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Spatial dimension of nigral astrogliosis
observed in rotenone model of Parkinson’s disease
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This paper addresses spatial aspects of reactive astrogliosis observed in the substantia nigra pars compacta
(SNc) in rotenone model of Parkinson's disease. The study was performed on adult male Wistar rats receiv-
ing the intracerebral 12 ug rotenone infusion into the left SNc. SNc tissue was analyzed 40, 70 and 200
days after the infusion. It was shown that rotenone caused the increase in astocyte density at all analyzed
time-points, thus indicating the proliferation of the cells. Radial distribution function (RDF) analysis dem-
onstrated a non-uniform spatial distribution of nigral astrocytes. Their density was revealed to be higher
in the proximity of neuronal cell bodies, especially on the infused side. In addition, RDF analysis provided
evidence of spatial clusters of astrocytes 40 days after the infusion. The results of this study suggest that
nigral astrogliosis observed in the rotenone model of Parkinson's disease includes changes in spatial
distribution of astrocytes. These changes reflect the rearrangement of SNc tissue architecture occurring in
response to rotenone-related degeneration of SNc neurons.
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INTRODUCTION

Astrocytes are star-shaped glial cells that serve
a number of vital roles in the brain tissue. They
provide biochemical support for endothelial
cells to form the blood-brain barrier, assist in
maintaining ion balance, actively participate in
the regulation of local blood flow [1,2]. Astro-
cytic processes ensheathing synapses limit the
diffusion of neurotransmitters [3] and express
proteins capable to influence synaptic activity
[4]. In addition, astrocytes express receptors
for various neurotransmitters. The activation
of these receptors leads to oscillations in
intracellular Ca%" levels [5].

Astrocytes respond to brain tissue impair-
ments by undergoing a transformation com-
monly referred to as reactive astrogliosis. The
intensity of reactive astrogliosis is variable
and depends on the severity of a CNS insult.
Astrocytes are involved in the complex regu-
lation of inflammation in the central nervous
system (CNS). Important roles that astrocytes
play in the brain tissue entail their specific
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spatial arrangement. Their cell bodies are
evenly distributed in the tissue and astrocytic
processes overlap only minimally, such that
each astrocyte covers an exclusive territory of
neuropil [6]. Thus, astrocytes contribute to some
extent to the brain tissue architecture by creating
microanatomical domains, which size is defined
by the length of their processes [7]. Individual
astrocytes are parts of a sinthitium, i.e. they are
connected together with gap junctions.

Changes in the spatial arrangement of
astrocytes may be an indicator of a brain tissue
insult. Because spatial aspects of astrogliosis
remain poorly understood, our aim was to
analyze the spatial relationship between
neuronal and astrocytic populations in substantia
nigra pars compacta (SNc) area in the rotenone
model of Parkinson’s disease.

METHODS

Spatial patterns formed by nigral astrocytes were
analyzed in adult male Wistar rats (250-300 g)
infused intracerebrally with 12 pg of rotenone
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(“Sigma”, USA) in | pl dimethyl sulfoxide, into
the left SNc. The details of the infusion proce-
dure were described earlier [8]. Five animals
per each experimental group were studied, 25
rats in total. Animals were anesthetized, and
transcardially perfused with 4% formaldehyde
and 2.5% glutaraldehyde in 0.1 M phosphate
buffer (pH 7.4) 40, 70 or 200 days after the
rotenone infusion.

Their brains were removed and cut into
200-um-thick transverse slices, which were kept
in the same fixative for 1.5 hours, and postfixed
in 1% OsO,. Tissue slices were then dehydrated
in an ascending series of ethanol followed by dry
acetone and embedded in Epon resin (Epon 812,
“Sigma”, USA). Semithin 1-um-thick sections
were made using ultramicrotome (“LKB”, Swe-
den) and stained with 1% solution of toluidine
blue. Microphotos of SNc tissue on the infused
side and respective contralateral side (control
area) were made using XSP-13a microscope
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(“Nanbei”, China) equipped with digital cam-
era at 40x objective magnification. In addition,
microphotos of SNc tissue of intact and sham-
operated (infused with dimethyl sulfoxide only)
animals were taken.

Astrocyte density (AD) was quantified by
counting the number of astrocytes for each
sample area of 372.8 um? (at the level of the
tissue) and expressed as cells/10000 pum?.
Radial distribution function (RDF) was used
to quantify spatial patterns formed by astro-
cytes. In this particular case, RDF described
the density of astrocytes occurring at the
distance r and r+A4r from a reference object.
The analyzed range of distances was limited
to 100 pm and divided into five 20-pm-wide
intervals. As all directions from a reference
object were explored, aforementioned sampling
intervals may be presented as concentric
circular regions. Second-fifth regions are, in
fact, circular rings or annuli (Fig. 1). Astrocyte
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Fig. 1. A screenshot of the software interface displaying neuronal profile centroids (large dots), astrocyte profile centroids (small

dots) and five RDF sampling regions for a given reference neuron
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counts were normalized to the area of a sampling
region and expressed as AD. Spatial clustering
of astrocytes was also quantified using RDF
analysis but sampling only the first region (a
circle with a radius = 20 um). A custom-made
software written in Delphi (Version 7, Borland
Software Corporation, Scotts Valley, CA) to run
a RDF algorithm uses coordinates of cell profile
centroids as an input.

The coordinates were measured with an
“Imagel]” open source software (Version 1.51j8,
National Institutes of Health, USA) in digital
micrographs. In total, 3083 astrocytes and 3466
neurons were analyzed. Individual values were
pooled per experimental group. Statistical analy-
sis was performed using Statistica software (v. 5,
StatSoft, Tulsa, OK). Values are shown as mean
+ standard error of the mean. The nonparametric
two-tailed Kolmogorov-Smirnov test was used
to assess the differences between samples. P <
0.05 was considered statistically significant.

RESULTS

Visual inspection of SNc¢ tissue micrographs
revealed groups of medium-sized, multipolar
neurons scattered in neuropil. The neuropil was
tight, lacking any significant interstitial spaces.
On the infused side, some neurons displayed a
mild degree of degeneration including pyknosis

and shrinking of the nucleus. Occasionally, glial
cells were observed in the SNc tissue. Astrocytes
were easily identified by their characteristic
round nuclei (Fig. 2).

We used AD parameter to quantify the ef-
fects of rotenone. Its infusion led to more than
30% increase in AD value, up to 3.49+0.13 cells
/ 10000 pm? (n=35) with respect to the control
value, 2.60+0.12 cells / 10000 pm? (n=27) on
the contralateral side (P < 0.01; Fig. 3). It is
worth to note that AD was equal to 2.56+0.14
cells / 10000 pm? (n=23) in the SNc tissue
of intact control animals, while amounting to
2.73£0.16 cells / 10000 um? (n=21) in the tis-
sue of sham-operated control animals (P > 0.05
in both cases).

70 days after the infusion AD equalled
3.45+0.16 cells / 10000 um? (n=34) on the infused
side versus the control value of 2.58+0.14 cells /
10000 pm? (n=25) (P < 0.01). 200 days after the
rotenone infusion AD was equal to 3.60+0.12
cells / 10000 um? (n=40) on the infused side
differing significantly from the value for the non-
infused side, 2.63+0.11 cells / 10000 pm? (n=35)
(P <0.01). These data indicate that the increase
in AD takes place within first 40 days after the
rotenone infusion and the value of the parameter
does not essentially change afterwards.

In order to detail rotenone-related AD chang-
es in SNc¢ tissue we applied RDF analysis. The

Fig. 2. Representative micrographs illustrating the SNc tissue 200 days after the 12 pg rotenone infusion, on the infused side (a)

and contra-lateral (control) side (b). Scale bar = 20 pm
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Fig. 3. Astrocyte density in the SNc tissue at different time-
points after the 12 pg rotenone infusion, on the infused
side (filled black bars) and contralateral side (open bars)
(** P<0.01), as well as in the SNc tissue of intact (stripped
bar) and sham-operated (filled gray bar) controls

most pronounced changes were observed in the
first two RDF sampling intervals (Fig. 4a-c). In
the group of animals analyzed 40 days after the
rotenone infusion, AD in the first interval was
equal to 4.27+0.26 cells / 10000 um? (n=479)
on the infused side, and 2.68+0.19 cells / 10000
um? (n=678) on the contralateral side. The
difference between experimental and control
regions amounted to 59.3% being statistically
significant (P < 0.01; Fig. 4a). In the second
RDF interval, AD equalled 3.34+0.15 cells /
10000 um? (n=479), that was 43.3% larger of
the control value, 2.33+0.10 cells / 10000 pm?
(n=678) (P <0.01).

70 days after the infusion, AD value in
the first RDF sampling interval was equal to
3.37+0.21 cells / 10000 um? (n=729) on the
infused side being 44.6 % higher of the respec-
tive control value, 2.33+0.16 cells / 10000 pm?
(n=564) (P <0.05; Fig. 4b). In the second RDF
interval AD equalled 3.004+0.11 cells / 10000
um? (n=729) being 40.8 % larger of the control
value, 2.13+0.09 cells / 10000 pm? (n=564)
(P<0.01).

In the group of animals analyzed 200 days
after the rotenone infusion, AD value in the first
RDF sampling interval amounted to 3.29+0.24
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cells / 10000 pm? (n=597) on the infused side
and 2.24+0.20 cells / 10000 um? (n=465) on
the contralateral side. This 46.9 % difference
was statistically valid (P < 0.05; Fig. 4c). In the
second RDF interval, AD was equal to 3.08+0.13
cells / 10000 pm? (n=597) being 32.2 % larger of
the control value, 2.33£0.12 cells / 10000 pm?
(n=465) (P <0.01).
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Fig. 4. Astrocyte density as a function of distance from the
centroid of a neuronal profile in the SNc tissue 40 (a), 70 (b)
and 200 (c) days after the 12 pg rotenone infusion, on the
infused side (black circles, continuous line) and contralateral
(control) side (black circles, dashed line), as well as in the SNc
tissue of intact (open circles, continuous line) and sham-oper-
ated (open squares, gray line) controls (*P<0.05; **P<0.01)
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Together, these data reveal that at any time-
point analyzed the probability of an astrocyte to
occur within the investigated range of distances
from neurons (0-100 um) was higher on the
infused side than on the contralateral one. The
most striking differences were observed in the
first two intervals of the analyzed range, for
which r was equal to 20 and 40 um. AD tends to
decrease in the first two RDF sampling intervals
with time after the infusion. Our interpretation
of this result is that it is because of a partial loss
of neurons.

In order to analyze spatial clustering of as-
trocytes, we applied RDF analysis with minor
modifications. This time, an astrocyte cell body
not a neuronal one, was used as a reference ob-
ject and only the first RDF interval was inves-
tigated. A pronounced clustering of astrocytes
was revealed 40 days but not 70 or 200 days
after the rotenone infusion (Fig. 5). At this time-
point, AD was equal to 4.07+0.03 cells / 10000
um? (n=537) on the infused side versus the
value for the contralateral side, 2.89+0.03 cells
/10000 um? (n=308) (P <0.01). AD amounted to
3.02+0.05 cells / 10000 pm? (n=405) in the SN¢
tissue of intact control animals, while equalling
2.9740.04 cells / 10000 pm? (n=392) in the tis-
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Fig. 5. Astrocyte density within 20 um distance from the
centroid of an astocyte profile in the SNc tissue at different
time-points after the 12 pug rotenone infusion, on the infused
side (filled black bars) and contralateral side (open bars), as
well as in the SNc tissue of intact (stripped bar) and sham-
operated (filled gray bar) controls (**P<0.01)
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sue of sham-operated control animals (P > 0.05
in both cases).

70 days after the rotenone infusion AD made
up 3.50+0.03 cells / 10000 pm? (n=514) with
respect to the control value, 3.33+0.04 cells /
10000 um? (n=282) (P > 0.05). 200 days after
the infusion AD was equal to 3.32+0.03 cells
/ 10000 um? (n=624) versus the control value,
3.3340.03 cells / 10000 um? (n=402) (P > 0.05).

These findings demonstrate quantitatively
that spatial changes in nigral astrocytic popula-
tion that occur in response to the intracerebral
infusion of rotenone include transient clustering
and migration of astrocytes towards degenerat-
ing neurons.

DISCUSSION

Astrocytes amount to approximately 30% of the
total number of cells in mammalian brains, with
considerable variability between brain regions.
They are sparse in areas with a high density of
neuronal cell bodies, whereas they are replete
in areas with dendrites and axons [1]. Astro-
cytes function as a syncytium and have regional
distinctions in functional properties. These cells
are thought to be specialized for interactions
with their own particular neuronal neighbors.
Localization of astrocytes within clearly
defined regions is a phenomenon generally
typical of CNS [9]. Astroglial cells may act as
stable repositories of spatial information neces-
sary for the development and local regulation
of brain function. Localization of astrocytes is
determined in embryonal period and does not
change during postnatal life [7]. Astrocytes
actively participate in brain tissue repair [1,
10]. As these cells function as a network then
one would expect that their reparative reaction
could influence basic characteristics of astrocyte
population including their spatial arrangement.
In this study rotenone was used to induce
a brain tissue insult and respective astroglial
reaction. Rotenone is a naturally occurring
botanical compound inhibiting NAD-linked
substrate oxidation by mitochondria at the
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oxygen side of NADH dehydrogenase. This
effect of rotenone is relatively specific for
dopaminergic SNc neurons, what is presumably
due to their large axonal arborization and
respective energetic requirements. Higher
vulnerability of these cells depends on their
particular bioenergetic and morphological char-
acteristics [11].

Our results show that rotenone leads to the
significant increase in astrocyte numbers. The
value of AD in SNc tissue of sham-operated
animals provides evidence that this effect is
not related to the mechanical injury of the tis-
sue, linked to the procedure or influence of
dimethyl sulphoxide. New astrocytes originate,
most probably, from differentiated astrocytic
cells located close to degenerating neurons.
Mature astrocytes can re-enter the cell cycle and
proliferate. Local proliferation of differentiated
astrocytes is the main source of cells of this type
in the cortex of postnatal brain [12].

We used RDF analysis to study spatial
arrangement of nigral astrocytes. RDF describes
how density of objects of interest varies as a
function of distance from a reference object. The
general algorithm involves determining how many
objects are within a distance of » and r+A4r away
from a given reference object. Such approach was
applied earlier to analyze arrangement of intra-
and extracellular filaments [13], or gold-labelled
calcium channels in plasma membrane [14]. RDF
was used previously to study spatial clustering of
excitatory synapses [15].

Our data indicate that nigral astrocytes
are non-uniformly distributed in the SNc tis-
sue. They appear to be more numerous in the
proximity of neuronal cells. Rotenone-related
degeneration of neurons stimulates the migration
of astrocytes closer to cell bodies of the former.
This effect is stronger 40 days after the infusion
while decreasing later. The most likely explana-
tion for the transitory nature of the effect is that
some neurons degenerate, and 70 - 200 days after
the infusion their remnants cannot be recognized
reliably and used as reference objects. This fact
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may influence the results of RDF analysis.

It was shown that AD increase observed 40
days after the infusion parallels the increase in
spatial clustering of astrocytes. Later, the level
of astrocyte clustering becomes similar in the in-
fused and control regions. This can be explained
by the following putative scheme of events: the
rotenone infusion causes astrocyte proliferation
and respective increase in their numbers. During
a particular period daughter astroglial cells stay
close to parent ones. Later they move apart and
astroglial cell clusters disperse.

CONCLUSIONS

The intracerebral 12 pg rotenone infusion leads
to degeneration of neurons in the infused region
of the SNc tissue. Our data show that local popu-
lation of nigral astrocytes reacts to this tissue
impairment by growing in numbers and chang-
ing spatial arrangement of individual cells. RDF
analysis gives evidence of transient clustering
of astrocytes and their migration towards cell
bodies of degenerating neurons. The revealed
spatial features of nigral astrogliosis provide
important details about cellular mechanisms
underlying repair and adaptive plasticity of the
brain tissue.

The authors of this study confirm that the research
and publication of the results were not associated
with any conflicts regarding commercial or financial
relations, relations with organizations and/or
individuals who may have been related to the study,
and interrelations of coauthors of the article.
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HPOCTOPOBI XAPAKTEPUCTHUKH
ACTPOIJIIO3Y Y HOPHIN CYBCTAHIIII 3A
YMOB POTEHOHOBOI MOJIEJII XBOPOBH
IHAPKIHCOHA

BuBYanu mpocTopoBi XapaKTEPHCTHKH aCTPOIIIO3y y 30Hi
KOMIIAKTHOI YaCTHHH YOpHOI cyOcTanHmii (SNc) 3a yMOB po-
TeHOHOBOI Mozieni xBopobu [lapkincona. J{ocmimkeHHs Oyio
MIPOBEICHO Ha JOPOCIHX IIypax-caMIix JiHii Bictap, ski
OTPUMYBAJIH BHYTPIITHHOMO3KOBY 1H(Y3it0 12 MKT pOTEHOHY Y
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ninstaky s1iBoi SNe. Tkannny SNc ananizysaium uepes 40, 70 ta
200 ni6 micas ingys3ii. Byino nokaszaHo, 10 POTEHOH BUKJIMKAE
I IBUILEHHS [IIJIBHOCTI aCTPOLUTIB Y BCIX MIPOAHAIi30BAHIX
YaCOBHUX TOYKAX, BKa3yIO4H, TAKUM YMHOM, Ha Ipoiidepariito
MX KITHH. AHani3 pagianeHol GyHKuil posnoainy (RDF)
TI0Ka3aB, 1110 IPOCTOPOBHI PO3MOILT ACTPOLMTIB y TKaHHHI
SNc e nepiBHoMipHUM. LiUTbHICTD 1KX KIITHH Oyna OLIbLI
BHCOKOIO 1OPYY 3 KIITHHHUMH TiJlaMH HEHPOHIB, 0COOIMBO
Ha 6oui indy3ii. Ha nogarok, RDF-anani3 1aB 3Mory BUsSBHTH
IPOCTOPOBI KJIACTEPU aCTPOLMUTIB, SIKI BUHUKAIHM depe3 40
ni6 micnst iHdys3il. OTpuMaHi pe3yabraTd BKasyloTh Ha Te,
1[0 aCTPOIIIiO3 Y YOpHil cyOcTaHMiil, IKUi criocTepiraeTbes
y POTEHOHOBIH Mozeii xBopobu [TapkincoHa, Mo’ si3aHui 3i
3MIHaMH y IPOCTOPOBOMY PO3MO/ii acTpouuTiB. Taki 3MiHK
BijloOpaskaroTh nepedy10BH y apXiTekTypi TkanuHu SNc, 1o
BUHHUKAIOTH y BIJIIOBib HA POTCHOH3AJIEIKHY JereHepaLiio
HEUpOHIB.

Ki1ro4oBi ciioBa: acTpOLUTH; POTEHOH; TBAPHMHHA MOJIEIb;
xBopoOa [TapkiHCOHA; MPOCTOPOBHIA PO3IOIII.

Inemumym izionoeii in. O.0.5ocomonvys, Hayionanvua
axademisi nayk Yrpainu, Kuis; e-mail: agn@biph.kiev.ua

A.A. Bornanwk, A.I. HukoneHko

IMPOCTPAHCTBEHHBIE XAPAKTEPUCTHUKU
ACTPOTIJIMO3A B YEPHOM CYBCTAHIIMH
B YCJIOBUSIX POTEHOHOBOI MOJIEJIA
BOJIE3HU TAPKNHCOHA

HccnenoBaay NpoCTPaHCTBEHHBIE ACHEKTHI acTPOIIHO3a
B 30HE KOMIIAKTHOH 4acTH 4epHO# cyOctanuuu (SNc) B
YCIIOBHAX POTEHOHOBOW Mozenu Oone3uu Ilapkuncona. Mc-
ciieioBaHue ObUIO MPOBEICHO Ha B3POCIBIX KpbICaX-caMIax
JIMHUHU BI/ICTap, KOTOPBIM OCYLIECTBIISIIIM BHYTPUMO3I'OBYIO
uH(y3uio 12 MKr poreHoHa, B obnacth jeBoil SNc. Tkanb
SNc ananusuposanu uepes 40, 70 u 200 cyT nocie uHy3uu.
Bbruto ITOKa3aHO, YTO POTCHOH BBI3BIBACT YBCINUYCHUEC IVIOTHO-
CTH aCTPOLMTOB BO BCEX MNPOAHATIM3UPOBAHHBIX BPEMCHHBIX
TOYKaX, YKa3bIBasl Ha Mpoiudepainio 3TUX KISTOK. AHAIN3
panuanbHOit GyHkuun pacnpenenenust (RDF) nmokasan, uro
aCTPOLUTHI HEPABHOMEPHO pacmpeneseHsl B Tkanu SNe. Mx
IIJIOTHOCTH ObIjIa BBIIIIE PAAOM C KJIIETOYHBIMU TEJIaMH Heﬁpo—
HOB, 0COOeHHO Ha cTopoHe nHpy3uu. Kpome storo, RDF-a-
HaJIM3 ITO3BOJIMJI BbIABUTDH IMPUCYTCTBUE MPOCTPAHCTBEHHBIX
KJIaCTepPOB acTPOLMTOB, BO3HUKAIOMUX depe3 40 cyT mocie
uH(y3un. [loayueHHble pe3yibTaThl yKa3blBalOT HA TO, YTO
acTpOIINO3 B YEPHOIl cyOCTaHIMM, KOTOPbIM HabIronaeTcs
B POTCHOHOBOM Mojenu 6osie3nn [lapkuHCOHA, COMPSIKEH C
M3MEHEHHSIMH B [IPOCTPAHCTBEHHOM PacpeIe/IeHHN aCTPOLIH-
TOB. Takue U3MEHEHUSI OTPAKAIOT IEPECTPOHKH APXUTEKTYPhI
TKkaHH SNc, KOTOpble BOSHUKAIOT B OTBET HA POTCHOH3aBUCH-
MYIO JIereHepalnio HeHPOHOB.

KittoueBsbie ci1oBa: acTpouuTsl; Oose3Hb [lapkiuHCOHA; JKUBOT-
Hasl MOJIEJIb; POTEHOH; IPOCTPAHCTBEHHOE PACIIPE/ICIICHHUE.
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