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Abstract

Degenerative effects of nerve tissuesare often accompanied by changes in vascularization. In this regard, knowledge about
hereditary cerebellar degeneration is limited. In this study, we compared the vascularity of the individual cerebellar compo-
nents of 3-month-old wild-type mice (n=8) and Purkinje cell degeneration (pcd) mutant mice, which represent a model of
hereditary cerebellar degeneration (n=38). Systematic random samples of tissue sections were processed, and laminin was
immunostained to visualize microvessels. A computer-assisted stereology system was used to quantify microvessel param-
eters including total number, total length, and associated densities in cerebellar layers. Our results in pcd mice revealed a
45% (p <0.01) reduction in the total volume of the cerebellum, a 28% (p < 0.05) reduction in the total number of vessels and
a lower total length, approaching 50% (p < 0.001), compared to the control mice. In pcd mutants, cerebellar degeneration is
accompanied by significant reduction in the microvascular network that is proportional to the cerebellar volume reduction

therefore does not change density of in the cerebellar gray matter of pcd mice.
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Introduction

Neurodegenerative diseases are characterized by progressive
extinction of certain populations of neurons. Loss of neurons
together with their functional impairments preceding cell
death is responsible for most neurological manifestations.
Nevertheless, such diseases can be accompanied by other
changes in the brain tissue modifying its local niche. This
may consequently influence regenerative capacity and neural
plasticity level and thereby have an impact on therapeutic
possibilities. These changes may include modified density
or activity of glial cells [1, 2], abnormal levels of trophic fac-
tors or other information molecules, inflammatory mediators
[3-6], and changed microvasculature.
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Abnormal capillary density or a changed character of the
capillary bed and abnormal angiogenesis have been found
in some neurodegenerative diseases [7-9]. Vasculature of
the tissue is necessary for oxygen and nutrient delivery and
the disposal of metabolic waste products but is also a source
for various mediators and cells of the immune system. Thus,
the microvascular bed is crucial for tissue functioning and
trophic state, tissue damage healing and inflammation and
delivery or clearing of signaling molecules involved in con-
trol of cell death/survival with both positive and negative
effects. Vascular bed density may also affect graft survival
or rejection processes [10].

Therefore, recognizing microvascular bed changes in tis-
sue injured by a neurodegenerative process might help to
explain some specific features of the disease, or phenomena
of problematic recovery and insufficient effect of therapy.
Understanding general principles of how local tissue niches,
including microvascular bed changes, influence tissue, and
function recovery and neural plasticity might substan-
tially help to predict the efficiency of certain therapeutic
approaches in neurodegenerative diseases accompanied by
particular neuropathologies.

There are many types of hereditary cerebellar degeneration
that have detrimental impacts on complex cerebellar functions.
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Since there is no truly efficient therapy allowing suppression
of the cerebellar degeneration progress in most of these dis-
eases, they lead to progressive motor and cognitive-affective
cerebellar syndromes and severe disability for the patient [11].
To investigate pathogenesis and therapeutic methods, various
cerebellar mutant mouse strains have been used. These strains
reflect a spectrum of human hereditary cerebellar degenera-
tions and allow searching for differences between diseases and
disease-specific features [12, 13].

In our previous study, we showed that in Lurcher mutant
mice, cerebellar degeneration, and cerebellar volume reduc-
tion are accompanied by decreased absolute quantities of
capillaries, while relative microvessel densities are increased
[14]. Contrary to wild-type mice, cerebellar grafts showed a
poor tendency to integrate within the host cerebellar tissue in
Lurcher mutant mice [15-17]. Similar differences were not
observed in Purkinje cell degeneration (pcd) mutant mice [17].
Since abnormal microvasculature could be one of the factors
determining graft development, analysis of the capillary bed
in pcd mice would be of interest.

Pcd mice are one of the most frequently used cerebellar
mutant mice. They are homozygous for Agtpbp1P°Y/J] muta-
tions in the gene encoding cytosolic ATP/GTP binding protein
1 (synonyms: cytosolic carboxypeptidase-like protein, CCP1,
Nnal), which is intensively expressed in cerebellar Purkinje
cells, olfactory bulb mitral cells, and retinal photoreceptors
[18]. The effect of the mutation is a rapid and almost complete
degeneration of Purkinje cells by apoptotic [19] or autophagic
[20] mechanisms. The degeneration starts at postnatal day 20
[21], and by postnatal day 28, it is nearly complete in most
parts of the cerebellum [22]. The degeneration of cerebellar
granule cells is secondary to the loss of Purkinje neurons and is
exponentially progressive [23, 24]. Cerebellar nuclei are only
slightly reduced in size [25]. Inferior olivary neurons start to
disappear between postnatal days 17 and 23, and by postna-
tal day 300, the reduction has reached 49% [23]. Pcd mice
also suffer from slow, progressive degeneration of the retina
and olfactory bulb mitral cells [22, 26-28] and degenerative
changes in the thalamus [29].

The aim of this study was to provide a quantitative analysis
of the microvascular bed in the cerebella of adult pcd mice
based on stereology techniques for the detection of potential
differences in microvascularization. For this purpose, their cer-
ebella were compared with healthy strain- and age-matched
controls showing a normal state of microvasculature.

Materials and Methods
Animals and Ethical Statements

Three month old (+ 1 week) B6.BR-Agtpbp1P°Y/J strain ped
mice with clinical signs of cerebellar ataxia (four males,
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four females) and strain-matched wild-type (WT, clinically
healthy individuals, i.e., mutation noncarriers or heterozy-
gotes) mice (four males, four females) were used. The mice
were kept under standard conditions in a temperature- and
humidity-controlled room (22-24 °C; 30-60%) with a
12/12 h light/dark cycle (6 am—6 pm). Food (commercial
pellet diet) and water were available ad libitum.

The experiments reported here were conducted in full
compliance with the European Union guidelines for scien-
tific experimentation on animals and with the permission
of the Ethical Commission of the Faculty of Medicine in
Pilsen. All efforts were made to minimize suffering.

Tissue Processing

The mice were euthanized by cervical dislocation. Their
brains were removed and fixed in 10% phosphate buffered
formalin at 4 °C for 30 days until embedding in paraffin
blocks. Each block was sectioned into 18-pm thick serial
Sects. (120 +57 sections per brain) using a Leica RM 2145
microtome (Germany). Every 30th horizontal section was
mounted on glass slides, immunostained using the poly-
clonal rabbit anti-laminin antibody (dilution 1:1000; Dako,
Glostrup, Denmark, No. Z009701), colorized with diam-
inobenzidin (Dako, DAB Chromogen), and counterstained
with hematoxylin. In this work, we used the same immuno-
histochemistry protocols as in previous projects [14, 30].
This sampling design generated 3 to 8 systematic-uniform
sections that were collected depending on the tissue block
thickness of the cerebellum.

Quantitative Histological Analysis

Stereological analyses of sections for each mouse cerebel-
lum were done blind to genotype. The most current version
of Stereologer software (v11.0) (SRC Biosciences, Tampa,
FL, USA) running on a PC equipped with a Nikon Eclipse
Ti-U microscope equipped with standard optical lenses, a
high-resolution digital imaging camera (Promicra 3-3CC)
and a ProScan III motorized 3-axis step motor (Prior Elec-
tronics, UK), were used for the analyses. The combination of
these devices allows the automatic selection of the series of
equidistant fields of view and to project related probe frames
there. This way, the most statistically efficient selection of
samples through the entire cerebellum, as the region of inter-
est, was carried out. As shown in Supplement 1, stereology
data were collected for total region volume (V), total number
of microvascular segments (total N,;), and total number of
microvascular endpoints for the selected cell layers: molecu-
lar layer (ML); the layer of granular cells (GL); white matter
(WM); and nuclei (N). The Purkinje cell layer was excluded
from the analysis because its blood supply is provided by the
capillaries of adjacent layers [14, 31].
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The total regional volumes of cell layers were estimated
using the Cavalieri principle [32, 33] with a 4 X objective
(Plan Fluor, Na 0.13). Estimation of capillary numbers (end-
points) and lengths was performed using a 60X oil objec-
tive (CFI, Plan Apo Lambda, Na 1.4) using excluded 1-pm
guard zones at the top and bottom surfaces of each section.
The total number of microvascular endpoints was estimated
using an optical disector [34] by counting saddle points of
capillary branch nodes + 1 (Fig. 1c) [35]. The total Neap is
double (2 X) the number of nodes [33, 35, 36]. Estimates of
total L, were made using the Space Balls probe [33, 37]
by double the number of intersections between the central
axes of capillaries and the surface of the spherical probes
with a standardized diameter (Fig. 1d). The measurements
of the diameters of at least one hundred microvessels in
each of the layers per case were made in the set of cali-
brated images (summary see Supplement 2) using OlyVIA
3.4 freeware. The average densities of capillary segments

(Ny.qp) and/or length density (Ly,,,) were calculated as total
Ny, or total L, divided by the total volume. Finally, the
potential diffusion distance of capillaries was determined in
postprocessing using the approach described in [14, 38]. The
coefficient of error (CE), a measure of sampling error, was
estimated [39], and sampling continued to CE ~0.10 across

both hemispheres.
Statistical Analysis

Nonparametric methods in Statistica 13 (StatSoft, Inc.,
Tulsa, OK, USA) were used for statistical analyses of micro-
circulatory parameters. First, the Mann—Whitney U test was
performed to test for group effects (WT vs. pcd). Within-
group effects were assessed using Friedman ANOVA and
Kendall’s coefficient of concordance (F,yova). Data are
presented as the mean + SD. P <0.05 was considered sta-
tistically significant.

Fig. 1 Microphotograph of the anti-laminin antibody-labeled cerebel-
lar microvessels in control and pcd mice. In contrast to control mice
(a), the molecular layer (ML) and granular layer (GL) of pcd mice (b)
showed signs of degeneration associated with the absence of Purkinje
cells (white arrows and X show Purkinje cells or place where they are
absent in a wild type and a pcd mouse respectively). The thicknesses
of ML is shown in blue lines. White matter (WM) seems to be histo-
logically intact. The MLs of pcd mice usually contained capillaries
(dark brown) that are thinner than those of wild-type mice. The opti-

cal disector frame (c¢) was used for quantifications of “capillary sad-
dle points” (green arrows for ML and red arrows for GL) at branch-
points or nodes. Labels for the frame corners were used to distinguish
the respective regions of interest (red and green circles) during the
analysis. The capillary length was found using the space balls method
(d) by counting the number of intersections between the surface of
the spherical probe and a spline through the center of each capillary
(green dotted line). Space bars: a; b—500 pm; ¢; d—10 pm
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Results

With regard to between-group comparisons, stereology
studies revealed a 45% reduction in total V in the cerebel-
lum of pcd mice compared to the controls (Mann—Whitney
U, p<0.01; (Fig. 2a), which occurs due to changes in the
volume of all layers of the cerebellum. First, there was a
60% reduction in the total V of ML (Mann—Whitney U,
p<0.001; (Fig. 2b). Second, there was an 87% reduction
in the total V of Purkinje cell bodies in the cerebellum of
pcd mice compared to the controls (Mann—Whitney U,
p <0.001; see supplementary material). These data also
demonstrate that the Purkinje cell/ML volume ratio in pcd
mice is only 34% of the corresponding ratio in healthy
mice (0.029 +0.022 for pcd and 0.081 +0.036 for WT;
see supplement 1). Third, there was a 31% reduction in
the total volume of GL (Mann—Whitney U, p <0.05), and
a 39% reduction in the total V of WM (Mann—Whitney U,
p <0.002). Finally, a solid trend for the reduction in total V
of N (Mann—Whitney U, p =0.054) was found.

With the reduction in cerebellar volume, the total N,
was also reduced by 28% in pcd mice (Mann—Whitney U,
p <0.05; (Fig. 2d). Moreover, the fraction of small capillaries
(<5 pm in diameter) in pcd mice was significantly increased
to 90% (Mann—Whitney U, p <0.01), in contrast to healthy
mice with 83% of small capillaries in the ML (see Fig. 1a, b
and Fig. 2¢). At the same time, the fraction of the microves-
sels with small diameters in the white matter decreases from
66% in healthy mice to 53% in pcd mice (Mann—Whitney
U, p<0.01). This was accompanied by a significant increase
in the fraction of the microvessels with diameters from 5 to
10 pm here (Mann—Whitney U, p <0.01).

More specifically, stereological studies in pcd mice
showed a significant reduction in total N, in ML from
11,5474 + 29,800 in control mice to 61,558 +23,260 in pcd
mice (Mann—Whitney U, p <0.05) and in the nuclei from
18,600 +4500 to 12,550 4+2300 in pcd mice (Mann—Whit-
ney U, p<0.05), as shown in Fig. 2e and in the supplement
1. On the other hand, the total N, was not changed in GL
and MW (Fig. 2e).

Our studies found a reduction in the total L,, in pcd
mice approaching 50% (Mann-Whitney, p <0.001;
Fig. 2g). The largest decrease in the total L, of 64%
relative to WT mice was observed in the ML of pcd mice
(Mann—Whitney U, p <0.001). Moreover, the reduction
in the Total L ,, was more expressed in the ML of pcd
males than in pcd females (see Supplement 1). Neverthe-
less, there was also a significant decrease in GL and N
(Mann—Whitney U, p <0.01). Only in the WM were no
significant differences in total L,, found (Fig. 2h).

As a result, only the WM was reduced in volume, but
without significant changes in total capillary number and
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length, exhibiting a significant decrease in potential diffusion
distance (p <0.05) and an increase in both Ly.,, (p <0.05;
Fig. 2i) and Ny,, (p <0.05; Fig. 2f).

The comparison between males and females showed
twice-lower total L,, in WM of WT females than in WT
males (Mann—Whitney U, p <0.05; Supplement 1, rows 35
and Supplement 3). Otherwise, no significant intersex dif-
ference was found in any other parameter. There were sig-
nificant within-group differences (Fngva P <0.05; Fig. 2)
in all of the estimated vasculature parameters between indi-
vidual cerebellar structures (ML; GL; WN; and N). For more
detailed data, including separate presentations for males and
females, see the supplementary material.

Discussion

The pcd mice are a model of neurodegeneration, which
results in the death of specific neuronal populations in dif-
ferent regions of the brain with a well-defined time course
[22, 40]. The organizational principles of the microcircula-
tory network in the pcd mouse cerebellum are similar to
those described previously [14, 31, 41]. Briefly, the vessels
form a dense network in the cerebellar cortex and nuclei.
The bodies of Purkinje neurons receive their support from
capillaries located predominantly in GL, while their den-
drites are supported via the capillaries located in ML. The
white matter has almost twice-lower the number density of
capillaries compared to the gray matter in the healthy mouse
cerebellum (Fig. 2f, i).

Our results demonstrated a significant reduction in the
total volume of ML due to primary Purkinje neuron disrup-
tion combined with the secondary reduction of GL. and WM
volumes (Fig. 2a) described earlier [18, 21, 24]. The stereol-
ogy-based analysis showed a slight insignificant reduction in
the total cerebellar nuclei volume in contrast to previously
described findings [23, 24]. Here, we demonstrated a reduc-
tion in cerebellar volume accompanied by nearly propor-
tional changes in the microvascular network (Fig. 2e, h) as
a component of the neuropathology in pcd mutant mice.
Consequently, these mutants show reduced absolute quanti-
ties of capillaries but almost normal microvessel densities at
the age of 3 months. Thus, diffusion distance, one of the fac-
tors crucial for the maintenance of extracellular homeostasis,
remains comparable to that in healthy cerebella.

At this moment, we cannot identify whether the smaller
absolute quantities of the capillaries are due to less inten-
sive angiogenesis in the developing cerebellum in which a
rapid neurodegeneration simultaneously proceeds [42], or
due to secondary reduction of capillaries that have already
been developed [41]. Neurodegeneration has a relatively
early onset and fast progression in pcd mice. Therefore, it
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could interfere with late stages of cerebellar development,
including the generation of new capillaries in the grow-
ing tissue. The combination of both mechanisms is indeed
also possible. To answer this question, a more detailed
study of different ontogenetic stages in pcd mice would
be necessary.

The fraction of the capillaries with <5 pm in diameter was
increased in the molecular layer and decreased in the white
matter of the pcd cerebellum (Fig. 2¢). Furthermore, there are
single capillaries with thin hair-like twisted lumens (Fig. 1a,
b). However, this effect to some extent may be induced by dif-
ferences in tissue shrinkage during histological processes due
to differences in the molecular structure of the tissue [19, 40].

Microvascular bed features are different from those we
have found previously in Lurcher mutant mice [14]. First,
it is important to mention that in Lurcher mice cerebellar
volume reduction is more severe than in pcd mice (~71% in
Lurcher opposed to~43% in pcd mice). Second, the absolute
number of capillaries is lower, but not proportional to cer-
ebellar volume reduction, in Lurcher mice in contrast to pcd
mice (for~53% reduction in Lurcher instead to ~40% in pcd
mice). Thus, capillary densities almost doubled in Lurcher
mice but remained almost unchanged in the cerebellar gray
matter of the pcd mice (Fig. 2f, i). Furthermore, the average
length of the capillaries remained unchanged in pcd mice.
Purkinje cell degeneration appears at approximately post-
natal days 8-10, and degeneration of granule cells is more
dramatic in Lurcher mice [43], which could explain the more
significant volume reduction and, consequently, a secondary
increase in relative capillary densities. Thus, these differ-
ences in neuronal degeneration course could potentially be
responsible for different changes in the microvascular bed
in the cerebellum.

As mentioned above, cerebellar embryonic grafts exhibit
a poor tendency to become integrated into the host cerebel-
lum in Lurcher mice [15-17]. Increased capillary density
and shorter diffusion distance could increase exposure of the
graft to pro-inflammatory cytokines [6, 44] and be hypothet-
ically one of the factors limiting migration of grafted cells
and axon sprouting into the host tissue [14]. These present
findings are in line with this hypothesis since in pcd mice
having nearly normal capillary densities and diffusion dis-
tances in the cerebellum, the grafts are integrated as well as
in the healthy cerebellum [17].

We believe that the data obtained in this work provide
a basis for further research. For example, related vascular
changes could arise at the different stages of degeneration
and restrict structural development in certain regions of the
entire brain. However, both the age- and location-related
directions require their own unique sampling approach
depending on the chosen objective. The study of the angio-
genesis factors can also become an independent followed
research direction in this area.

GRO @ Springer

Conclusion

In conclusion, we confirm the reduction in the volume of the
pcd mutant cerebellum, particularly its granule and molecular
layers [40], using unbiased and efficient stereological methods.
Reduction of the white matter can be explained by the extinction
of Purkinje cell axons and the reduction of climbing fibers [43].

Cerebellar degeneration was accompanied by significant
changes in the microvascular network in pcd mutants. How-
ever, the reduction of the capillary number and length does
not affect their density in the cerebellar gray matter of pcd
mice, in contrast to the Lurcher mutants [14]. This suggests,
reduction of vascular bed is proportional to cerebellar tissue
loss. The question remains whether it is due to abnormal angi-
ogenesis due to changed signaling in the niche of early onset
neurodegeneration or a secondary and subsequent extinction
of the capillaries in response to the existing neurodegenera-
tion. Anyway, proportionality of reduction of both the capil-
laries and neural tissue suggest that vascular changes are more
severe specifically in structures with advanced degeneration.
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