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Intermediate filaments, including nestin and glial fibrillary
acidic protein (GFAP), are important for the brain to
accommodate neural activities and changes during
development. The present study examined the temporal
changes of nestin and GFAP protein levels in the postnatal
development of the mouse hippocampus. Mouse hippocampi
were sampled on postnatal day (PND) 1, 3, 6, 18, and 48.
Western blot analysis showed that nestin expression was high
at PND 1 and markedly decreased until PND 18. Conversely,
GFAP expression was acutely increased in the early phase of
postnatal development. Nestin immunoreactivity was
localized mainly in the processes of ramified cells at PND 1,
but expression subsequently decreased. In contrast, GFAP
was evident mainly in the marginal cells of the hippocampus
at PND 1, but immunoreactivity revealed satellite, radial, or
ramified shapes of the cells from PND 6-48. This study
demonstrates that the opposing pattern of nestin and GFAP
expressions in mouse hippocampus during postnatal
development occur in the early development stage (PND
1-18), suggesting that the opposing change of nestin and
GFAP in early postnatal development is important for neural
differentiation and positioning in the mouse hippocampus.
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Introduction

Intermediate filaments (IFs) are a family of related
proteins that share common structural and sequence
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features. IFs have an average diameter of 10 nm, which is
between that of actin (microfilaments) and microtubules
[7]. These proteins give mechanical stability to cells and
tissues, and play an important role in mechanotransduction
and neurogenesis [2,15]. IFs are subcategorized into six
types based on similarities in amino acid sequence and
protein structure [16]. IF gene expression changes occur
during key steps in the differentiation of cell types in the
mammalian central nervous system (CNS) [17,28].
Nestin is a class III IF, which also include vimentin and
glial fibrillary acidic protein (GFAP). Nestin is more
closely related structurally to class IV IFs, such as
neurofilaments and a-internexin [12,16,18]. The nestin
protein is highly localized in the proliferative regions of
embryonic or developing CNS, peripheral nervous system,
and myogenic and other tissues, and is also predominately
localized in radial glial cells that are recognized as neural
precursors [9,27,28]. Nestin is also expressed by many
types of cells during development although its expression
is usually transient and does not persist into adulthood
[16,23]. GFAP is a class III IF protein that is found in glial
cells such as astrocytes [22] and other cell types such as
Leydig cells in the testis and satellite cells in the liver [4].
It is functionally involved in many cellular processes and
communications, and the blood-brain barrier [5].
Upregulation of IFs after CNS injury may result in gliosis
and formation of a glial scar [6,11,19]. Interestingly, the
expression of nestin in hippocampal astrocytes after injury
deceases depending on age [1]. Even though a previous
study reported on nestin and GFAP changes in the
proliferative regions of CNS of developing brain [24],
semi-quantitatively determined changes of nestin and
GFAP changes in the developing hippocampus are
required to validate the role of nestin and GFAP in the
developing hippocampus. In this study, biochemical and
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immunohistochemical approaches were applied to
investigate the temporal profiles of nestin and GFAP
expression in developing mouse hippocampi.

Materials and Methods

Animals

ICR adult mice (Orient Bio, Korea) of both genders were
maintained and mated in our laboratory. Brain tissues
(seven samples at each time point) from two or three litters
were sampled at 1, 3, 6, 18, and 48 days after birth
(post-natal day, PND). All animal experiments followed a
protocol approved by the Committee for Animal
Experimentation at Chonnam National University, Korea.

Western blotting

Mice were sacrificed and hippocampi were dissected at
PND 1, 3, 6, 18, and 48 (n = 4 mice/group). The
hippocampus from each mouse was individually immersed
quickly in buffer H (50 mM B-glycerophosphate, 1.5 mM
EGTA, 0.1 mM Na3VO0O4, 1 mM dithiothreitol, 10 pg/mL
aprotinin, 2 pg/mL pepstatin, 10 pug/mL leupeptin; 1 mM
phenylmethanesulfonylfluoride, pH 7.4), and sonicated
for 10 sec. Sodium dodecyl sulfate sample buffer (x4) was
added to each homogenized sample, and the samples were
heated to 100°C for 10 min. The samples were then
separated by 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis. The resolved proteins were transferred
to a nitrocellulose membrane, which was then blocked
with 5% skim milk in phosphate-buffered saline with 0.1%
Tween 20 (PBS-T, pH 7.4) for 30 min at room temperature.
The membrane was then incubated with primary antibody
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against mouse nestin (1 : 1,000 dilution; Chemicon
International, USA) or anti-mouse GFAP (1 : 10,000
dilution; Sigma-Aldrich, USA) in PBS-T overnight at 4°C.
After extensive washing with PBS-T and incubation with
horseradish peroxidase-conjugated anti-mouse antibody
(1:10,000 dilution; Pierce, USA), signals were visualized
using a chemiluminescence kit (SuperSignal West Pico;
Pierce, USA). For normalization purposes, the membranes
were stripped and re-probed with an antibody against
B-actin (1 : 20,000; Sigma-Aldrich, USA). Several
exposure times were used to obtain signals in the linear
range. The bands were quantified using Scion Image Beta
4.0.2 for Windows XP software (Scion, USA).

Immunohistochemistry

Mice were sacrificed and the brains dissected at PND 1, 3,
6, 18, and 48 (n = 3 mice/group). The samples were fixed
in 4% paraformaldehyde in PBS before being embedded in
paraffin wax. Coronal sections (5 \m in thickness) were cut
and then deparaffinized, hydrated, and incubated with
monoclonal anti-nestin antibody (1 : 100 dilution; Chemicon
International, USA) and rabbit anti-GFAP antibody (1 : 500;
Dakocytomation, Denmark). Primary antibody binding was
detected with biotinylated horse anti-mouse or goat
anti-rabbit IgG (Vector Elite kit; Vector, USA).
Immunoreactivity was observed using an avidin-biotin
peroxidase complex (Vector Elite kit; Vector, USA). The
peroxidase reaction was developed using a
diaminobenzidine substrate kit (Vector, USA). As a control,
the primary antibodies were omitted for a few test sections
in each experiment. The sections were counterstained with
hematoxylin before being mounted on slides.
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Fig. 1. Temporal expression of nestin and glial fibrillary acidic protein (GFAP) in mouse hippocampus during postnatal development.
(A) Representative photographs of the Western blots for nestin, GFAP, and B-actin. The arrowheads indicate the positions of nestin
(~215 kDa), GFAP (~53 kDa), and B-actin (~45 kDa). (B) Bar graphs showing the results of densitometric data analysis (mean + SE,
n = 4 mice/group). The value indicating nestin and GFAP expression levels from the hippocampus at postnatal day (PND) 1 and 48,

respectively, was arbitrarily defined as 1 (B, bar graphs).



Statistical analysis

The data is reported as the mean + SE. The data was
analyzed using one-way ANOVA followed by a Student-
Newman-Keuls post hoc test for multiple comparisons. In
all cases, a p value < 0.05 was considered significant.

Results

Temporal expression pattern of nestin and GFAP
during postnatal development of mouse hippocampi

Nestin and GFAP protein expression in mouse
hippocampi during postnatal development were semi-
quantitatively analyzed on PND 1, 3, 6, 18, and 48 by
Western blotting. The level of nestin expression in
hippocampi peaked on PND 1 and sharply decreased until
PND 18 (p < 0.05; Fig. 1). Nestin expression was rarely
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detected after PND 18. In contrast, starting from a low
level at PND 1, hippocampal GFAP expression abruptly
increased (3.2-fold; p < 0.01) until PND 6, then stabilized
but increased progressively until PND 48 (Fig. 1).

Immunohistochemical analysis of nestin and GFAP
in mice hippocampi

At PND 1, nestin immunoreactivity was localized in all
hippocampal regions, including the cornu ammonis (CA)
1, CA3, and dentate gyrus (DG), with a dense pattern of
radial fibers in ramified cells (Figs. 2A-C). Some nestin
immunoreactivity was localized in blood vessels (Figs. 2B
and C, denoted by arrows). At PND 6 (Figs. 2D-F), DG
immunoreactivity was similar to that observed at PND 1
(Fig. 2E), but a reduction of nestin-positive radial fibers
was evident in the CA1 (Fig. 2F). At PND 48 (Figs. 2G-I),

Fig. 2. Nestin immunostaining at PND 1 (A, B, C), 6 (D, E, F), and 48 (G, H, ]) in the dentate gyrus (DG) and cornu ammonis (CA)
1 of mouse hippocampus. Nestin expression was strongly detected at PND 1. Arrows indicate nestin-positive blood vessels. Left panels
show low magnification views of unilateral hippocampus. Middle panels present higher magnification views of DG. Right panels show
higher magnification views of CA1. Scale bars = 250 um (A, D, G); 20 um (B, E, H); 25 um (C, F, ).
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Fig. 3. GFAP immunostaining at PND 1 (A, B, C), 6 (D, E, F) and 48 (G, H, I) in the DG and CA1 of mouse hippocampus. Left panels
present low magnification views of unilateral hippocampus. Middle panels show higher magnification views of DG. Right panel present
higher magnification view of CA1. Scale bars = 200 um (A, D, G); 25 um (B, C, E, F, H, I).

a few nestin-positive cells were found in the DG (Fig. 2H),
but there was no nestin immunoreactivity in the CA1 (Fig.
21).

Few GFAP-positive elements were detected at PND 1 in
the hippocampus (Figs. 3A-C) although GFAP
immunoreactivity was found in the margin cells of the DG
(Fig. 3B). At PND 6, GFAP-positive immunoreactivity
appeared in radial fibers of ramified cells in the DG and
astrocytes in the CA1 (Figs. 3D-F); many positive cells had
the appearance of typical mature astrocytes, and were
satellite, radial, or ramified shaped (Figs. 3E and F). At
PND 48, GFAP immunopositivity was strongly evident in
all areas of the adult hippocampus including the CAI,
CA3, and DG (Figs. 3G-I). The majority of GFAP
positive-cells displayed the typical astrocytic morphology
(Figs. 3H and I).

Discussion

This study demonstrated the progressive changes with
opposing patterns of nestin and GFAP expression in mouse
hippocampi during postnatal development. While nestin
protein  expression  acutely  decreased, GFAP
immunoreactivity sharply increased in the early phase of
postnatal development.

There is consensus that the process of hippocampal
neurogenesis continues throughout mammalian life,
including in humans [13]. The hippocampus is the most
vulnerable brain region (especially multipotent progenitor
cells in the DG), and cell replacement follows cell death
induced by various effectors [14,21,26]. Changes in IF
gene expression occur at key steps in cell differentiation in
the mammalian CNS [17,28]. Cells expressing nestin show
characteristic features of progenitor cells that include



multipotency, high proliferation, limited self-renewal
capability, and limited regeneration capacity [25]. In the
adult CNS, nestin expression is most closely associated
with a stem/progenitor cell populations, and proliferation
and migration of these nestin-positive cells appear to be
reactivated in response to injury during tissue regeneration
[6,11,19,25]. Multipotentl hippocampal cells frequently
display extending processes and representing an early
stage of cell differentiation [27]. In this study, nestin
immunoreactivity was localized in all hippocampal
regions at PND 1 and 6 with a dense pattern of radial fibers
in ramified cells. Some nestin immunoreactivity was
localized in blood vessels. Therefore, substantial
distribution of nestin-containing cells has provided
evidence of neural differentiation.

Nestin immunoreactivity has been demonstrated in
various cells of neuroepithelial origin [16,27]. Nestin
appears prenatally, and marks several immature cells of
neuroepithelial origin such as neuroepithelial columnar
cells, radial glia, multipotent stem cells, and bipotent
glial/neuronal progenitor cells [8,10,16]. In this study,
nestin immunopositivity was present in the mouse
hippocampus as early as PND 1. In contrast to the temporal
expression of nestin, the timing of the appearance of
GFAP-immunopositive structures in the hippocampus
resulted in a pattern of increasing expression in the early
phase of postnatal development (i.e., the radial fibers of
ramified cells). Their processes were not previously
evident in GFAP-immunostained structures [3,12].
However, we observed that in the immature hippocampus,
some nestin-positive staining had an arborization pattern,
which proved the astrocytic nature of the cells. Such
arborization is not found in neuroblasts or early precursors
of oligodendrocytes [3,8,27]. A previous study indicated
that nestin expression seems to be an early event in the
differentiation of glial progenitors along an astrocyte
pathway in the immature brain [27]. These observations
support the idea that GFAP progressively replaces nestin as
these cells differentiate. Since GFAP is present only within
astrocytes in the CNS, its expression is considered to be a
hallmark of astrocytic differentiation [20]. Therefore, an
increase in both nestin and GFAP may be necessary for
stabilization of major astrocyte processes during the early
phase of astrocyte differentiation [27]. However, many
questions  concerning the functional role and
transcriptional regulation of nestin and GFAP expression
in various cells and tissues remain unanswered.
Furthermore, the precise role of nestin and GFAP in the
developing hippocampus is not presently clear.

A previous study showed the distribution pattern of
nestin-containing neural precursors in the postnatal
hippocampus and provided evidence of their
differentiation fate to neurons and astrocytes [24]. The
authors determined that nestin-containing cells are
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decreased in the hippocampus during postnatal developing
by evaluating the intensity of nestin in an
immunohistochemical analysis. However, this method,
which scored nestin staining intensity as high (+++),
moderate (++), low (+), or negative (-), was limited in its
quantitative capability. In the current study, we assessed
semi-quantitative changes in nestin and GFAP expression
in the hippocampus during postnatal development using
Western blot analysis. Moreover, we compared the
temporal change in GFAP expression with that of nestin in
the hippocampus during PND 1-48. The previous study
performed an immunohistochemical comparison between
nestin and GFAP only at 60 days after birth.

In conclusion, this study confirmed the progressive
changes with opposing pattern of nestin and GFAP
expression in mouse hippocampus during postnatal
development, suggesting that the opposing changes in
nestin and GFAP expression during the early stage of
postnatal development is important for neural
differentiation and positioning in mouse hippocampus.
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