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ABSTRACT

Background: The choroid plexuses, which could secrete a number of neurotrophins, have recently been used in transplantation in central nervous system
diseases.

Aims: To study the mechanism of nerve regeneration in the central nervous system by grafting choroid plexus tissues.
Study Design: Animal experimentation.

Methods: The choroid plexuses from the lateral ventricles of neonatal rats were cultured in adherent culture, and immunocytochemical methods were
used to analyse the progenitor cells on days 2, 6, and 10 after seeding.

Results: Expression of both nestin and glial fibrillary acidic protein was observed in small cell aggregates on day 2 in primary culture. Most of the nestin-
positive cells on day 6 were immunoreactive to glial fibrillary acidic protein antibody. No cells expressing nestin or glial fibrillary acidic protein were seen
on day 10.

Conclusion: These experimental results indicate that the choroid plexus contains a specific cell population — progenitor cells. Under in vitro experimental

conditions, the progenitor cells differentiated into choroid plexus epithelial cells but did not form neurons or astrocytes.
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Introduction

The choroid plexuses within the brain ventricles, which are
small yet complex organs, are known to produce cerebrospi-
nal fluid and secrete an expanding number of growth factors,
neurotrophins, and other neuroprotective compounds (1-3).
The choroid plexus consists of an outer epithelial layer and
an inner core of stromal cells. The choroid plexus epithelial
cells possess secretary capability that makes them attractive
candidates for transplantation to minimise or prevent neural
degeneration and its functional consequences.

Presently, primary culture from choroid plexus tissues is
widely used in transplantation in animal models for central
nervous system diseases (4-11). The cellular and molecular
mechanisms of nerve regeneration in the central nervous sys-
tem after choroid plexus transplantation have not been de-
fined. Fortunately, primary culture offers the opportunity for
visualising many processes, such as nerve repair, at the level
of single cells to better understand the cell biology. Immuno-
cytochemical methods are frequently used for this purpose.

The feasibility of cultivation of dissociated choroid plexus
epithelial cells prepared from neonate rats has been demon-
strated in our previous work (12). Neural stem cells have been
identified in choroid plexuses of neonate rats, and large num-

bers of nestin-expressing cells persist in the choroid plexuses
(13). In this study, we assessed the presence of nestin-positive
cells in primary cultures from choroid plexuses of neonate rats
in order to investigate whether progenitor cells were present
in the culture.

Material and Methods

Animals

Neonatal Sprague-Dawley rats of both sexes (postnatal
day 1) were supplied by the Center of Experimental Animals,
Xi'an Jiaotong University School of Medicine. The protocols
for animal care and experimental management were ap-
proved by the Animal Experimentation Committee of Xi'an Ji-
aotong University. Ethical approval for the study was obtained
from the Ethics Committee of the Second Affiliated Hospital,
School of Medicine, Xi‘an Jiaotong University. Principles of
laboratory animal care were followed and all procedures were
conducted according to the guidelines established by the Na-
tional Institutes of Health.

Reagents
Dulbecco’s modified Eagle’s medium (DMEM, low glu-
cose) and foetal bovine serum (FBS) were purchased from
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Figure 1. a-c. Primary culture of choroid plexuses on day 2 after seeding of dissociated cells (x400). Nestin staining in

green (a). GFAP staining in red (b). Nuclear labelling in blue and merged images (c)

Thermo, and 24-well plates were provided by Corning Co-
star. Rabbit anti-transthyretin (TTR) was purchased from Santa
Cruz and 4',6-diamino-2-phenylindole (DAPI) was purchased
from Roche. Poly-L-lysine and rabbit anti-glial fibrillary acidic
protein (GFAP) were purchased from Sigma-Aldrich. Recom-
binant rat epidermal growth factor (EGF) was obtained from
PeproTech. Mouse anti-nestin monoclonal antibody, fluores-
cein-conjugated goat anti-mouse immunoglobulin G (IgG),
and Cy3-conjugated goat anti-rabbit IgG were obtained from
Millipore.

Cell culture

Primary choroid plexus epithelial cells were cultured fol-
lowing the procedure we described earlier (12). Briefly, each
neonate rat was sacrificed, the brain was removed from the
skull, and choroid plexuses were removed from the lateral
ventricle and minced mechanically. The obtained suspen-
sion was pelleted by centrifugation at 800 rpm for 5 min, and
the pellets were resuspended in culture media consisting of
DMEM supplemented with 10% (v/v) FBS, 10 ng/mL EGF, and
antibiotics (penicillin/streptomycin). The cells were then seed-
ed in 24-well plates with glass coverslips coated in advance
with poly-L-lysine following the manufacturer’s suggestions.
The dissociated cells were then incubated in a 5% humidified
carbon dioxide incubator at 37°C. After 48 h, the medium
was removed and fresh medium was added to the culture.
Thereafter, the culture medium was replaced every 3 days. All
cultured cells were examined daily for growth under a phase
contrast microscope.

Immunocytology

The cells were fixed and evaluated on days 2, 6, and
10 after seeding, and adherent cells were immunolabelled
for markers including nestin, GFAP, and TTR to identify the
cell types. After fixation in 4% paraformaldehyde for 10
min at room temperature, the coverslips were washed with
phosphate-buffered saline three times for 5 min each time.
Nonspecific reactions were blocked with 10% normal goat
serum for 30 min. The cells were subsequently incubated at
4°C overnight with the following primary antibodies: mouse
anti-nestin monoclonal antibody (1:200) and GFAP (1:200).
After three washes in phosphate-buffered saline, secondary
antibodies, fluorescein-conjugated goat anti-mouse IgG, and
Cy3-conjugated goat anti-rabbit IgG were added, and the

Figure 2. a, b. Primary culture of choroid plexuses on day
2. Nestin-positive cells are often found located adjacent
to choroid plexus epithelial cells (x400). Nestin staining in
green (a). Nuclear labelling in blue and merged images (b)

cell-seeded coverslips were incubated for 2 h at room tem-
perature. Cell nuclei were counterstained using DAPI. Then
the sections were washed in phosphate-buffered saline again,
air-dried, and coverslipped. Fluorescence microscopy was
carried out by using an Olympus BX51 microscope equipped
with a mercury lamp power supply. A negative control was set
up by omitting primary antibodies. The cultured sections on
day 10 for immunocytochemical staining were also used for
detection of nestin and TTR following the method described
above.

Results

The expression of nestin was used as the primary marker
of progenitor-like cells in our studies and the immunoreactiv-
ity of GFAP, another marker, was evaluated. TTR immunola-
belling was also investigated.

Under a phase contrast microscope, we observed that the
cultured cells migrated from tissue clusters and formed large
colonies of choroid plexus epithelial cells. The expression of
both nestin and GFAP was observed in the small cell aggre-
gates from the primary cultures of choroid plexuses as early as
2 days after seeding (Figure 1). Nestin-expressing cells were
found adjacent to the choroid plexus epithelial cells or inside
the cell aggregates (Figure 2). When the cells were continu-
ously cultured, nestin-positive cells continued proliferating
and migrated gradually into the surrounding areas. Interest-
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Figure 3. a-c. Six-day-old primary culture of choroid plexuses. Most nestin-positive cells are co-labelled with GFAP
(x400). Nestin staining in green (a). GFAP staining in red (b). Nuclear labelling in blue and merged images (c)

Figure 4. a-c. Primary cultures of choroid plexuses on day 10. Cells are positive for TTR and negative for nestin (x400).
Nestin staining in green (a). TTR staining in red (b). Nuclear labelling in blue and merged images (c)

ingly, nestin-positive cells could be co-labelled with GFAP. We
found that most of the nestin-positive cells in the cultures on
day 6 were immunoreactive to the GFAP antibody (Figure 3).
After 6 days of cultivation, some of the nestin-positive cells
did not co-express GFAP, indicating an abrupt down-regula-
tion of GFAP expression when progenitor cells started to dif-
ferentiate into choroid plexus epithelial cells. From day 10,
the cells were not immunostained with either nestin or GFAP.
The choroid plexus epithelial cells were ascertained by stain-
ing with an anti-TTR antibody. Under our experimental condi-
tions, almost 100% of the cells from day 10 were positive for
TTR (Figure 4).

Discussion

Primary tissue culture has played an important role in re-
vealing the properties and potential of choroid plexus epithe-
lial cells in the normal brain. The present paper, to our knowl-
edge, is the first to demonstrate progenitor cells derived from
primary culture of neonate choroid plexuses. We show here
that this cell population has a high proliferative potential, that
is to say, the primary cultures from choroid plexuses contain
progenitor cells that differentiate into choroid plexus epithe-
lial cells in vitro.

The choroid plexus acts as a site of neurogenesis (11, 14-
19). Transplantation of the choroid plexus has been tested in
animal models in recent years. In all the reported studies, the
grafts of choroid plexus cells from primary culture were short-
term (approximately 2 days). Therefore, our results based

on 10-day cultivation will be helpful in understanding the
mechanism of transplantation of choroid plexuses cultured
for a short time. It was found in our previous study that the
choroid plexus epithelial cells from primary culture became
confluent on day 10 (12); as a result, we set 10 days as the
length of culture in this study to obtain a sufficient number of
choroidal epithelial cells for transplantation. In the published
studies, cell clusters (primarily composed of epithelial cells)
that included portions of the undigested fibroblastic stroma
rather than grafts of purified epithelial cells were used. In
general, the mechanism by which choroid plexus transplants
exert their beneficial effect is through secreting proteins with
trophic activity. In choroid plexus cultures obtained from the
lateral ventricles, nestin was detectable during the period of
proliferation and maturation. This indicates that the choroid
plexus contains a specific cell population - progenitor cells.
Our study reveals a mechanism of transplantation of primary
cultures from choroid plexuses, namely, progenitor cells exist-
ing in the primary cultures, and further suggests a promising
prospect of choroid plexus transplantation treatment in cen-
tral nervous system diseases.

Nestin is a type VI intermediate filament protein originally
described in neural stem cells (20) and is therefore taken as a
marker for neural stem cells. Though nestin-positive cells are
difficult to identify by phase contrast microscopy, immunocy-
tochemistry can reveal the existence of these cells in choroid
plexus primary culture. During cell differentiation, nestin ex-
pression is transient, and it is down-regulated after differen-
tiation. The reason for this might be that the proportion of
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cells expressing different antigenic markers is also affected
by culture conditions. In this study, almost 100% of the cells
in the cultures on day 10 were positive for TTR and the cho-
roid plexus epithelial cells did not exhibit immunoreactivity
for nestin or GFAP. This indicates that only choroid plexus epi-
thelial cells and not neurons and astrocytes can be generated.
DMEM, to a lesser extent, also induces the proliferation of
precursor cells in cultures of choroid plexuses derived from
the ventricle of neonate animals. Subject to the local micro-
environment and developmental stages, such precursors may
differentiate into choroid plexus epithelial cells.

Immunocytochemical study of the expression of nestin
and GFAP at different time points showed the process of nes-
tin-positive cells differentiating into choroid plexus epithelial
cells. The complex processes in the cells that developed over
a period of 2-10 days of culturing were revealed. The primary
culture of choroid plexus epithelial cells should be considered
as a mixture of cells arising from dissociated cells. We have
found in the present experiments that choroid plexuses in
neonate rats contain large numbers of precursor cells, and
that the neonate cultures contain nestin-positive cells. Grafts
of choroid plexus cells from neonatal and young animals ap-
pear to be beneficial (21). Therefore, neonatal animals are the
optimal source of primary culture.

Since choroid plexuses can be distinguished by their spe-
cific location and are related to ventricular cavities, contamina-
tion of the cerebral parenchymal tissues can be avoided in the
dissection of the choroid plexuses from the lateral ventricles of
rats. In addition, to exclude the possibility that non-cell struc-
tures from the choroid plexus contributed to the production of
nestin-positive cells, we used an antibody (anti-TTR) specific to
choroid plexus epithelial cells as a marker to detect cell purity.

It is important to note that despite the similarities in the
strong nestin immunoreactivity, there are fundamental differ-
ences between sphere and choroid plexus epithelial cells in
the primary culture. A complete understanding of the physi-
ological role of these cells is still lacking. We have observed
in vivo that during early postnatal development, progenitor
cells are specifically located within the choroid plexus (13).
Therefore, it is conceivable that nestin-positive cells in the
choroid plexuses form a subpopulation of specialised cells,
and choroid plexus stroma may provide an adequate envi-
ronment for the survival, proliferation, and differentiation of
progenitor cells.

In conclusion, we report here for the first time to our
knowledge that primary culture of choroid plexus epithelial
cells has nestin-expressing cells. The choroid plexus contains
a specific pool of cells that behave in vitro as precursor cells
of choroid plexus epithelial cells. It is difficult to escape the
conclusion that nestin-positive cells arising from neonate rat
choroid plexuses can develop into choroid plexus epithelial
cells in vitro. Thus, an increased understanding of the cells
involved in the choroid plexuses will help identify new mecha-
nisms for developing potential therapeutic approaches to
reducing functional deficits and improving recovery in cen-
tral nervous system diseases. Meanwhile, the primary culture
system for the choroid plexus is useful for investigation of cell
differentiation under in vitro conditions.
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