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Abstract

Vascular degeneration plays a significant role in contributing to neurodegenerative condi-
tions such as Alzheimer’s disease. Our understanding of the vascular components in
Parkinson’s disease (PD) is however limited. We have examined the vascular morphology
of human brain tissue from both PD and the control cases using immunohistochemical
staining and image analysis. The degenerative morphology seen in PD cases included the
formation of endothelial cell “clusters,” which may be contributed by the fragmentation of
capillaries. When compared to the control cases, the capillaries of PDs were less in number
(P <0.001), shorter in length (P < 0.001) and larger in diameter (P < 0.01) with obvious
damage to the capillary network evidenced by less branching (P < 0.001). The level of
degeneration seen in the caudate nucleus was also seen in the age-matched control cases.
Vessel degeneration associated with PD was, however, found in multiple brain regions, but
particularly in the substantia nigra, middle frontal cortex and brain stem nuclei. The data
suggest that vascular degeneration could be an additional contributing factor to the pro-
gression of PD. Thus, treatments that prevent vascular degeneration and improve vascular

remodeling may be a novel target for the treatment of PD.

INTRODUCTION

Parkinson’s disease (PD) is the most common neurodegenerative
condition in the aging human population second only to
Alzheimer’s disease (AD) (7). Neuronal degeneration in both PD
and AD has been characterized in human cases (23), providing
fundamental information for the establishment of animal models
and their use in drug discovery and development for these condi-
tions. In addition to neurodegeneration, the vascular components
in AD have recently been identified as a key pathological feature
and possible contributing factor to disease progress (38). However,
the vascular changes in PD are not known, and this is therefore an
important question that needs to be addressed.

The vascular changes in AD and other age-related neurological
conditions have been described as degenerative, with a loss of
ability in vascular remodeling and/or angiogenesis (21, 26). Neu-
ronal degeneration in PD is thought to start in the substantia nigra
(SN), leading to dopamine depletion in the nigro-striatal pathway.
The degeneration can spread progressively to other brain regions
both within the basal ganglia nuclei, including the caudate nucleus
(CN), and the cerebral cortex, particularly the middle frontal gyrus
of the cerebral cortex (MFG) (29). PD is however a multisystems
disorder marked by a profound but less appreciated cell loss in the
locus coeruleus (LC), a nucleus that contains the large pigmented
noradrenergic neurons of the brain (3, 16, 28). Lewy bodies, char-
acteristic of PD, are also found in the LC (16, 28). In a study
examining the neuronal degeneration in the LC concurrently with
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that observed in the SN, it was found that not only was the LC
affected first in PD but that the greatest cell loss was in the LC
suggesting that these two nuclei may share common pathogenetic
susceptibilities (37). Interestingly, the median raphe nucleus (RN)
appears to be either spared or only mildly affected (12). To the best
of our knowledge, there is little known of any accompanying
vascular changes in those brain regions where neuronal degenera-
tion has been characterized in PD. Furthermore, a better under-
standing of the pathology of human disease has now become more
critical than previously thought, for example, the contribution of
the vascular degeneration to the neuronal degeneration of PD.
Using brain tissue collected from both PD cases and the aged-
matched controls, we have evaluated the vascular changes in the
brain regions known to be affected morphologically in PD.

METHODS

Tissue preparation

Human brain tissue from the Neurological Foundation New
Zealand Human Brain Bank was used in this study. The methods
used for brain tissue preparation have been published previously
(34). Briefly, the brains were perfused through the cerebral arteries
with phosphate buffered saline (PBS) containing 1% sodium
nitrite for 15 minutes. Following this, the brain was perfused with
15% formalin fixative solution in 0.1 M phosphate buffer for
30-45 minutes. The brain was then placed in the same formalin
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fixative solution overnight. Dissection of the brain regions into
blocks followed the overnight fixation process. The blocks were
then post-fixed for a further 1 to 2 days before being cryoprotected
prior to freezing. Cryoprotection was completed by transfer of the
blocks sequentially into a 20% and then 30% sucrose solution in
0.1 M phosphate buffer with 0.1% sodium azide. At this point, the
blocks were stored at —80°C until required.

Experiment 1

Case selection

Selection of PD cases was completed based on the following
selection criteria: a postmortem delay less than 48 h and a patho-
logical diagnosis of idiopathic PD. The pathological diagnosis of
idiopathic PD was preferred as this reflects the pathological state
of 95% of PD sufferers. The age, sex, postmortem delay, patho-
logical state and cause of death of PD cases and age-matched
controls are summarized in Tables 1 and 2, respectively.

Immunohistochemical staining

Three brain regions were used: the central region of the middle
frontal gyrus of the cerebral cortex (MFG), the CN of the striatum
and the SN. Sequential coronal sections (50 um) from each of the
above regions were cut on a frozen microtome and collected.
Sections were stored in PBS-azide at 4°C until use. Sections were
selected from PD and control cases. Three sections (every 12th
section 600 m apart) were chosen from each region per case and
Von Willebrand-associated factor VIII (factor VIII) immunohisto-
chemistry was used for visualizing blood vessels. The free-floating
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methodology was employed for immunohistochemical staining;
this has been described previously (34).

The selected sections were incubated with PBS and 0.2%
Triton-X (PBST) overnight then pretreated with 50% methanol and
1% hydrogen peroxide for 20 minutes. The sections were then
washed for 10 minutes in PBST before being incubated with
Rabbit-anti factor VIII antibody (1:2000, Dako Corporation,
Carpinteria, CA, USA) for 48 h at 4°C. The tissue was then washed
in three 10-minute PBST washes and then incubated in biotinylated
secondary anti-rabbit antibody (1:2500) for 24 h at room tempera-
ture, followed by washes and incubation in ExtrAvidin-HRP for 4 h
at room temperature. The tissue was then washed and incubated in
a solution of 0.05% 3,3-diaminobenzidine (DAB) with 0.01%
hydrogen peroxide in 0.1 M phosphate buffer for15 minutes to give
a brown reaction product to visualize the labeled blood vessels.

Sections were then mounted onto glass slides, air-dried, dehy-
drated through a graded alcohol series and cover-slipped. Negative
control staining was generated by omitting the primary antibody.

Image analysis

Images were captured using a digital camera system (Nikon
Digital Sight) and stored in the tiff format. Image] software
(V1.46) was used to measure the vascular structure and morphol-
ogy in these images. The following parameters were analyzed:
(1) total number of blood vessels; (2) total length of blood vessels;
(3) total number of vessels that were >50 um; (4) the number of
branches; and (5) the number and the area of the “clusters” in
blood vessels. Four images per sample (10 X 10 magnification)
were captured from each section of the SN, MFG and CN. Each
sample area was approximately 8.325 mm?. Blood vessel numbers,
length and branches were measured using skeletonized binary

Table 1. Clinical information of the 10 PD cases selected for the experiment 1.

Case Age Sex PM delay Pathologist notes

Cause of death

PD30 82 M 19h
PD33 91 M 4h

PD with diffuse cortical Lewy body disease.
Idiopathic PD, moderate neuronal loss in the substantia nigra with

Multi-organ failure, multiple strokes.
Pneumonia.

gliosis and poor pigmentation of remaining neurons.

PD34 75 F 10 h

PD Cortical Lewy Body disease. Severe loss of melanin containing

Cerebrovascular accident.

neurons and mild gliosis observed in substantia nigra.

PD35 73 M 16 h

PD Cortical Lewy Body disease. Severe loss of pigment neurons

Pneumonia.

and gliosis in the substantia nigra.

PD36 78 F

Idiopathic PD, Cerebral amyloid angiopathy. Moderate to marked

Bronchopneumonia.

loss in sections of substantia nigra, mild gliosis.

PD37 81 M 4h

coeruleus.
PD39 83 M 4 h

|diopathic PD, moderate to marked loss of pigmented neurons,
mild gliosis, pigment incontinence in substantia nigra and locus

PD and progressive supranuclear palsy and Alzheimer-type

Parkinson’s Disease associated
complications.

Bronchopneumonia.

changes. Pigmented cells mostly preserved in substantia nigra.
Some basophilic tangles and globose morphology observed in

the SN neurons.
PD42 83 M 21h
substantia nigra.
PD46 77 M 34 h

PD-moderate loss of pigmented cells and mild gliosis in the

Idiopathic PD, low Lewy body numbers. Lacunar infarct in the

Myocardial infarction.

Bronchopneumonia.

caudate nucleus showing neuronal loss.

PD48 84 M Unknown

(revd fixed)

Idiopathic PD, no sign of spongiform or spongy atrophic changes.
SN shows patchy neuronal loss with gliosis.

Not given.
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Table 2. Clinical information of the 6 controls

selected for the experiment 1. Case Age Sex PM delay Pathologist notes Cause of death

H127 59 F 21h No neurological history > Pulmonary embolus.
normal. (No path report)

H137 77 F 12 h Some amyloid plagues but Coronary atherosclerosis.
consistent with age-related
change. No significant
histological abnormalities.

H139 73 M 5.5h No significant histological Ischemic heart disease
abnormalities. secondary to hypertension.

H152 79 M 18 h Some amyloid plagues but Congestive heart failure due
consistent with age-related to chronic restrictive
change. No cortical or nigral pericarditis.
Lewy bodies seen.

H169 81 M 24 h No evidence of neuronal loss,  Asphyxia, CO poisoning.
no neurofibrillary changes
and no neuritic plagues.
No significant histological
abnormalities.

H202 83 M 14 h No evidence of neuronal loss,  Ruptured abdominal aortic

no neurofibrillary changes

aneurysm.

and no neuritic or vascular
plagues. No significant
changes of a degenerative
type found.

images. These were created in ImagelJ by adjusting the images to
decrease background and lighten the image. The Imagel threshold
tool was then used to select only the blood vessels and create a
binary image. This image was then skeletonized. The “Analyse
Skeleton” tool in the Bone J plug-in for ImageJ was then used to
obtain measurements of the number of blood vessels, the number
of branches and the length of blood vessels in the image. This
plug-in works by tagging all of the pixels and voxels in an image
and counts all of the junctions, branches and provides both an
average and maximum length (2).

In order to measure the clusters observed in vessels, images
were lightened using ImagelJ. The threshold tool was then used to
select the darkest particles in the image and to create a binary
image using these. Measurements were completed using the
“Analyse Particle” tool that allowed us to count the number of
darkly staining particles in the image. The tool also provided
information regarding the cluster coverage. The cluster coverage
was given as the percentage cover of the area of the image that was
occupied by the darkest particles. This information allowed us to
measure the difference in the intensity of endothelial staining in
PD brain vessels as well as providing information on the number
of endothelial clusters observed in PD brains.

Experiment 2

Case selections

The clinical details of the cases used for the second experiment
are indicated in Tables 3 and 4 for PD and the non-PD controls,
respectively. For all PD cases, the pathological diagnosis included
idiopathic PD. For this part of the study, the brain regions SN, LC
and RN were analyzed for average diameter of vessels and cross-
sectional areas of vessels.
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Immunohistochemical staining

Brain regions of SN, LC and RN were stained with factor VIII
using the same methodology as described for experiment 1, except
that the factor VIII was visualized using florescence conjugated
(Alexa Fluor 568) goat anti-rabbit (1:500).

Imaging analysis

Stacks of images were collected on a Leica SP2 confocal scanning
laser microscope. Blood vessel size was determined by measuring
the average diameter and the cross-sectional area of vessels. The
number of blood vessels categorized as either less than or greater
than 10 um in diameter was also determined in all three brain
regions of the SN, LC and RN. The ImageJ program was used to
calculate the diameter and cross-sectional area of the blood vessels
in each brain area of each of the PD and control cases. Since blood
vessels ran at a reasonably consistent size and shape through the
entire Z-stack, only one slice was chosen for quantification of
the properties of blood vessels. Each slice covered an area of
211.97 um x 211.97 um; therefore, the total number of vessels
and the number of vessels in each size bracket are presented as an
average over an area of 44 931 um? The density of vessels/mm?
was converted for statistical analysis and data presentation.

For the diameter measurements, the “line” tool was used to draw
a line from the inside wall of the blood vessel lumen to the
opposite side. ImageJ was then able to return a value of the length
of this drawn line. A similar protocol was followed for measuring
the cross-sectional area of each blood vessel; however, in this
instance, the “frechand selection” tool was used to encircle the
entire lumen and the program measured the area of the shape
drawn. The number of vessels present in the field was counted
manually.
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Case Age Sex PM delay Pathology notes

Table 3. Clinical information of the 6 PD cases
used for experiment 2.

Cause of death

PD31 67 Male 25 h Idiopathic PD.

PD21 79 Female 9.5h Idiopathic PD, evidence of
diffuse amyloid plaques also
affecting some parts of the
cortex.

PD23 78 Female 18.5h Idiopathic PD. Severe loss of

pigmented neurons and
gliosis in the substantia
nigra, Lewy bodies rare in
residual neurons.

Idiopathic PD, some scattered
Lewy Bodies seen in some
regions.

Idiopathic PD with mild cortical
Lewy Body disease.

Idiopathic PD, 30 years since
diagnosis, moderate
neuronal loss in the
substantia nigra with gliosis
and poor pigmentation of
remaining neurons.

PD29 79 Male 8h

PD32 71 Male 8h

PD33 91 Male 4 h

Morphine toxicity/
respiratory failure.
Senile debility.

Pneumonia 2° UTI & PD.

Not given.

Ischemic heart disease/
Congestive heart failure.
Pneumonia.

Statistical analysis

The difference between the age-matched control and PD cases was
analyzed in different brain regions using a two-way analysis of
variance (ANOVA) with brain regions treated as dependent
factors. The Bonferroni post-test was used for specific differences
between the individual brain regions.

RESULTS

Vascular morphology

Immunopositive staining of factor VIII was evenly distributed in
the vessel walls in the age-matched non-PD controls (Figure 1A).
The main striking feature of pathological change observed in PD
was the presence of “clusters” in the endothelium (Figure 1B) of
the blood vessels, where the factor VIII staining was unevenly
distributed in the vessels. The staining was almost entirely absent
in some parts of the blood vessel, while other areas showed densely
stained “clusters” (arrows, Figure 1B) of varying sizes and shapes.
The most commonly seen “clusters” were “ladder-like” staining

Table 4. Clinical information of the 4 control cases used in experiment 2.

with rungs cross-linked to both sides of the vessel wall.
Image analysis showed that the number of “clusters” was sig-
nificantly higher in the PD cases compared to the age-matched
controls.

The “clusters” were evaluated by measuring the number of
“clusters” and the total area of densely stained “clusters” per field
of view. The data suggest that the number of “clusters” was sig-
nificantly increased in the PD cases (n=10) compared to the
control cases (n =6, P <0.0001, F=7.1 [1,41], Figure 2A). There
was no significant difference between the numbers of clusters in
the different brain regions examined with the difference between
the groups (PD/Controls) being brain region dependent (P = 0.01,
F =4.8 [2,41], Figure 2A). There was a significant increase in the
number of “clusters” in the brain regions of the SN (P < 0.05) and
CN (P <0.001, Figure 2A), but not the MFG.

Similarly, the difference in the area of “cluster” staining was
significantly increased in the PD cases (n = 10) compared to the
control cases (n=6, P<0.0001, F=288.94 [1,41], Figure 2B).
There was a moderate difference between the brain regions
(P=0.02, F=7.42 [1,41]) and the difference between the groups
was not dependent on the brain regions. The post-test showed a

Case Age Sex PM delay Pathology notes Cause of death

H161 72 Male 24 h No neurological history > normal. (No path report) Aortic aneurysm

H190 72 Female 19h No neurofibrillary tangles, neuritic plaques or Myocardial infarction

cortical Lewy bodies > control specimen

H197 19 Female Exact time of death No significant histological changes Asphyxiation due to hanging
unknown. Max 40 h

H211 41 Male 8h No significant evidence of degenerative disease Ischemic heart disease

4 Brain Pathology s+ (2012) ee—ee
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Clusters
(x100)
MFG (x10)
SN (x10)

Figure 1. Digital images of endothelial

clusters (A,B, x100), the capillaries from the

MFG (C,D, x10); SN (E,F, x10); RN (G,H,

%x20) in PD (right column) and control cases

(left column). While the endothelial staining

was evenly distributed in the capillaries of

the control cases we found a large number

of endothelial clusters (arrows) in the PD RN (x20)

capillaries (A,B). Compared to the control
cases, the number of capillaries in PD cases
were less and shorter (C-F) and had larger
diameters (G,H). Photos G,H are the
inverted florescent images. Scale

bars =5 um for A and B and 50 um for C-H.

significant increase in the area of “clusters” staining throughout all
the brain regions examined (P < 0.001, Figure 2B).

Vessel density

The vessels in the PD cases appeared to be fewer in number,
shorter and more fragmented (Figure 1D,F) compared to the
control cases (Figure 1C,E). The number of vessels/mm? was
measured in the microscopy field (Figure 3). Compared to the
age-matched controls (n = 6), the density of blood vessels was
significantly decreased in PD cases (Figure 3A, n =10, P=0.02,
F=5.511, 41). The two-way ANOVA also suggested a difference
between the brain regions (P < 0.0001, F =26.32 [2,41], and the
reduction in vessel density in PD was brain region dependent
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PD cases

(P <0.0001,F =13.14[1,41). The post-test suggested a significant
reduction in vessel density in the SN of PD (P < 0.001).

The vessel density of those vessels longer than 50 um was
significantly less in the PD cases compared to that of controls
(n=10, F=50.99[1,41], P <0.0001) in the three different brain
regions (F=16.76[2,41], P <0.0001) with interaction between
them (F =10.5[2,41], P =0.0003). The Bonferroni post-test sug-
gested that the total length of blood vessels in the SN (P < 0.001)
and MFG (P < 0.001) was significantly less in the PD cases com-
pared to the age-matched controls (Figure 3B).

Average vessel length

The average length of the vessels per microscopy area (8.325 mm?)
was measured for the total number of vessels present (Figure 4A)
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Figure 2. Graphs show changes in endothelial clusters. Compared to
the age-matched control cases (n = 6), the number of endothelial clus-
ters (A) and the percentage of vessel area with clusters (B) were
significantly increased in the SN, CN and MFG of the PD cases (n= 10,
¥**P < 0.001). Data presented as mean = SEM.

and for those vessels greater than 50 um long (Figure 4B). Com-
pared to the age-matched controls (n = 6), the average length of all
vessels was significantly reduced in PD cases (n =10, P =10.01,
F=6.57 [1,41]). There was also a difference between the brain
regions (P =0.005, F=9.1[2,41]. The difference between the
groups was brain region dependent (P =0.004, F=6.97, [2,41].
The post-test showed that vessel length was significantly shorter in
the MFG of PD (P < 0.001).

Overall average length of blood vessels >50 um was also
significantly decreased in PD cases (n=10) compared to the
age-matched control cases (n =6, P<0.0001, F=27.19 [1,41],
Figure 4B], particularly in the SN (P <0.001) and the MFG
(P <0.0001). The total length of blood vessels was different
between the brain regions examined (P < 0.0001, F =15.9 [2,41])
with a significant interaction between the brain regions and groups
(P=0.001, F=8.16 [1,41)).

Vessels branches

The two-way ANOVA also showed that PD cases (n = 10) had
significantly less branching of the blood vessels compared to the
control cases (n=6, P<0.0001, F=18.3 [1,42], Figure 5). The
post-test suggested a significant loss in the SN of PD cases com-
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pared to the control cases (P < 0.0001). There was a significant
difference between the brain regions (P < 0.0001, F = 22.8 [2,42])
and the difference between the groups was brain region dependent
(P <0.0001, F=18.63 [2,42]).

Vessel width

The vessel width was evaluated in different brain regions in experi-
ment 2. The diameters of the blood vessels were significantly
larger in the PD cases (n = 6) compared to the control cases (n =4,
P =0.003, F=10.20 [1,24], Figure 6A). There was no difference
between the regions examined and the difference between the
groups was not brain region dependent. The post-test showed a
statistically significant increase in vessel diameters in the RN of
PD cases compared to the control cases (P < 0.05).

The cross-sectional area of vessels was also significantly
increased in the PD cases (7 = 6) compared to the controls (n =4,
P=0.01, F=7.56 [1,24], Figure 6B) with no difference between
the brain regions and the difference between the groups was not
brain region dependent. The post-test suggested a significant
increase in the cross-sectional area of vessels in the RN of PD
cases compared to the control cases (P < 0.05).
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Figure 3. Graphs show changes in vessel density. Compared to the
age-matched control cases (n = 6), the total vessel number was signifi-
cantly less in the SN of PD cases (A, n=10, ¥*P<0.01), but not in the
CN and MFG. The number of vessels that were longer than 50 um were
significantly less in the SN and MFG of the PD cases compared to the
control cases (B, ***P < 0.001). Data presented as mean = SEM.
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Figure 4. Graphs show changes in average length of blood vessels.
Compared to the age-matched control cases (n = 6), the average length
of vessels were significantly shorter in the MFG of PD cases (A, n= 10,
**P<0.01) when the measurement included all vessels. The average
length of the longer vessels (>50 um) was significantly reduced in
the SN and MFG of the PD cases compared to the control cases
(B, **P<0.01). Data presented as mean = SEM.

The vessel width was also analyzed by counting the number of
small (diameter <10 um) and larger (diameter >10 wm) vessels
(Figure 7A,B), respectively. Compared to the controls, the number
of small vessels was decreased in PD cases (n=6, P=0.0003,

w2000 .
2 — 3 Control
g &R PD
S 15004

N
2%
o & 1000
- -
28
Ew
2 500-
: S uil i
gl | BN

SN CN MFG

Figure 5. Graph shows the number of branches of blood vessels. The
number of branches was significantly less in the SN of the PD cases
compared to the age-matched control cases (* P < 0.05). Data presented
as mean = SEM.
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Figure 6. Graphs show the changes in vessel size. Compared to the
control cases (n=4), the average diameter (A) and the average cross-
sectional area (B) of blood vessels were significantly increased in the RN
of the PD cases (n=6, *P < 0.05). Data presented as mean = SEM.

F=17.74 [1,24], Figure 7A), whereas PD cases showed an
increase in large vessels (n=6, P=0.006, F=28.87 [1,24],
Figure 7B). There was no difference between the brain regions
examined and the difference between the groups was brain region
dependent for the small vessels only. The post-test showed a
significant decrease in small vessels in the LC (P <0.01) and
a significant increase in large vessels in the RN (P <0.05),
Figure 7A,B, respectively.

The ratio of small/large vessels was also analyzed. Compared to
the control cases, the ratio of small/large vessels was significantly
decreased in the PD cases (n=6, P<0.0001, F=24 [1,24],
Figure 7C). There was no difference between the brain regions,
and the group effect was not brain region dependent. The post-test
suggested a significant reduction of the ratio in the brain regions of
the LC (P < 0.05) and RN (P < 0.01) (Figure 7C).

DISCUSSION

We have demonstrated, for the first time, vascular degeneration in
human PD. The degenerative morphology includes the formation
of endothelial “clusters,” a damaged capillary network possibly
due to vessel fragmentation and the loss of capillary connections.
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Figure 7. Graphs show changes in vessel diameter. The number of
vessels with diameters smaller than 10 um was reduced in the RN and
LC of the PD cases (A, n=6, **P<0.01), whereas the vessels with
larger diameter (>10 um) was increased in the RN of the PD cases
(B, *P<0.05). There was a significant reduction in the ratio of small/
larger vessels in the RN and LC (C, *P < 0.05, **P < 0.01, C), but not in
the SN.

When compared to age-matched controls, the vessel size was
larger in PD cases. Vessel degeneration was found in multiple
brain regions, particularly in the SN, MFG and brain stem nuclei,
but not in the CN. The data suggest that vascular degeneration may
be an important additional contributing factor to the progress of
PD, and may even be a contributor to the initial pathology that
leads to neuronal degeneration.
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The capillaries in the brain consist of the endothelial cells
adjoined by tight junctions, the hydrophobic basal membrane, the
pericytes and the astrocyte end feet in this order, from the blood to
the tissue face (36) forming what is known as the blood-brain
barrier (BBB). It differs from peripheral organs where the capil-
laries consist of a single layer of endothelial cells with leaky gaps
between them (25). The BBB is able, for example, to restrict entry
of polar molecules into the brain. Nutrients such as vitamins,
glucose and amino acids cross the BBB using specific transporters
(39), but peptides in general have limited ability to cross the BBB
(41). Nonetheless, they can be transported into the brain via spe-
cific receptors expressed in brain endothelium under physiological
or pathological conditions (40, 41).While we show in this manu-
script a general loss of microvasculature that might contribute, at
least during early stages, to vessel permeability, other mechanisms
for transendothelial movement do exist.

Using factor VIII, a marker for the cytoplasm of endothelial
cells, we found a significant amount of endothelial “clustering.”
Morphologically, factor VIII staining in the control cases was
evenly distributed within the capillaries. In contrast, the factor VIII
staining in PD capillaries was dense in some parts forming the
“clusters” of various shapes and sizes with little or no staining
between the “clusters.” The most common feature of capillary
“clusters” was the parallel lines that linked across the blood vessel
walls. The mechanism of “cluster” formation however is not at all
clear and needs to be further investigated. There was a small
amount of endothelial “clustering” in the age-matched controls,
but, by comparison, the amount and the percentage area of “clus-
ters” were significantly increased in the PD cases. The data suggest
that the formation of endothelial “clusters” was more specific to
the PD and may be a contributing factor in the breakdown of the
capillary network.

The integrity of the intact capillary network (bed) is essential for
effective vascular function. Compared to the age-matched con-
trols, we found that the capillaries in PD cases were shorter in
average length, less in number, particularly those longer than
50 um, and had fewer branches, suggesting the possibility of
breakdown of the capillary network in PD cases. The vessel
density was evaluated by measuring total vessel numbers, as well
as selectively by number of longer vessels (>50 um) in order to
exclude fragmented capillaries. While the loss of vessel density in
PD cases was highly significant in the SN across both measure-
ments, the loss of vessels in the MFG of PD cases was only true for
the longer vessels when compared to the age-matched controls.
The data indicate that capillaries may be more fragmented in the
frontal cortex of PD brains and that vessel degeneration is targeted
to those longer capillaries. This interpretation was supported by
the data obtained from measuring the average length of blood
vessels. Compared to the age-matched control cases, the vessel
length was shorter in the frontal cortex, but not in the SN in PD
cases when measurements included all vessels. However, vessel
length was significantly shorter in the SN of PD cases when meas-
uring blood vessels longer than 50 um.

The average size of a capillary is 5-10 um in diameter. In a
separate experiment, the changes in capillary size were also deter-
mined by measuring the diameter and the cross-sectional area of
vessels in the SN, LC and RN. We found that the average diameter
was less than 10 um in the control cases, whereas the vessel
diameter was larger (>10 um) in PD cases, particularly in the
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RN. A similar result was found when the vessel size was measured
as the cross-sectional area of the vessels. Using 10 um as a cutoff
line for measuring the capillaries (<10 um) and small arteries/
veins (>10 um), we found that the PD cases had fewer capillaries
(in the RN) and more small arterioles/veins (in the LC) with a
significant reduction in the ratio of small/large vessels throughout
all nuclei. The data suggest that vessel degeneration in PD cases
was primarily at the level of capillaries, which may themselves be
more vulnerable to degeneration than the small arteries/veins,
and/or to the enlarged capillaries as a result of vascular remodeling
(27).

The transformation of the microvasculature from predominantly
capillaries to predominantly small arterioles/venules has a pro-
found effect on oxygen diffusion. Arterioles (and venules) are
much larger vessels with, on average, three layers of endothelial
cells as well as smooth muscle cells and pericytes (15). In normal
tissue, the majority of oxygen diffusion occurs from the capillary
vessels consisting of only one layer of endothelial cells (15). As
a consequence of the loss of the capillary bed, tissues receive
less oxygen leading to damage through processes such as the
production of free radicals due to the inability to regenerate anti-
oxidant enzymes, or insufficient oxygen available for oxidative
metabolism.

The data presented here generated from two independent experi-
ments tested the same hypothesis by measuring different param-
eters. These two methodology approaches generated data that were
complementary to each other. The control cases in experiment 2
were not completely age-matched due to availability of the tissues
in different brain regions.

Despite a uniform increase in endothelial “clusters” in the SN,
CN and MFG of PD cases, the differences between the two groups
with regard to vessel density, vessel length and vessel branches
were only significant in some brain regions. While the loss of small
vessels was consistent in the PD cases, changes of vessels in the
age-matched controls varied, largely between the brain regions.
This would suggest that the lack of difference between the groups
was due to the age-related loss in vessel density, length and
branches, which is brain region associated. For example, there was
a consistent decrease in all parameters measured in the CN of the
age-matched control cases compared to other brain regions. The
age-related loss of brain vessels has been reported previously in
aged brains (13). In addition to the hippocampus, the striatum is
relatively more sensitive to age-related changes in structure (6, 19)
and function (11), as well as other specific age-related clinical
conditions (1). Thus, the vessel changes observed in the SN are
likely to be more specific to PD pathology, while the loss of vessels
in the CN may be a combination of the pathology of aging and PD.
The frontal cortex, a brain region that is affected in PD, with Lewy
Bodies present, may share a similar pathology with AD in terms of
neuronal loss (17), and perhaps in vascular degeneration. Wide-
spread cortical hypoperfusion has been reported at the early stage
of PD (10).

Vascular remodeling and networking happens constantly even
under conditions of neurodegeneration and insufficient vascular
remodeling contributes to neuronal degeneration and functional
decline. The changes in the vasculature of age-matched controls can
be a complex mix of vessel degeneration associated with old age
and vascular pathology as part of systemic vascular diseases as
seen, for example, in hypertension, diabetes and obesity (11, 19).
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Thus, the interpretation of vascular changes in the senile brain is
complicated and the data are difficult to interpret, which in turn
makes the comparison with respect to young controls somewhat
unreliable (31). Thus, we did not include a young control group in
our study.

In addition to providing nutrients and taking metabolic wastes
away, the function of capillaries in the brain is to serve as an
impermeable barrier that protects our brain from peripheral harmful
substances, for example, circulating pro-inflammatory factors. The
disruption of the endothelial cells seen in the PD capillaries and
pericyte deficiency seen in neurodegenerative conditions could
mean the breakdown of the BBB (4, 8, 9) causing the accumulation
of multiple peripheral neurotoxic molecules that contribute to neu-
ronal dysfunction (4). It has been shown that apolipoprotein E4
activation of a pro-inflammatory CypA-nuclear factor-kB-matrix-
metalloproteinase-9 pathway in pericytes mediates neurovascular
injury, resulting in neuronal dysfunction and degeneration (5). As
reported for AD and Amyotrophic Lateral Sclerosis, BBB disrup-
tion may play a vital role in PD (22), both pathologically and
pharmacologically. 3,4-dihydroxyphenyl-L-alanine (L-DOPA) is
the most widely used pharmacological agent for PD. Amino acid
receptors (LAT), LAT1 that are expressed in the capillaries, trans-
port L-DOPA across the BBB. The transport of L-DOPA may, for
example, be lowered where there is microvessel loss, leading to the
reduction of L-DOPA levels in the brain (20). It is now well known
that the inflammatory response is elevated in the brain in neurode-
generative conditions, as this is now well recognized as a contrib-
uting factor to neuronal death. Even though we did not investigate
the inflammatory response in the brains of our PD cases, the
disrupted endothelial cells may indicate a potential pathway of
entry and a subsequent role for an inflammatory response in PD.

Neurons, glial cells and endothelial cells also interact with each
other and form a neuronal-glial-vascular unit both functionally and
structurally (14, 24, 31, 36). The endothelial cells are involved in
the process of neurogenesis by stimulating the self-renewal of
neural stem cells, inhibiting their differentiation, and enhancing
neuron production (33). Endothelial cells also produce neuro-
trophic factors, for example, vascular endothelial growth factor
and nitric oxide synthase, which stimulate and regulate both neu-
ronal survival and neuronal function (18). There are many neuro-
transmitters that regulate vascular functions (32, 35). Structurally,
astrocytes, a glial phenotype, form part of the capillaries and,
functionally, the glial-vascular interface is key to maintaining both
neuronal and vascular functions in our brain. Although we did not
examine the effect of endothelial degeneration on neuronal and
glial function, vascular degeneration may well contribute to neu-
ronal degeneration and inflammation in neurological conditions
and vice versa. Understanding vascular degeneration is therefore
critical if we are to interpret the neuronal-glial-vascular interac-
tion, which has itself been suggested recently to be a novel target
for therapeutic intervention (30).
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