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Alzheimer’s & Parkinson’s Disease: Open Access
Parkinson’s disease (PD) is the second most common
neurodegenerative condition in the aging human population [1].
While neuronal degeneration is well characterized in human cases
of PD [2], there has been very limited information regarding vascular
changes, until two recent publications from our own research group
[3,4]. The difference between the peripheral circulation to that of the
brain is that the capillaries in the brain consist of endothelial cells
adjoined by tight junctions, the hydrophobic basement membrane,
the pericytes and the astrocyte end feet [5] forming the blood-brain
barrier (BBB), that functionally protect the brain from harmful
substances entering from the peripheral circulation. To evaluate
vascular changes that are specific to PD we compared the differences
in the endothelium, basement membranes and astrocytes in several
brain regions between age-matched controls and human cases of
PD which had not developed dementia. From the results of these
studies we have identified degeneration of endothelial cells while
the basement membrane is maintained in human PD. Elevated
astrocytosis is associated with leakage of the BBB but is limited mainly
to the brain regions showing blood vessel loss associated with brain
aging such as the caudate nucleus.
Factor VIII is an immunohistochemical marker for the cytoplasm
of endothelial cells and can be used to visualize the cytoarchitecture
and morphology of endothelial cells in the capillaries. The most
interesting and distinctive finding is the formation of ‘laddering’ in
the endothelium described as ‘endothelial clustering’ in both aged
matched and PD cases. Statistical analysis demonstrated a significant
increase in the laddering in capillaries in PD cases, that is associated
with degeneration of endothelial cells, leading to the loss of capillaries.
The mechanism of ‘cluster’ formation however is not at all clear and
needs to be further investigated.
The integrity of the intact capillary network is essential for
effective vascular function. Using image analysis we are able to
compare the capillary length, cross sectional size, interconnections
and average numbers of capillaries. Compared to the age-matched
controls, the capillaries in PD cases are shorter in average length,
fewer in number, and more fragmented with reduced branching,
suggesting the possibility of breakdown of the capillary network in
PD cases. The analysis of these multiple parameters enabled us to see
more detailed changes in vasculature and the patterns of capillary loss.
Even though the increase in endothelial clusters and the pathology of
endothelial degeneration are uniform in all brain regions that we have
analyzed, the patterns of changing capillaries appeared to be different
when the analysis separates the shorter capillaries (<50µm and more
fragmented) from the longer ones (>50µm). For example, while there
are reduced vessel numbers in the substantia nigra (SN) of PD cases,
the PD associated loss of vessel number in the middle frontal gyrus
(MFG) is only true for the vessels longer than 50µm. In contrast, the
analysis of vessel length suggests the loss in capillaries in the SN is
mainly in the longer vessels.
The average size of a capillary is 5-10 µm in diameter. In a
separate experiment, the changes in capillary size are determined by
measuring the diameter and the cross sectional area of vessels in the
SN, locus coeruleus (LC) and Raphé nucleus (RN). While the average
diameter is less than 10 µm in the control cases the average diameter
of vessels is larger (>10 µm) in PD cases, particularly in the RN and
SN. The increase in size of vessels is supported by the measurement
of the cross sectional area of the vessels. Using 10 µm as the cut off
for measuring the capillaries (<10 µm) and small arteries/veins (>10
µm) the PD cases have fewer capillaries in the RN and more small
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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 is primarily at the level of capillaries, that
may be more vulnerable to degeneration than the small arteries/veins,
and/or to the enlarged capillaries as a result of vascular remodelling
[6].
The transformation of the microvasculature from primarily
capillaries to predominantly small arterioles/venules has a profound
effect on oxygen diffusion. Arterioles (and venules) are much larger
vessels with, on average, 3 layers of endothelial cells as well as smooth
muscle cells and pericytes [7]. In normal tissue the majority of
oxygen diffusion occurs from the capillary vessels consisting of only
one layer of endothelial cells [7]. 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 antioxidant enzymes, or insufficient oxygen available
for oxidative metabolism.
Despite a uniform increase in endothelial ‘clusters’ in the SN, CN
and MFG of PD cases, there are brain region dependent differences
in vessel density, vessel length and vessel branches between the
control and PD groups with significant degenerative changes in some
brain regions, but not in others. For example, there is a consistent
decrease in all parameters measured in the CN of the age-matched
control cases compared to the brain regions of SN and MFG. As a
result there is no further degeneration of the capillaries in the CN
of PD cases compared to the age-matched control cases. This lack of
‘degeneration’ in the CN of the PD cases is clearly due to the agerelated loss in vessel density, length and branches. The age related loss
of brain vessels has been reported previously in aged brains [8]. In
addition to the hippocampus, the striatum is relatively more sensitive
to age-related changes in structure [9,10] and function [11], and this
is also true in other age-related clinical conditions [12]. 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 (11) and PD. The frontal cortex, a brain region
that is affected in PD, with Lewy bodies present, may share some
similar pathology with AD in terms of neuronal loss [13], and perhaps
in vascular degeneration. Wide-spread cortical hypoperfusion has
been reported at the early stage of PD [14].
Vascular remodeling and re-networking takes place 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, for example
in hypertension, diabetes and obesity [10,11]. Thus the interpretation
of vascular changes in the aging senile brain is complicated and the
data difficult to interpret, which in turn makes the comparison with
respect to young controls somewhat unreliable [15]. Thus, we have
not included young control groups in our studies.
Apart from providing nutrients and removing metabolic
wastes, the capillaries in the brain serve as a barrier to protect the
brain from peripheral harmful substances. The loss of BBB function
allows pro-inflammatory factors to enter the brain, which can
contribute to neuronal dysfunction [16] and neuronal degeneration
in Alzheimer disease and possibly also in PD [17]. Furthermore,
as part of the neuronal-glial-vascular unit, endothelial cells are
involved in neurogenesis [18], promote neuronal survival and
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produce neurotrophic factors [19], whereas many neurotransmitters
also regulate vascular functions [20,21]. Structurally, astrocytes, a
glial phenotype, form part of the capillary wall and maintain both
neuronal and vascular functions in the brain.
We have additionally characterized the vascular degeneration
in PD by evaluating the changes in the basement membrane
(BM), astrocytes, BBB integrity and the association with neuronal
degeneration using the same human cases used for evaluating
endothelial cell degeneration. Collagen IV staining was used to
visualize the vascular structure associated with the BM, and we
analysed the vascular architecture using the same image analysis
protocols that were used for identifying the significant changes
in endothelial-associated vascular architecture [3]. Unexpectedly,
neither the number nor the length of collagen IV labelled capillaries
are different between age-matched controls and PD cases [4].
However, we see profound morphological changes in the BM,
characterized as collapsed capillaries or string vessels [4,22], in which
the capillaries are labelled with collagen IV without endothelium.
String capillaries exist in normal brain as part of the process of
endothelial cell turnover during vascular remodeling particularly in
developing brain [22] and brains with neuronal degeneration [22].
Capillaries with laddering morphology [3] are often found next to the
string vessels. This suggests that the increase in string vessel formation
may be a consequence of endothelial cell degeneration caused by an
imbalance in vascular degenerative and regenerative processes. The
increase in string vessels has been reported in Alzheimer disease
cases [23,24], however, it is different from the PD cases, as the loss of
BM was also found in Alzheimer diseases [25]. In contrast, capillary
density has recently been reported to be increased in human cases of
Huntington’s disease [26,27] where collagen IV was used for labelling
the BM [28] with reduced vascular size [26]. Thus, increased string
vessel formation without loss of BM may be a pathology specific to
vascular degeneration in PD [4].
There has been a rapid increase in research on changes
in capillaries in brains affected by neurological diseases. The
interpretation of results on capillary changes should be based on the
precise structure labelled since the changes in the endothelium can be
different from changes in the BM [3]. Multiple markers specific for
the various components of capillaries are essential for an objective
view of vascular changes.
Given that string vessels do not function as blood vessels, the
increased string vessel formation can be an indicator of a compromised
blood supply that can in turn contribute to neuronal dysfunction and
degeneration in PD. As extracellular matrix, the BM plays a critical
role in vascular re-modelling, for example in promoting endothelial
cell proliferation, migration and capillary sprouting [29].
Astrocytes form an essential component of capillaries, and play a
critical role in vascular re-modelling [30,31] and neuronal protection
[32,33]. We found a massive elevation in GFAP positive astrocytes
in the CN, with a hyperactive morphology. Interestingly the elevated
astrocytosis is only found in the brain regions where there is no
further PD associated vascular degeneration. We have discussed
earlier that the endothelial degeneration in CN is an age related
change in both PD and age-matched controls [3]. Thus the elevated
astrocytosis observed in the CN of the PD cases may be a protective
and/or angiogenic response that prevents further loss of endothelial
cells in PD cases [3]. However it is known that angiogenesis can be a
double edged sword, as newly formed vessels can lead to BBB leakage,
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that occurs in neurodegenerative conditions such as Alzheimer
disease [34].
Fibrinogen leakage from plasma into brain tissues is a reliable
marker for dysfunction of the BBB [34-36]. Activation of microglia
and astrocytes is closely related to BBB dysfunction, and infiltration
of plasma fibrinogen has been reported in Alzheimer disease [37] and
other neurological conditions with BBB dysfunction [35,36,38,39].
The concentration of fibrinogen is low in the CSF of PD patients [40]
and there is no increase in infiltration of plasma fibrinogen in the
SN, where there is clear neuronal degeneration. It is interesting to
observe that the fibrinogen infiltration is profound only in the CN of
PD, where there is an age related endothelial degeneration and a PD
related elevated astrocytosis. It could be that the elevated astrocytosis
may play a role in preventing further loss of endothelium in PD and
by promoting an angiogenic process in the endothelium that leads
to loss of BBB integrity. Given the role of astrocytes in angiogenesis
[30] and inflammation [41] the BBB leakage in the CN could be
a collective result of age and secondary pathology of PD or as a
beneficial response of astrocytes in removing fibrinogen [39].
Given that changes in the vasculature can vary between brain
regions, it is interesting that the loss of neurons is found uniformly
in the SN, CN and MFG in PD. Degeneration of dopamine neurons
has been well documented in the SNc of PD patients [42]. Although
there is loss of dopamine neurons in the SN, TH expression in most
SNc neurons appeared to be increased. This may be a compensatory
response to the loss of dopamine neurons by increasing protein
expression, as dopamine neurons are highly plastic in PD [42,43].
Although degeneration of dopamine neurons in the SN is the most
prominent pathology of PD, neuronal degeneration can affect other
brain regions in advanced disease, for example the CN and cortical
areas [24]. The neuronal degeneration in the CN and MFG brain
regions are also more profound in PD cases.
Atrophy of the CN in human PD cases has been described
previously [44]. However, apart from changes related to degeneration
of the dopamine system, for example reduced TH terminals,
dopamine receptors and transporters, [45] our knowledge of neuronal
degeneration in the CN is rather limited. Neuronal degeneration in the
frontal cortex is well established in PD cases, particularly those with
dementia [46]. In our study, the extent of neuronal loss is similar in
the CN and MFG; however, we only found the elevation of astrocytes
and leakage of the BBB in the CN, not in the MFG. Although both
activation of astrocytes and dysfunction of the BBB may contribute
to neuronal death, our data suggest that these processes are not the
immediate cause of the neuronal degeneration seen in PD.
The further characterization of vascular degeneration, particularly
the capillaries in PD human cases is an on-going research project.
The mechanisms underlying the vascular degeneration may be
closely associated with the impaired ability in vascular remodeling,
for example, the function and survival of pericytes and related
capillary cytoarchitecture. It is difficult to identify whether vascular
degeneration is primary or secondary to neuronal degeneration.
Nevertheless loss of the vascular network clearly contributes to the
pathogenesis of the neurodegenerative process.
In conclusion, vascular degeneration in PD appears to be the
result of endothelial cell degeneration, while retaining the capillary
basement membrane. Increased string vessel formation suggests a
role for vascular hypoperfusion in the progression of PD. Leakage
of the BBB may be associated with astrocytosis in the CN, which
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appears to be a pathological change secondary to the initial lesion
in PD. The features of vascular degeneration in PD vary between
different brain regions, and is reflected by the differing extents of
neuronal degeneration, astrocytosis, endothelial cell degeneration
and dysfunction of the BBB in each region.
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