
Med. Weter. 2014, 70 (10) 589

Praca oryginalna Original paper

Astrocytes in the central nervous system (CNS) of 
mammals are necessary to ensure the correct micro-
environment for neurons. They perform many func-
tions, such as maintaining the blood-brain barrier, 
engaging in the metabolism of neurons, homeostasis 
of ions and neurotransmitters, modulating the activity 
of nerve cells, as well as synthesis and release of vari-
ous trophic factors. These glial cells play an important 
role in synaptic plasticity and the regulation of blood 
flow in the brain (4, 18, 23). One of the main astro-
cyte activity markers is glial fibrillary acidic protein 
(GFAP) associated with glial intermediate filaments 
(5). Phenotype morphological changes in astrocytes, 
which involve their activation, can be demonstrated by 
immnunohistochemical GFAP labelling.

In the aging process, glial cells reactivity is mani-
fested by changes in morphology and GFAP-immuno- 

reactivity, which has been well documented in many 
areas of the brain in various animal species (1, 3, 6-8, 
17, 24). The influence of astrocytes on the functional 
consequences of the normal aging of the brain is poorly 
understood, which is the main reason why these glial 
cells are an important area of brain research. The 
activation of astrocytes and microglia also occurs in 
strictly age-related neurodegenerative diseases, such as 
Alzheimer’s disease, Parkinson’s disease, Huntington’s 
disease, and amylotrophic lateral sclerosis (10-12).

Aging is a complex biological process involving ge-
netic and environmental factors. It is suggested that the 
aging of the brain in humans and mice involves simi-
lar mechanisms, and therefore examining the rodent 
CNS may provide clues to understanding the process 
in humans (24). Basic knowledge of the structure of 
the mammalian brain, determining the relationship 
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Summary
Astrocytes are glial cells prone to morphological changes associated with age. The aim of the study was to 

investigate the immunoreactivity of glial fibrillary acidic protein (GFAP) in astrocytes of the periaqueductal 
gray matter (PAG) of the midbrain in adult and old male rats to demonstrate morphological changes associated 
with age and to assess morphometrically the number of astrocytes and the digital immunostaining intensity 
of the examined protein in PAG astrocytes of both groups of animals. In the study, 10 male Wistar rats in two 
age groups were used. The first group consisted of five 100-day-old animals, whereas the second comprised five 
3-year-old rats. After euthanasia, the midbrain, containing PAG, was collected and embedded in paraffin blocks. 
Immnunohistochemical peroxidase-antiperoxidase reaction was carried out on coronal tissue sections with the 
use of the specific primary antibody against GFAP, goat anti-mouse IgG, peroxidase-antiperoxidase complex, and 
diaminobenzidine chromogen. GFAP-immunopositive PAG astrocytes were observed under a light microscope 
and subjected to morphometric analysis to determine their number and digital immunostaining intensity for 
the protein examined. GFAP-immunoreactive PAG astrocytes in 100-day-old rats showed uniform distribution. 
Numerous processes branching into secondary ones protruded from intensely GFAP-immunostained stellate 
cells. In contrast, in 3-year-old rats a significantly lower number of glial cells of different morphology was 
observed compared to young animals. Astrocytes had fewer primary processes without secondary branches. 
Morphometric analysis confirmed microscopic observations. Our findings indicate that PAG astrocytes are 
prone to quantitative and morphological changes with age, which, in turn, can cause disorders in emotional, 
pain, and defensive reactions.
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between astrocytes and decline in many brain functions 
during aging, may be a prelude to further research.

The periaqueductal gray matter (PAG), surround-
ing the aqueduct of the midbrain, consists of the dor-
sal (dPAG), dorsolateral (dlPAG), and ventrolateral  
(vlPAG) parts (2). It is connected to the ascending and 
descending pathways from multiple centers including, 
among others, the cerebral cortex, thalamus, hypothala-
mus, areas of the forebrain, brainstem nuclei, and spinal 
cord. Through these pathways, it affects their proper 
functioning. PAG is an important area responsible for 
the integration of behavioural responses. It performs 
different functions, including emotional reactions, 
defensive processes, fear, anxiety, micturation, and 
sexual behaviour. This area affects the neurotransmis-
sion and modulation of pain impulses from nociceptive 
neurons. It is responsible for descending pain relief. 
The ventrolateral part of PAG plays an important role 
in opioid dependent analgesia, and is responsible for 
passive defensive reactions such as freezing and immo-
bility. The astrocytes of this area are potential modula-
tors of morphine-induced analgesia, and cells causing 
a decrease in the opioid analgesic effect (16). The 
dorsolateral PAG is involved in opioid-independent 
analgesia, as well as in defensive reactions responsible 
for fight and flight (2, 21).

In old rats, the morphological changes in PAG‘s 
astrocytes associated with the processes of aging are 
poorly understood. Therefore, the aim of this study 
was to investigate, under light microscopy, GFAP im-
munoreactivity in PAG astrocytes in young and old 
rats to demonstrate age-related morphological changes 
in these glial cells. Furthermore, the number of astro-
cytes and the digital immunostaining intensity of the 
protein in these cells were assessed morphometrically. 
The results of the study were compared with relevant 
findings in multiple areas of the CNS in various mam-
malian species.

Material and methods
The study was performed on 10 male Wistar rats in two 

age groups. The first group consisted of five 100-day-old 
animals, and the second comprised five 3-year-old rats. 
Animal experiments were conducted under agreement  
No. 7/2011 issued by the Second Local Ethical Committee 
in Lublin. After slaughtering the rats with an overdose of 
10% ketamine administered intramuscularly, the brain was 
immediately dissected. The midbrain, containing the periaq-
ueductal gray matter (PAG), was fixed in fresh buffered 10% 
formalin at pH 7.0 for 12 h at 4°C and embedded in paraffin 
blocks by routine histological techniques. Coronal 6 µm 
thick midbrain sections were deparaffinized and hydrated 
in alcohols of decreasing concentrations. In order to inhibit 
endogenous peroxidase activity, 0.4% H2O2 in phosphate 
buffer was used for 30 min at room temperature. To remove 
background staining, the sections were treated with normal 
goat serum (Sigma) for 20 minutes at room temperature. 
Immnunohistochemical peroxidase-antiperoxidase reaction 

for GFAP was conducted. For immunostaining, a set of 
antibodies (Sigma) diluted according to the manufacturer’s 
recommendations in phosphate buffer pH 7.0 was used. 
Subsequently, the sections were incubated with the primary 
antibody specifically against GFAP for 16 h at 4°C, followed 
by goat anti-mouse IgG and the peroxidase-antiperoxidase 
complex. As the chromogen, 3,3-diaminobenzidine tetra-
hydrochloride (DAB-Aldrich) was used for 30 min at room 
temperature. The sections were then rinsed in distilled H2O, 
dehydrated in alcohols, cleared in xylene, and mounted 
with DPX (Fluka). For the immnunohistochemical tech-
nique, a specificity control was carried out by omitting the 
primary antibody or replacing it with normal goat serum. 
The insoluble brown reaction product was found in astro-
cytes. GFAP-immunopositive glial cells from the dorsal, 
dorsolateral, and ventrolateral PAG parts were observed 
and photographed under a light microscope Olympus BX 
51 with a digital camera Olympus Color View III. Archived 
micrographs were used for morphometric analysis of GFAP-
immunoreactive astrocytes by the Cell^D program. The 
average number of astrocytes positive for GFAP in 1 × 10–2 
mm2 in three PAG parts was determined for both age groups 
of animals. The digital intensity of GFAP immunostaining 
was determined in cells with positive reaction. The results 
for both age groups of rats were compared and analyzed 
by one-way ANOVA (α = 0.05). Statistical analyses were 
performed by the R 3.0.2 program.

Results and discussion
Analyses of the GFAP-immunoreactivity of astro-

cytes from the dorsal (dPAG), dorsolateral (dlPAG), 
and ventrolateral (vlPAG) parts of periaqueductal gray 
matter of 100-day-old rats showed the presence of cells 
around the aqueduct of the midbrain. Astrocytes were 
uniformly and densely arranged with an intense cyto-
plasmic immunoreactivity of the protein. Large, bright, 
oval or round nuclei were observed in the center of 
astrocyte perikarya. Thick, primary processes branch-
ing into long, secondary branches were emerging from 
stellate cell bodies. Immunostaining of glial processes 
was similar to that of cell bodies (Fig. 1, 2, 3).

In the group of 3-year-old rats, morphological 
analysis of astrocytes derived from the dPAG, dlPAG, 
and vlPAG parts showed their location mainly in the 
midbrain aqueduct ependyma. Their quantity was much 
smaller than that observed in the group of 100-day-old 
rats. Few primary processes were observed emerging 
from intensively GFAP-immunostained stellate cell 
perikarya, lacking the presence of intensely branch-
ing and long, secondary branches, especially in the 
dorsal and ventrolateral parts (Fig. 4, 6). However, in 
the dorsolateral PAG part, astrocytes contained longer 
branched glial processes than those in other parts of 
PAG (Fig. 5).

Morphometric analysis confirmed the results of 
morphological studies of GFAP-immunoreactive 
astrocytes. Statistically significant differences in the 
number of glial cells in the ventrolateral and dorsal 
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PAG parts were confirmed between 100-day-old and 
3-year-old rats (ANOVA p < 0.05). However, in the 
dorsolateral PAG no statistically significant difference 
in the number of astrocytes was observed between the 
two groups of animals (ANOVA p > 0.05) (Tab. 1). 
Comparison of digital GFAP-immunostaining intensity 
in astrocytes indicates no significant statistical differ-
ences between all parts of PAG in young and old rats 
(ANOVA p > 0.05) (Tab. 2).

In normal aging processes of the brain, disturbances 
in the proper functioning of neurons and glial cells 
are activated. Particularly well documented are age-
dependent morphological changes in astrocytes in the 
hippocampus proper, dentate gyrus, cerebral cortex, 
thalamus, cerebellum, subcortical white matter, and 
striatum in many mammalian species (1, 3, 7-9, 15, 
17, 24). Best-known age-related changes occur in the 
hippocampus, which is responsible for memory and 

Fig. 2. GFAP immunoreactivity in the astrocytes of dlPAG in 
a 100-day-old rat

Fig. 1. GFAP immunoreactivity in the astrocytes of dPAG in 
a 100-day-old rat

Fig. 4. GFAP immunoreactivity in the astrocytes of dPAG in 
a 3-year-old rat

Fig. 3. GFAP immunoreactivity in the astrocytes of vlPAG in 
a 100-day-old rat

Fig. 6. GFAP immunoreactivity in the astrocytes of the vlPAG 
in a 3-year-old rat

Fig. 5. GFAP immunoreactivity in the astrocytes of dlPAG in 
a 3-year-old rat
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learning. In all layers of CA1-CA3 fields astrocytes 
showed morphological changes manifested by cell 
body hypertrophy, increase in GFAP-immunoreactive 
astrocytes (astrogliosis), and increase in their number 
(astrocytosis) (1, 7, 8, 24). In contrast, in the parabi-
geminal nucleus, stability of the numbers of both glia 
and neurons was demonstrated in old mice (20).

In the present study, a significant reduction in the 
number of GFAP-immunoreactive astrocytes in the 
ventrolateral, and dorsal parts of PAG was found in old 
rats compared with young animals. Similar astroglial 
changes have been reported in the ventral cochlear 
nucleus of 24-month-old rats, in the hippocampus 
of 22-month-old rats, and in the molecular layer of 
the dentate gyrus of the hippocampus in dogs aged 
10-12 years (3, 8, 9). The reduction in the number 
of astrocytes in the PAG of old rats can be explained 
by the presence of only a subpopulation of GFAP- 
-immunoreactive cells. Visible astrocytes do not re-
flect the total count of all cells in the studied areas. 
This phenomenon can be explained by a decrease in 
their detection. As suggested by other authors, invis-
ible astrocytes may be characterized by a decreased 
regulation of GFAP expression (3, 9). Further studies 
in this direction must be carried out using histochemi-
cal markers (e.g. purine nucleoside phosphorylase) for 
the entire population of these cells. In addition, the 
reduction in the number of GFAP-immunopositive 
astrocytes during normal PAG aging suggests the pres-
ence of the soluble form of GFAP, not associated with 
glial filaments in cells (13). Quantitative changes in 
astrocytes may also reflect a decrease in their activity 
before the degeneration of neurons and synapses (9). 
Other studies suggest that the number of neurons does 
not change in old individuals, but neurotransmitter 
changes dependent to some extent on astrocytes may 
develop. The activity of GABA-ergic and cholinergic 
conduction decreases in the old brain (22).

Our study did not reveal significant changes in the 
GFAP-immunostaining intensity of astrocytes in PAG 
in 3-year-old rats in comparison with 100-day-olds. 
Interpretation of our results is difficult. So far, in many 
areas of the brain astrocytes have been examined dur-
ing the aging process in rats aged 12-24 months (1, 3, 
9). Assumably, in older individuals, under three years 
of age, there may be an increase in GFAP followed by 
a decrease.

In our studies, we have shown changes in the mor-
phology of astrocytes manifested by shorter processes 
and the lack of glial intense branching in the PAG of old 
rats. Similar glial changes were observed in the glial 
cells of the hippocampal CA1 and CA3 areas and in 
the dentate gyrus of old rats and dogs. The presence of 
short glial processes suggests fragmentation or absence 
of GFAP in them. Hippocampal astrocyte changes may 
be a secondary response to neuronal damage (3, 8, 9).

In the molecular layer of the dentate gyrus of old 
dogs, not only a significant decrease in the content of 
hypertophic astrocytes and atrophy of glial processes 
was demonstrated, but also a decrease in the immu-
noreactivity and levels of GFAP. The authors suggest 
that this may be related to the degeneration of neuronal 
elements and a decrease in the quantity of synapses (8). 
In the non-pathologically aging hippocampus in rats, 
apoptotic death of neurons was reported, which can 
lead to changes in the responses of astrocytes (3). In 
various areas of the brain of many mammalian species, 
an increase in the number of immunoreactive astrocytes 
(reactive astrocytosis) and GFAP levels in cells (astro-
gliosis), as well as their hyperplasia (hypertrophy) were 
reported with age (1, 7, 8, 15, 17, 24). The Western blot 
analysis of homogenates of the whole hippocampus 
of old rats showed an increase in levels of GFAP and 
GFAP mRNA, similar to those seen in neurodegenera-
tive diseases, trauma or hypoxia (12, 14). Other authors 
confirm that the increase in GFAP immunoreactivity is 
associated with cell response to oxidative stress, which 
appears in the aging brain in connection with func-
tional damage to mitochondria, as well as an increase 
in free radicals and hydrogen peroxide (19). Reactive 
astrocytes may play an important role in neuronal 
plasticity, promoting the survival of nerve cells by the 
secretion of growth factors. However, in many areas 
of the old brain, there is an increase in the production 
of proinflammatory cytokins, such as interleukin-1β 
(IL-1β), interleukin-6 (IL-6), and tumor necrosis factor 
(TNF-α). Age-dependent release of pro-inflammatory 
factors can contribute to the development of inflamma-
tory changes in neurons in the brain, and consequently 
to neurodegenerative diseases. Astrocytes may play 
a crucial role in these processes (12).

These data indicate that during the normal aging of 
the brain, specific and regional changes occur in the 
number and morphology of astrocytes and GFAP im-
munoreactivity.

Tab. 1. Comparison of the average number of astrocytes in 
PAG in 100-day-old and 3-year-old rats.

PAG areas
Number of 

1 × 10–2 mm2 
squares

100-day-old rats 3-year-old rats

Average ± Standard deviation

Dorsal 100 2.29 ± 1.7* 1.48 ± 1.2*

Dorsolateral 100 1.72 ± 1.4 1.85 ± 1.3

Ventrolateral 100 3.23 ± 1.7* 2.23 ± 1.6*

Explanation: * – differences between groups are significant at  
p < 0.05 (ANOVA)
Tab. 2. Comparison of the average digital immunostaining 
intensity in PAG in 100-day-old and 3-year-old rats

PAG areas Number of 
cells measured

100-day-old rats 3-year-old rats

Average ± Standard deviation (ou/µm2)

Dorsal 100 170.42 ± 10.2 167.81 ± 17.3

Dorsolateral 100 176.59 ± 11.1 165.24 ± 16.3

Ventrolateral 100 187.24 ± 9.4 179.91 ± 11.9
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Our studies have shown that PAG astrocytes in rats 
undergo phenotypic changes with age, which may 
reflect a change in their activity, and consequently 
cause abnormal pain and disorders of emotional and 
defensive reactions in old individuals. Astrocytes 
protect neurons from death, but may contribute to 
neurodegeneration and neuroinflammation.

The diversity of results with regard to the morphol-
ogy and number of astrocytes and to GFAP immuno-
reactivity in many areas of the brain in old mammals 
indicates that the role of glial cells in the aging process 
is not fully understood. Therefore, further studies are 
needed in this regard.
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