. sham group)
in GFAP expression (10.86 + 1.26 in the MFB group, p < 0.01 vs.
sham group). In the colon, the GFAP expression had been upregu-
lated approximately 4-fold after both 6-OHDA lesion protocols,
however, with no differences between the partial STR and full MFB
lesion groups (6.58 + 0.57 in the sham group vs. 24.62 * 1.25 in the
STR group vs. 23.50 + 2.32 in the MFB group, sham vs. STR lesion
and sham vs. MFB lesion p < 0.0001, and STR lesion vs. full lesion
p=0.886) (Fig. 2C and F). Neither of the 6-OHDA lesions altered the
intensity of aSyn expression in the ileum (Fig. 2B and E). Instead,
immunostaining of aSyn in the colon of full MFB-lesioned rats re-
vealed a statistically significant 7-fold increase (1.52 = 0.35 in the
sham group vs. 10.32 + 1.18 in the MFB group, p < 0.0001) but not in
animals with the partial STR lesion (1.52 + 0.35 vs. 4.52 + 0.40,
p=0.0926) compared to sham-treated animals (Fig. 2D and F). The
presence of aSyn in the colon was significantly higher in MFB-le-
sioned animals (by 128%) than in partially lesioned animals
(4.52 £ 0.40 in the STR group vs. 10.32 + 1.18 in the MFB group,
p=0.0003) (Fig. 2D and F).

No significant alteration in the ZO-1 integrity score was detected
in the ileum of 6-OHDA-lesioned animals (Fig. 3A and C). Instead, in
the colon, the ZO-1 barrier integrity score was significantly de-
creased in those animals that had undergone the 6-OHDA lesioning
compared to the sham-operated controls (Fig. 3B and D). Specifically,
the partial STR lesion decreased the integrity score by 0.99 points
(2.50 £ 0.07 vs. 1.51 £ 0.17 sham vs. STR, p=0.002), while the full
lesion reduced the integrity score by 1.09 points (2.50 + 0.07 vs.
1.41 + 0.14 sham vs. MFB, p=0.0009) in the colon.

3.3. Western blot

To validate further the results of the immunohistochemical
staining in the colon and ileum, western blots were run to detect
aSyn, pS129 aSyn, and GFAP levels in the intestinal samples but also
in the lesioned and intact striatum. The full MFB lesion evoked by 6-
OHDA significantly increased the total aSyn levels in the colon and
also elevated the pS129 aSyn and GFAP levels in the colon (Fig. 4A
and B). Interestingly, the partial STR lesion decreased the total aSyn
levels in comparison to the sham-lesioned animals and did not in-
crease pS129 aSyn or GFAP protein expression (Fig. 4C). The same
proteins were detected also in the ileum, but no changes between
the treatment groups were evident (Fig. 4D-F).

In the striatum, the 6-OHDA injected side of the brain showed
elevated levels of pS129 aSyn and total aSyn (Fig. 5A and B), and
particularly, the MFB lesion increased the levels of both aSyn mar-
kers. However, the GFAP levels were most significantly elevated in
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way ANOVA with Tukey’s post hoc test.

the partial STR lesion group, but the ionized calcium-binding
adapter molecule 1 (Ibal) was significantly elevated on the injected
side (Fig. 5C and D). As expected, tyrosine hydroxylase (TH) ex-
pression was significantly decreased in the ipsilateral compared to
the contralateral striatum after the full MFB lesion (p < 0.0001).
Instead, the partial STR lesion did not significantly reduce TH ex-
pression between the striata (p=0.557). Notably, even the sham
injection with the vehicle introduced some variation in the TH ex-
pression between the intact and lesioned striatum (Fig. 5E).

4. Discussion

As far as we are aware, this is the first study to demonstrate that a
commonly used toxin model of PD, 6-OHDA, elevates the intensity of
aSyn expression and phosphorylation in the rat colon. The earlier
assumption has been that 6-OHDA induces strong oxidative stress,
mitochondrial dysfunction, and local neuroinflammation, leading to
neuronal death (EI-Gamal et al., 2021). However, although aSyn in-
creases the toxicity of 6-OHDA (Alvarez-Fischer et al., 2008) and 6-
OHDA induces aSyn expression in the SN (Wang et al., 2021), in the
rodent brain, this does not lead to any aSyn aggregation and the
presence of Lewy body-like structures. Furthermore, the effects of
nigral or striatal 6-OHDA injection are on gastrointestinal

functionality, and while certain pathological markers have been
examined previously, this is the first study to show that 6-OHDA-
induced brain lesions elevate aSyn and Ser129 phosphorylated aSyn
levels in the colon. Notably, it has been shown earlier that in-
trastriatal administration of rotenone, another dopamine-specific
neurotoxin, also induced aSyn accumulation in the colon (Perez-
Pardo et al., 2018), suggesting that the alterations in the colon aSyn
levels are not 6-OHDA specific but are rather associated with ni-
grostriatal dopaminergic damage.

Here, we utilized 2 validated unilateral 6-OHDA lesion models,
that is, a full MFB model producing a nearly complete loss of do-
pamine in the lesioned side striatum (Leikas et al., 2017) and a
partial striatal lesion, which has been shown to induce an approxi-
mately 50% dopamine depletion in the ipsilateral striatum at
5 weeks after the toxin administration (Zhurakovskaya et al., 2019).
These 2 models have rather different outcomes at both the beha-
vioral and biochemical levels; the partial striatal lesion produces
much milder behavioral effects that were also evident in our sen-
sorimotor test battery. By performing a series of simple sensor-
imotor tests and calculating a combined score covering multiple
domains of sensorimotor functions, we have previously shown that
it is possible to detect even as little as a 50% unilateral dopamine
depletion in the striatum (Leikas et al, 2017). The significantly
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Fig. 3. Inmunohistochemical analysis of ZO-1 expression levels in rat intestinal samples. Scoring of ZO-1 staining in ileum (A) and colon (B). Representative im-
munohistochemical staining images of ileum (C) and colon (D) samples. ZO-1 expression (red) and DAPI staining (blue) (scale bar: 50 um). All results are shown as mean + SEM.
*=p < 0.05, **=p < 0.01, **=p < 0.001, and ****=p < 0.0001, 1-way ANOVA with Tukey’s post hoc test.

elevated combined ipsilateral score and the observed trend to-
ward decreased striatal TH expression in partially lesioned rats
confirm that the striatal 6-OHDA injection had produced a marked
dopaminergic dysfunction in the ipsilateral striatum. The full MFB
lesion, on the other hand, evoked a significant ipsilateral limb use
preference in all behavioral tests, indicating severe unilateral do-
paminergic dysfunction in the striatum. The behavioral findings in
MFB rats were further validated with TH expression data showing a
significant loss of TH expression in the striatum ipsilateral to the
lesion. These results underline the different natures of these 2
models: the partial striatal model mimics early-stage PD and is best
utilized in experiments assessing the efficacy of disease-modifying
treatments, whereas the full MFB model reflects the situation in
patients with advanced or late-stage PD.

Constipation is a common symptom in PD, and it has even been
considered an early symptom preceding the motor symptoms [for a
review, see (O'Day C et al., 2022)]. The first hypothesis proposed that
neuronal degeneration also occurs in neurons of the enteric nervous
system. In the colon, a reduced number of submucosal neurons have
been detected in PD patients (Lebouvier et al., 2010), but this has not
been seen in the small intestine, which includes the ileum (O'Day C
et al, 2022). In the current study, we also observed significant
changes in the colon but not in the ileum, suggesting that the brain-

induced changes in PD are more pronounced in the colon. In addi-
tion, recent studies showing that the fecal microbiome is altered in
PD patients further promote the role of the gut-brain axis in PD
(Boertien et al., 2022; Scheperjans et al., 2015; Takahashi et al.,
2022). This has led to the hypothesis that there are 2 forms of PD—a
“gut-first” and a “brain-first” PD—and there is some evidence from
clinical imaging, as well as from neuropathological stainings, sup-
porting this model (Borghammer et al., 2021; Horsager et al., 2020).
The gut-first model suggests that pathogenic aSyn originates in the
enteric or peripheral nervous system, spreads from the gut via the
vagus nerve to the dorsal motor nucleus of the vagus, and thereafter
reaches theSN. In addition, aSyn can spread from the gut to the locus
coeruleus via a bidirectional sympathetic route and further propa-
gate to the SN (Van Den Berge et al., 2019). In the brain-first model,
the aSyn pathology originates in the central nervous system (CNS),
particularly in the amygdala, SN, and locus coeruleus, and spreads
through the sympathetic route to the peripheral nervous system
(Borghammer et al., 2022).

Despite being one of the most widely used PD models, the effect
of 6-OHDA on the gut-brain axis has not been extensively studied.
Constipation and defecatory dysfunctions are well documented in
various 6-OHDA models. Blandini et al. (2009) reported that, after a
unilateral MFB lesion, fecal daily output reduced starting from day
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14 after the lesion, but no changes were observed in the number of
myenteric neurons in the colon. Rats with a complete unilateral loss
of striatal dopamine induced by a nigrostriatal 6-OHDA lesion
showed decreased colonic transit rate (Fornai et al., 2016). Further-
more, rats with a bilateral partial 6-OHDA lesion showed reduced
fecal water content and outlet obstruction constipation, as evi-
denced by a delayed transit time, increased contractive tension, and
fecal retention in the colorectum (Zhang et al., 2021). Other studies
using unilateral MFB or SNpc-targeted lesions by 6-OHDA showed
that dopamine D2 receptors and peristaltic reflexes were sig-
nificantly decreased in the colon at four weeks post-lesion (Colucci
et al., 2012; Toti and Travagli, 2014). Similar findings were seen
6 weeks after bilateral injection of 6-OHDA to the substantia nigra
pars compacta, where decreased levels of both D1 and D2 receptors
and increased levels of oxidative stress markers were seen in the
colon (Garrido-Gil et al., 2018). However, these investigators did not
report if there were changes in inflammatory markers, but Thomasi
et al. (2022) and Pellegrini et al. (2016) did claim that a unilateral
striatal 6-OHDA injection elevated Ibal and GFAP immunoreactivity,
particularly in the early stage, but a long-term elevation in GFAP was
seen as well. In the current study, we demonstrated that GFAP-im-
munoreactivity was elevated particularly in the colon after a striatal
6-OHDA lesion at 5 weeks postlesion, but a significant increase was
also seen in the immunoreactive GFAP in the ileum. This finding was
further supported by the western blotting analysis, where a (non-
significant) trend toward elevated GFAP levels in the colon was ob-
served after both lesions, but the increase was more pronounced in
rats with the full MFB lesion. This suggests that the degree of ni-
grostriatal dopaminergic neuron degeneration correlates with the
level of enteric glial cell activation in the current model.

Elevated GFAP mRNA expression levels in the colon have also
been detected in PD patients, and they correlate with the colonic
expression of proinflammatory cytokines (Clairembault et al., 2014;
Devos et al., 2013). There are several reports that, particularly, the
presence of irritable bowel syndrome, where an intestinal infection
is present (Ng et al.,, 2018), increases the risk for PD [for a meta-
analysis, see Fu et al. (2020)]. Moreover, there are several shared
genetic loci between PD, Crohn’s disease, and ulcerative colitis; the
latter 2 diseases are associated with inflammation in the intestinal
tract (Witoelar et al., 2017). Enteric GFAP-positive glial cells are
present in myenteric and submucosal ganglia, and are known to
regulate the intestinal immune system and epithelial barrier func-
tion (Grundmann et al., 2019). However, it is not known why the
enteric glial cells become activated in PD or in the 6-OHDA lesion
model. One possibility is that centrally administered 6-OHDA can
access the enteric nervous system via the vagus nerve, but, since 6-
OHDA is rapidly auto-oxidized (Vareslija et al., 2020), this seems
unlikely. However, it is possible that the proinflammatory cytokines
secreted by glial cells induce enteric glial cell activation via the vagus
nerve. We also found changes in ZO-1, a tight junction marker, in-
dicating that the 6-OHDA lesion had damaged the colon’s epithelial
layer. Abnormalities in the colon wall have been observed in PD
patients, with decreased levels of occludin, another tight junction
marker, but the levels of ZO-1 were normal (Clairembault et al.,
2015). It has been suggested that a “leaky gut” can evoke in-
flammation and trigger GFAP expression via increased bacterial
leakage and an immune reaction on the colon wall. However, we
cannot conclude if the increase in GFAP causes a decrease in ZO-1 or
vice versa. Another option is that the intense production of reactive
oxygen species by 6-OHDA may act as a trigger for GFAP activation
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Fig. 5. Both striatal (STR) and medial forebrain bundle (MFB) 6-OHDA lesions generally induced elevated expression levels of Ser129 phosphorylated aSyn (pS129 aSyn) in
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and epithelial cell damage. Although there are no reports about
these phenomena, oxidative stress and reactive oxygen species
production in the vagus nerve have been reported to induce PD-like
changes in the CNS in experimental models, including aSyn ag-
gregation and propagation (Musgrove et al., 2019).

The most novel finding in the study was the increase of aSyn
levels and Ser129 phosphorylation in the colon after the full MFB
lesion, and there seemed to be even a clear correlation between the
aSyn levels and the severity of the lesion. Ser129 phosphorylated
aSyn is the dominant form of aSyn in Lewy bodies, and although
phosphorylation can target misfolded aSyn to degradation, it also
increases aSyn instability and induces its aggregation [for a review,
see Manzanza et al. (2021)]. After Braak et al. (2003) proposed the
hypothesis of toxic aSyn propagation, the role of aSyn in the gut—-
brain axis has been intensively studied, particularly the movement
of aSyn from the gut to the brain. This phenomenon has been shown
in experimental models (Challis et al., 2020; Holmqvist et al., 2014;
Kim et al., 2019; Van Den Berge et al., 2019, 2021), and aggregated
aSyn and Lewy bodies, as well as Ser129 phosphorylated aSyn, have
been detected in the vagus nerve (Gelpi et al., 2014; Wakabayashi
et al., 1999) and the enteric nervous system (Braak et al., 2006) of PD
patients. It should be noted that the patient samples were obtained
from patients already diagnosed with PD, making it difficult to draw
conclusions about at what stage of the disease, the aSyn aggregation
in the enteric nervous system and vagus nerve had occurred. On the
other hand, a recent study in nonhuman primates challenged the
role of the vagus nerve and proposed that blood circulation could act
as a route for bidirectional aSyn transport between the enteric
nervous system and the brain (Arotcarena et al., 2020). Our results
support the theory that there is a bidirectional connection between
brain and gut, and suggest that a pathological event in the brain with

DAergic cell degeneration and inflammation, even without sig-
nificant aSyn aggregation, can elevate aSyn levels and phosphor-
ylation, as well as inflammatory markers in the colon. The limitation
of the current study is that we did not analyze the aggregated forms
of aSyn or examine the vagus nerve at different time points to detect
the temporal changes and origins of aSyn or GFAP.

One of the major questions is how the injection of 6-OHDA into
the brain can induce particularly aSyn levels in the colon. If 6-OHDA-
induced oxidative stress is present in the colon, it can also act as a
trigger for aSyn aggregation [for a review, see Abramov et al. (2020)].
The elevated GFAP levels suggest that an inflammatory process is
present in the colon, and inflammation has been shown to induce
Ser129 aSyn phosphorylation in preclinical settings (Reimer et al.,
2018). However, there is also convincing evidence that aSyn ag-
gregates can induce glial cell activation [for a review, see Chavarria
et al. (2022)], but, in the current study, we did not investigate aSyn
aggregation in these cells. The data suggest that 6-OHDA-induced
GFAP activation, either before or after the increases in colon per-
meability, resulted in elevated aSyn levels and phosphorylation,
emphasizing the role of inflammation in these aSyn-changes. Recent
findings of aSyn-reactive T-cells with the highest reactivity before
and at the time of PD diagnosis support this proposal, indicating that
inflammation in PD occurs before the development of motor
symptoms (Lindestam Arlehamn et al., 2020; Sulzer et al., 2017).

In conclusion, the present study demonstrates that intracerebral
6-OHDA administration leads to gastrointestinal abnormalities, in-
cluding aSyn accumulation, glial cell activation, and increased in-
testinal permeability. These findings support the theory that the
gut-brain axis interactions in PD are bidirectional, and the detri-
mental process may also start in the brain and subsequently become
evident in the gut. This certainly warrants further studies in PD
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patients, and while it would be particularly important to study in-
dividuals before the motor symptoms occur and the diagnosis has
been confirmed, this will require the development of better bio-
markers for early PD. Our results also validate the use of 6-OHDA as
an experimental model for investigating the enteric nervous system
and gut-brain axis changes in PD.
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