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Abstract

Reactive astrogliosis is regarded as an universal astrocytic response to different kinds of lesions, concerned with glial
fibrillary acidic protein (GFAP) up-regulation, cellular hypertrophy and proliferation. The origin of reactive and prolifer-
ating cells in the adult brain is still disputable. Persistent progenitors as well as de-differentiating adult cells of various
glial lineages are regarded as possible candidates. Pax6 transcription factor is one of the characteristic markers of
astroglial de-differentiation, also important for regulation of neural and glial proliferation. Various kinds of patho-
logical stimuli evoke reactive response, differentiated in its morphological, biochemical and immunological character.
The aim of this study was to assess the dynamics of astroglial morphological and proliferative response to ischemic
injury. One-hour transient focal cerebral ischemia was applied to evoke the reactive astrogliosis in twenty five adult
male Wistar rats. The astrocytic morphological and proliferative reactions to ischemia were studied in the period of
6 weeks by means of GFAP and Pax6 immunofluorescent staining.

A strong reactive astroglial response was observed in the cerebral cortex and striatum, manifested by GFAP and Pax6
up-regulation and astrocytic hypertrophy. Apparent morphological changes appeared within 24 hrs after ischemia.
The GFAP/Pax6 colocalization was numerous and observed 24 hrs after ischemia. A characteristic spatial distribution of
GFAP/Pax6 double-labelled astrocytes and Pax6 single-labelled nuclei was revealed, with the latter situated more dis-
tantly from the ischemic core. The maximal intensity of astrocytic reaction was present from the first post-ischemic week.
Astroglial hypertrophic changes and proliferative reaction were more intense in the striatum than in the cerebral cortex.

Our observations reveal intensive astroglial de-differentiation and proliferative response, reflected by dynamic Pax6
up-regulation within GFAP-immunoreactive astrocytes. Transient cerebral ischemia evokes strong reactive astroglio-
sis, which is apparently differentiated in respect to the post-ischemic period and particular brain structure.
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an adequate cerebral blood flow (CBF) is dependent
on cooperation of neurons, glia and cerebral vascu-

Experimental results indicate that in both physi- lature [2,19,23]. In the light of data published during
ological and pathological conditions, maintaining of  recent years, the role of astrocytes in this process is
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still growing [9,30,38,53]. One of the most import-
ant features of the astrocytes is their resistance to
a decreased concentration of oxygen and glucose,
resulting from their characteristic metabolic proper-
ties [16,18,44]. This allows them to maintain regu-
latory functions in conditions in which neurons are
unable to sustain the balance of energetic metabo-
lism, because of a lower level of anaerobic glycoly-
sis, higher susceptibility to excitotoxicity and lesser
concentration of antioxidants. In pathological condi-
tions, astrocytes support neurons with antioxidants
and energetic metabolites, like lactate and ATP [3,15].

Reactive astrogliosis is an astrocytic response to
different kinds of lesions [43,55]. Although the uni-
versal character of astrogliosis is accepted by many
authors, there is evidence that various kinds of patho-
logical stimuli may evoke glial response, differentiat-
ed in morphological, biochemical and immunological
profiles [3,35,51]. Changing functions of astrocytes
as well as altered astrogliogenesis observed in the
course of many neurological disorders, among others
in the course of Down’s syndrome, may be at least
partially responsible for mental retardation charac-
teristic of this illness [60]. The most important fea-
tures of the astrocytic response are: GFAP up-regu-
lation, astrocytic hypertrophy, gliotic scar formation,
proliferation, and de-differentiation, which means re-
gaining of morphological and functional features
characteristic of earlier developmental stages, pre-
sumably of radial glia-like population [6-8,61].

The reactive astrogliosis and gliotic scar forma-
tion results from activation of numerous signalling
pathways influencing morphological, molecular and
immunological processes. The most common signall-
ing agents influencing this reaction include neu-
rotransmitters and gliotransmitters (ATP, glutamate,
noradrenalin), reactive oxygen species (nitric oxide;
NO), cytokines and interleukins (IL-1a, IL-1B, IL-6,
IL-10), tumour necrotic factor-o (TNF-a), tumour
growth factor-B (TGF-B), lipopolysaccharide, Toll-like
receptor ligands, endothelin-1 and B-amyloid [3,51].
Reactive gliotic response to various types of lesions
is also concerned with up-regulation of numerous
genes encoding markers characteristic of definite
stages of glial and neuronal development, like pro-
genitor and de-differentiation markers (nestin and
Pax6), migration marker (doublecortin), cell division
and proliferation marker (Ki-67) [55].

Pax6 transcription factor is one of the most im-
portant elements of astroglial response to brain tis-
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sue injury, up-regulated by various stimuli. In physio-
logical conditions, Pax6 plays an important role during
CNS development, being characteristic of radial glia
cells, responsible for neurogenesis, cells migration,
brain patterning, neuronal specification, and growing
of axonal projections [40,45,49]. Many authors regard
Pax6 function as context-dependent and inhibiting
cell proliferation, promoting neuronal differentiation
and astrocyte maturation [46,55]. After completing
development, Pax6 remains present in a relatively
small group of progenitor cells, maintaining the pro-
liferative properties and localized in the subventricu-
lar zone of lateral cerebral ventricles as well as in the
subgranular zone of dentate gyrus in the hippocampal
complex. However, according to some recently pub-
lished data, Pax6 is expressed postnatally in neurons
of amygdala, cerebellum and olfactory bulb, as well as
in some astrocytes [46]. Activation by ischemia may
result in re-appearing of Pax6é in the regions distant
from the proliferative zones, but localized in ische-
mic penumbra, surrounding the necrotic core, which
indicates changes of immunological characteristics
of cells localized in the areas of reduced CBFE Pax6
up-regulation and astrocytic response were studied
after activation by various stimuli like inflammation,
brain injury, neurodegeneration and temperature
injury [46,51,55]. However, Pax6 changes after tran-
sient cerebral ischemia are still only fragmentarily
documented in the literature. The aim of this study
was to perform a morphological assessment of astro-
cytic response and dynamics of Pax6 up-regulation
after 1 h transient cerebral ischemia, evoked by occlu-
sion of the middle cerebral artery in the rat.

Material and methods
Animals and surgical procedure

A total of 28 adult Wistar male rats (250-350 g)
were used in the study. 25 animals underwent a sur-
gical procedure and 3 animals comprised a control
group. Animals were divided into groups according
to the survival period (3 h, 24 h, 1 week, 4 weeks,
6 weeks). The protocols were approved by the local
Ethical Committee. Animal care and treatment guide-
lines outlined by the European Community Council
Directive of 24 November 1986 (86/609/EEC) were
followed.

An anaesthetic chamber was used for the in-
duction of anaesthesia with 5 vol. % sevoflurane
(Sevorane, Abbott, UK) administered by Sigma Elite
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Vaporizer (Penlon, UK). During the surgical pro-
cedure, the concentration was reduced to 2 vol. %
sevoflurane. The animals were spontaneously venti-
lated with 50 vol. % oxygen in air. The internal body
temperature was controlled with a rectal probe and
maintained at 37.0°C using a heating pad. Blood
pressure, blood glucose concentration and heart
rate were monitored during the surgical procedure
and maintained within the normal physiological
ranges throughout the whole procedure.

Transient focal cerebral ischemia was experimen-
tally induced by occlusion of the left middle cerebral
artery (tMCAQ) using the intraluminal filament tech-
nique. After a midline incision in the neck, the left
external carotid artery (ECA) was carefully exposed
and dissected. A 20-mm length of 4-0 monofilament
nylon suture (Ethilon, UK), heat-blunted at the tip, was
inserted to the left external carotid artery and pushed
through the internal carotid artery to occlude the ori-
gin of the middle cerebral artery for 1 h. Subsequently,
the suture was removed carefully to allow reperfusion.
The ECA was ligated and the skin was closed in the
standard manner. Following surgery, the rats were
allowed to recover spontaneous breathing and were
kept in the standard conditions, with free access to
food and water. Sham-operated animals were anes-
thetized in an identical manner and underwent a mid-
line cervical incision with exposition of the left com-
mon carotid artery without its incision or ligation.

Immunohistochemistry

The animals were irreversibly anesthetized with
sodium pentobarbital (thiopental sodium, Bioche-
mie GmbH, Germany; 80 mg/kg of body weight, i.p.)
and transcardially perfused with 200 ml of 0.9%
NaCl solution (pH 7.4) at room temperature, follow-
ed by 400 ml of fixative consisting of 4% parafor-
maldehyde in 0.1M phosphate-buffered saline (PBS,
Sigma-Aldrich, UK, pH 7.4, and 4°C). The brains were
then removed and stored in the same fixative for
two hours and subsequently stored in 30% sucrose
in 0.1 M PBS (pH 7.4 and 4°C) for a minimum of 24 h.
After freezing, the brains were coronally sliced into
40 pm sections on a sliding microtome.

Sections were washed in a PBS and non-speci-
fic binding was blocked by incubating the slides in
blocking solution containing 5% normal goat serum
(NGS)/Triton X-100/PBS for 30 min. at room tem-
perature. Then, they were incubated in a mixture of
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primary antibodies: anti-GFAP (AB 5804, Chemicon,
Germany; 1: 300) and anti-PAX 6 (AB 2237, Millipore,
USA; 1 : 300) for 2 days at 4°C. Subsequently, the
sections were washed in PBS and incubated with
secondary antibodies: goat anti-mouse conjugated
to Alexa Fluor 488 (115-545-003, Jackson Immuno
Research; USA) and goat anti-rabbit conjugated to
Cy3 (Invitrogen; USA) for 1 h at room temperature.
Slides were finally washed in PBS, dried and covers-
lipped with Kaiser gelatin.

The specificity of staining was verified by the
omission tests. The immunohistochemical procedure
was conducted as previously described, except that
the primary antibodies were omitted in the presence
of two secondary antibodies or secondary antibod-
ies were omitted. In order to exclude the possibili-
ty of cross-reaction between secondary antibodies,
the immunohistochemical procedure was performed
with the primary antibody and non-corresponding,
secondary antibody. All above-mentioned tests re-
vealed specificity of staining and the absence of cross-
reaction.

Confocal microscopy

Double-labelled sections were examined with a flu-
orescence microscope (Eclipse E600, Nikon, Japan)
equipped with a confocal imaging system (MicroRa-
diance, Bio-Rad, UK). In order to rule out spectral bleed-
through, the preparations were checked in non-cor-
responding channels. Two image analysis programs
(LaserSharp 2000 v. 2.01, Bio-Rad, UK and LaserPix
v. 4.0, BioRad, UK) were used to prepare the illustra-
tions and to obtain two-dimensional colocalization
plots in order to display the intensity and distribu-
tion of different coloured (green or red) pixels taken
from the same optical sections within the compo-
nent images. The intensities of different colours are
represented on the x- and y-axis, respectively. The distri-
bution and number of differently coloured pixels
appear exclusively in the cells which do not reveal
the colocalization (single labelling). The yellow pixels
on the plot correspond to the regions of high coloca-
lization (double labelling).

Results

Localization and evolution
of the ischemic area in the brain

An ischemic lesion in each case encompassed
the primary and secondary somatosensory cortex,
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Fig. 1. Ischemic lesion in the cerebral hemisphere of the rat localized in the primary somatosensory cortex
and striatum (Bregma 1.6 mm), four weeks after tMCAOQ. Ischemic core of necrotic tissue (*) is localized in
the striatum and cerebral cortex, surrounded by gliotic scar of intensively labelled GFAP- and Pax6-ir astro-
cytes. (Scale bar = 50 pm).
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subcortical fibers of white matter and a consider-
able fragment of the striatum (Fig. 1). Localization
and volume of the ischemic areas were comparable
in all studied animals from the corresponding sur-
vival groups. An increased GFAP immunoreactivi-
ty was observed since the third hour after tMCAO.
In the central part of the area corresponding to
the ischemic core, gradual degeneration and cell
death were observed. Successively this fragment
changed into homogenous necrotic territory, with-
out visible immunoreactive elements. The zone of
increased GFAP immunoreactivity, surrounding this
area changed gradually into a gliotic scar demar-
cating the ischemic core from a concentrically situ-
ated, hyper-reactive area of ischemic penumbra. In
all studied groups, the dynamics and intensity of
astroglial reaction were much more expressed in the
striatum than in the cerebral cortex.

Astrocytic activation in course
of transient cerebral ischemia

The morphological features of astrocytic response
in the cerebral cortex and striatum were concerned
with slightly up-regulated although inhomogeneous
GFAP immunoreactivity (-ir), presence of hypertro-
phic cell bodies with dilated proximal fragments of
stem branches (Figs. 2 and 3). GFAP-ir thin, ramified
processes and fibers formed a delicate network. Ini-
tially (3 hrs after tMCAQ), GFAP-ir cell bodies, with
proximal fragments of processes were rarely distrib-
uted forming distinguished spatial non-overlapping
domains. This regular arrangement was disrupted
with development of reactive astrogliosis at 24 h
time point after tMCAOQ. A pronounced GFAP up-reg-
ulation within hypertrophic cell bodies and thick
initial fragments of ramified processes were clearly
distinguished. The disruption of spatial organization
of astrocytic domains was present at this stage of
reactive gliosis.

In all studied groups, the intensity of astroglial
response was higher in the striatum than in the ce-
rebral cortex. The morphological features of astro-
cytic reaction increased gradually and reached the
highest level after the first week of reperfusion.
The gliotic scar consisting of a dense network of
GFAP-ir fibers appeared after the first week and was
totally developed at the fourth week after tMCAOQ,
indicating the severe character of astroglial reaction.
Later, the intensity of astroglial response remained
stabilized until the end of observation.
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Astrocytic de-differentiation
in the ischemic area

Pax6-ir was observed within cellular nuclei local-
ized in the cerebral cortex, striatum and subcortical
white matter fibers in the ischemic region starting
from 24 h after initiating the ischemia (Figs. 2 and 3).
Since that time GFAP/Pax6 colocalization was pres-
ent until the end of observation. The proportion of
GFAP/Pax6 double-labelled astrocytes increased gra-
dually and reached the highest level at the fourth
week after tMCAQ.

Double-staining image analysis using two-dimen-
sional co-localization plots for presentation of the
staining intensity and colocalization revealed preva-
lence of green signal (for GFAP-ir) in all studied groups
in the cortex and striatum (Fig. 4). Red signal (for
Pax6-ir) appeared at 24 h after tMCAO in both struc-
tures and increased until the end of the study. Yellow
signal (for GFAP/Pax6 colocalization) appeared at 24 h
in both structures and increased systematically in the
striatum, whereas was most intense after four weeks
in the cortex.

Although the majority of GFAP-ir astrocytes in the
cortex and striatum revealed Pax6-ir nuclei, GFAP-
and Pax6-single labelled cells were also present.
Characteristically, Pax6-ir single-labelled nuclei were
localized more peripherally from the ischemic core
and dense concentric GFAP/Pax6-ir astroglial layer.

Discussion

Morphology of astrocytic response
to transient ischemia

Transient cerebral ischemia is a strong stimulat-
ing factor initiating reactive astrogliosis. Morpholo-
gical changes like increasing GFAP immunoreactivity,
astrocytic hypertrophy and disruption of the astro-
glial microdomains, increased gradually and were
apparent from 24 hrs after tMCAO. Maximal intensi-
ty of astrocytic reaction in our model was observed
after one week of reperfusion and was maintained
until the end of observation. Gliotic scar was formed
at the same time, demarcating centrally localized
necrotic core. Morphological features, intensity and
dynamics of gliotic response, reported here in the
ischemic model, correspond with gradual develop-
ment of mild, moderate and severe stages of reac-
tive astrogliosis according to Sofroniew division [51].

GFAP up-regulation is a characteristic and use-
ful marker of astrocytic response to various kinds of
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GFAP/Pax6

Fig. 2. Reactive astrogliosis in the cerebral cortex of the rat in response to transient focal ischemia. GFAP
up-regulation and astrocytic hypertrophy occur at 24 h time point after tMCAO and increase gradually
during the period of study. Astrocytic de-differentiation assessed on the basis of Pax6 up-regulation in
the cellular nuclei is present from 24 h after tMCAO. GFAP/Pax6 colocalization in reactive astrocytes is fre-
quently observed (arrows), although Pax6 single-labelled nuclei (arrowheads) are also present, which may
be explained by de-differentiation and proliferative activity of other cellular lineages. (Scale bar = 50 pm).
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"4

Fig. 3. Reactive astrogliosis in the striatum of the rat in response to transient focal ischemia. GFAP up-regu-
lation and astrocytic hypertrophy start to appear at 24 h after tMCAO and reveal maximal intensity from the
first to the fourth week after tMCAOQ. Pax6é-ir nuclei appear at 24 h after initiating of the ischemia, revealing
de-differentiation predominantly of reactive astroglia (GFAP/Pax6 colocalization; arrows). However, similar-
ly to the cerebral cortex, Pax6 single-labelled nuclei are also detectable (arrowheads), which indicates pro-
liferative response of other cellular subpopulations. Astroglial response to ischemic lesion in the striatum is
significantly more intense than in the cerebral cortex. (Scale bar = 50 pm).
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Cortex

3h 24 h

Striatum

Fig. 4. Double-staining image analysis using two-dimensional co-localization plots presenting the intensity
and localization of differently coloured pixels taken from the same optical sections within the component
images. The yellow pixels on the plot correspond to the high degree of co-localization, whereas green (for
GFAP staining) and red (for Pax6 staining) pixels represent the single labelled structures.

lesions. However, it must be stressed that this protein
does not occur in equal concentration in all astrocy-
tic cells [51]. In astroglia remote from the lesion, or
non-reactive cells of healthy tissue, GFAP may not
be detected. Moreover, GFAP immunostaining can
give an incorrect impression of an activated territo-
ry, considerably underestimating the extent of astro-
cytic branching. This protein is almost completely
absent in small branching and very often only slight-
ly staining the astrocytic cell bodies. Consequently,
the distribution of GFAP within the astroglial cell is
uneven and does not reflect the detailed and com-
plete morphology. After evoked transient ischemia
we observed strong up-regulation of GFAP in reac-
tive astroglia of the territory supplied by the occlud-
ed MCA. The intensity of immunofluorescence was
apparently increased in comparison to the intensity
of staining in the regions of unaffected brain tissue.

Proliferative activity of astrocytes
in response to transient ischemia

Our results point to rapid and intensive up-regu-
lation of Pax6 transcription factor in the astrocytes
localized within the ischemic region. Colocaliza-
tion of GFAP/Pax6 was revealed starting from 24 h
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after initiating the ischemia and continued during
the whole observation period. Apart from GFAP/Pax6
double-labelled cells we have also observed Pax6-
single-labelled nuclei and GFAP-single-labelled cell
bodies, what suggests in favour of 1) Pax6 occur-
rence in other glial subpopulations, as well as in neu-
rons of this area and 2) occurrence of astrocytes not
responding with de-differentiation and proliferative
reaction. Our preliminary and unpublished observa-
tions have revealed NG2/Pax6 colocalization in the
same model of transient brain ischemia. In sum-
mary, these results point to general intensive pro-
liferative activity in the ischemic region, confirm the
prevalent role of astrocytes in this process but do
not preclude the possible contribution of the other
cellular components in proliferative response [24,25].
It still remains an unanswered question which other
cellular populations start to de-differentiate and pro-
liferate in conditions created by transient brain isch-
emia. On the basis of literature review, possible can-
didates revealing proliferative potential in response
to various types of stimulating factors may be con-
sidered to include progenitor cells of the subventric-
ular zone (SVZ) [11,20], NG2 cells [39,56], Olig2 cells
[54] and resident astrocytes [6,58,59].
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It seems to be important that GFAP/Pax6 colo-
calization is almost undetectable during the early
postischemic period (3 hrs) and becomes much more
frequently observed at 24 hrs after tMCAOQ, increas-
ing further during the study period. This may be
explained by dynamic de-differentiation of resident
astrocytes, which gain immunological and functional
characteristics of neural progenitor cells [1,27,31].

As it has been mentioned by other authors, reac-
tive astrogliosis occurs in a spatially segregated, con-
centric manner, which is reflected by localization of
different kinds of cell types, immunoreactive to NG2,
Olig2, GFAP and vimentin [29]. This corresponds
with our observation concerned with differentiat-
ed localization of GFAP/Pax6-double labelled cells
and Pax6-single labelled nuclei in various regions of
the ischemic area. Consequently, this may indicate
1) a regionally specific character of glial response to
ischemic injury, 2) differentiated potential of prolif-
erative reaction resulting from the energetic metab-
olism impairment in different regions of penumbra
and 3) possibly not only astroglial origin of reacting
and proliferating cells.

While examining the time-course of changes in
glial cells of the ischemic area, we found that maxi-
mal intensity of astroglial response was present after
the first week after tMCAOQ. Dynamics of astroglial
reaction observed in our model is generally similar
to that reported in the course of other types of brain
injury [29,43].

Comparison of the reactive astrogliosis
in the cerebral cortex and striatum

Comparing the intensity of astrocytic morpho-
logical reaction, as well as de-differentiation and
proliferative response, assessed on the basis of
Pax6 immunoreactivity, we observed much more
expressed morphological features of reactive astro-
gliosis in the striatum than in the cerebral cortex,
during the whole studied period. This apparent dif-
ference may be explained with various anatomical
sources of vascular supply by deep perforating, sub-
cortical branches and terminal cortical branches of
the middle cerebral artery, respectively [22]. It has
been proved that various brain regions are charac-
terized by differentiated density of capillary vessels
[10], which results in unequal levels of CBF reduction,
adjusted to the metabolic demands. In pathological
circumstances, it may explain different susceptibility
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of these regions to cerebral ischemia [15]. Another
explanation may be concerned with different sus-
ceptibility of protoplasmic and fibrous astrocytes to
ischemic conditions. There is evidence that proto-
plasmic astrocytes, which are more numerous in the
cortical regions, are less resistant to the decreased
oxygen and glucose concentration than fibrous
astrocytes, localized in the white matter and some
subcortical regions [3,35].

Functional significance of reactive
gliosis and astrocytic proliferation

The reactive astrogliosis reveals both detrimental
and neuroprotective roles in the course of patholo-
gical processes. A decreasing concentration of oxy-
gen and glucose in the course of cerebral ischemia
results in energetic metabolism impairment [3,51].
Decreasing metabolic activity is reflected by inhibi-
tion of glutamate uptake, and rising excitotoxicity
[4,41,53]. Meanwhile, the production of neurotoxic
reactive oxygen species (e.g. NO) increases in astro-
cytes, and through diffusion within the surrounding
area of ischemic core and penumbra, significantly
impairs neuronal survival potential [17,32,33]. Inflam-
matory reaction is triggered by cytokines production
stimulated by NF-xB transcription factor [14,52,53].
Changes of aquaporin-4 activity can compromise the
blood-brain-barrier integrity, which results in cytoto-
xic oedema. Later, inhibition of axonal regeneration
through the gliotic scar may significantly decrease
the functional recovery after cerebral ischemia.

The protective function of reactive astrocytes re-
sults from their ability of excitotoxic glutamate
re-uptake [12,26], inhibition of tissue plasminogen
activator-1 [34], production of antioxidants like glu-
tathione, superoxide dismutase and ascorbate [3],
amyloid-beta degradation [57], re-establishing of
the blood-brain-barrier continuity [13, 36], main-
taining of the ionic concentration and extracellular
fluid volume, protection against epileptic seizures
concerned with GABA production and maintaining
of its concentration [47], stimulation of gliogenesis
[21,37,48] and neurogenesis [5,28,42]. Gliotic scar
can limit spreading of inflammatory cytokines and
proapoptotic agents from the damaged area protect-
ing the surrounding tissue from the consequences
of the pathological process [43,50].

In summary, transient cerebral ischemia evokes
strong reactive astrogliosis with a prominent prolif-
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erative component. Pax6 transcription factor up-reg-
ulation in GFAP-ir astrocytes distinctly underscores
their proliferative potential in the course of cerebral
ischemia. The intensity of reactive astrogliosis is
apparently differentiated in respect to the post-isch-
emic time period and brain structure.
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