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Abstract
Damage to the choroid plexus in 1-day-old Wistar rats subjected to hypoxia was investi-
gated. The mRNA and protein expression of hypoxia-inducible factor-1a (HIF-1a), endot-
helial, neuronal, inducible nitric oxide synthase (eNOS, nNOS, iNOS), and vascular
endothelial growth factor (VEGF) along with nitric oxide (NO) production and VEGF
concentration was up-regulated significantly in hypoxic rats. Ultrastructurally, the choroid
plexus epithelial cells showed massive accumulation of glycogen. A striking feature was the
extrusion of cytoplasmic fragments from the apical cell surfaces into the ventricular lumen
following the hypoxic insult. Intraventricular macrophages showed increased expression of
complement type 3 receptors, major histocompatibility complex class I and II antigens, and
ED1 antigens. Following an intravenous injection of horseradish peroxidase (HRP), a large
number of intraventricular macrophages were labeled suggesting enhanced leakage of the
tracer from the blood vessels in the choroid plexus connective tissue stroma into the ven-
tricular lumen. We suggest that increased production of NO in hypoxia is linked to the
structural alteration of the choroid plexus, and along with VEGF, may lead to increased
vascular permeability. Melatonin treatment reduced VEGF and NO levels as well as leakage
of HRP suggesting its potential value in ameliorating damage in choroid plexus pathologies.
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INTRODUCTION
The choroid plexus synthesizes and secretes cerebrospinal fluid
(CSF) and plays an important role in supporting neuronal metabo-
lism (56). It establishes and maintains the extracellular milieu
throughout the brain, in part by secreting numerous growth factors
into the CSF (8) which has an important role in the development of
the nervous system (38, 46). Investigation of CSF composition
plays a significant role in diagnosis and management of many
neurological diseases (60).

Hypoxia/ischemia in the perinatal period is associated with sub-
ependymal and intraventricular hemorrhages (28) as well as ven-
tricular enlargement (43) leading to a poor neurodevelopment
outcome (61). The choroid plexus, ependyma and the subventricu-
lar zone in the developing brain are extremely vulnerable in
hypoxic/ischemic conditions (50). Although occurrence of intra-
ventricular hemorrhages and damage to the choroid plexus have
been reported in hypoxic/ischemic conditions, the factors that
might be responsible for this damage remain to be clarified. Among
several putative factors, nitric oxide (NO) has been considered as a
major one associated with perinatal hypoxia/ischemia-induced
neurological abnormalities (6, 22). Indeed, increased NO levels
have been reported in the CSF and brain parenchyma of newborn

infants in hypoxic/ischemic conditions (9, 22). However, it remains
to be elucidated if NO is responsible for causing damage to the
choroid plexus in hypoxic conditions. This notion takes into con-
sideration the fact that neuronal nitric oxide synthase (nNOS)
expression has been reported in the choroid plexus (30) and that
NO has been demonstrated to play a role in choroidal blood flow
(57). Furthermore, NO derived from the inducible nitric oxide syn-
thase (iNOS) has inflammatory properties and is implicated in
secondary brain damage (48, 22).

Hypoxia-inducible factor-1a (HIF-1a) is a transcription factor
expressed uniquely in response to physiologically relevant levels of
hypoxia (52). It plays a central role in transcription of hypoxia-
responsive genes such as vascular endothelial growth factor
(VEGF) (53) which increases the permeability of the blood vessels
(39, 51, 62). Hypoxia has also been reported to induce iNOS
mRNA transcription and expression (42) and up-regulate nNOS
expression (3). Up-regulation of endothelial nitric oxide synthase
(eNOS) in hypoxic/ischemic conditions has been described to
induce vasodilation to increase blood flow (4).

In light of the above, we aimed to investigate the mRNA and
protein expression of HIF-1a, VEGF, eNOS, nNOS, and iNOS in
the choroid plexus of neonatal rats following a hypoxic exposure.
VEGF concentration and the amount of NO produced in response
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to hypoxia were also measured. As hypoxia is known to alter the
glycogen concentration in many tissues (40), we determined its
content in the choroid plexus by periodic acid Schiff (PAS) stain-
ing. The permeability of the blood vessels was assessed by an
intravenous injection of horseradish peroxidase (HRP) and its
passage through the choroid plexus was then followed.

In addition to the above, the immunophenotypic profiles of intra-
ventricular macrophages were also examined for possible signs of
activation following the hypoxic exposure. It is known that the
intraventricular macrophages express complement type 3 receptors
(CR3), major histocompatibility complex class I (MHC I) and class
II (MHC II) antigens, and macrophage/monocyte antigens (23).
Hence, changes in the expression of above receptors/antigens in
response to hypoxia were examined.

Although previous studies have shown damage to the choroid
plexus in 7-day-old rats at 4 h following ligation of the common
carotid artery and exposure to hypoxia (50), the changes in expres-
sion of HIF-1a, VEGF, eNOS, nNOS, and iNOS have not been
reported. In view of this, we aimed to examine the ultrastructure of
the choroid plexus epithelial cells and their associated macroph-
ages for any alteration following hypoxic exposure at birth up to 14
days after the hypoxic exposure and correlate them with the
changes in production of VEGF and NO.

METHODS

Animals

One hundred and one 1-day-old Wistar rats were exposed to
hypoxia in a decompression chamber (Model 16M, ETC,
Southampton, PA, USA) for 2 h at an atmospheric pressure of
350 mmHg (pO2 73 mm Hg). They were then allowed to recover
under normobaric conditions for 3, 24 h, 3, 7, or 14 days before
sacrifice. Another group of 87 rats were used as age-matched con-
trols. These were kept outside the chamber (atmospheric pressure
760 mm Hg, pO2 159 mm Hg).

The number of hypoxic rats and their age-matched controls used
for each of the methods described below is shown in Table 1. In the
handling and care of animals, the International Guiding Principles
for Research [WHO Chronicle 39 (2): 51–56 (1985)] and as
adopted by the Laboratory Animals Centre, Animal Holding Unit,
National University of Singapore were followed.

Melatonin administration

To assess the effect of melatonin on VEGF concentration, NO
production, and vascular permeability in the choroid plexus, 14 rats

were given intraperitoneal injections of melatonin dissolved in
normal saline (10 mg/kg body weight) as described by us previ-
ously (24). Each rat received the first injection of melatonin
immediately before exposure to hypoxia, the second injection
immediately after exposure to hypoxia, and a third injection at
1 h after exposure to hypoxia. VEGF concentration and NO pro-
duction in the choroid plexus were determined at 3 and 24 h (n = 5
rats at each time interval). The values between the hypoxic
and hypoxic + melatonin-administered rats were compared
statistically.

Hypoxic rats treated with melatonin as mentioned above were
also used for tracer studies as described below.

Real-time reverse transcription polymerase
chain reaction (Real-time RT-PCR)

Choroid plexus in the lateral ventricles was dissected and removed
from the hypoxic rats and their corresponding controls, immedi-
ately frozen in liquid nitrogen and stored at -80°C until RNA
isolation. Total RNA was extracted from the tissue using RNAesy
mini kit (Qiagen, Valencia, CA, USA) according to the manufac-
turer’s protocol. The amount of total RNA was quantified with a
Biophotometer (Eppendorf AG, Hamburg, Germany). The reverse
transcription was performed as described previously (25).

Quantitative RT-PCR

Quantitative RT-PCR was carried out on a Lightcycler 3 instrument
using a FastStart DNA Master plus SYBR Green I kit (Roche
Diagnostics GmbH, Roche Applied Science, Mannheim,
Germany) according to the manufacturer’s instructions. Briefly, a
Lightcycler master mix was prepared using 2 mL of Lightcycler-
FastStart DNA Master plus SYBR Green I with forward and
reverse primers at a final concentration of 0.5 mM each. Two
microlitres of the cDNA was added into 18 mL of Lightcycler
master mix and transferred into Lightcycler glass capillaries. The
capillaries were capped, placed in a Lightcycler carousel and cen-
trifuged in a specific Lightcycler centrifuge. Thermal cycling was
carried out. The first segment of the amplification cycle consisted
of a denaturation program at 95°C for 10 minutes. The second
segment consisted of denaturation, primer annealing, elongation,
and quantification program repeated for 40 cycles. The third
segment consisted of a melting curve program. The final segment
consisted of a cooling program at 40°C.

The amplified PCR products were separated on a 1.5% agarose
gel staining with eithidium bromide and photographed (Chemi

Table 1. Number of rats sacrificed at various time points after the hypoxic exposure (in brackets) and their age-matched controls for various methods.
Abbreviations: RT-PCR = reverse transcription polymerase chain reaction; EIA = enzyme immunoassay; NO = nitric oxide.

Control (hypoxic) Immunohistochemistry RT-PCR Western blotting EIA and NO assay Electron microscopy

1 day (3 h) 3 (3) 5 (5) 5 (5) 3 (3)
2 days (24 h) 3 (3) 5 (5) 5 (5) 3 (3)
4 days (3 days) 3 (3) 5 (5) 5 (5) 3 (3)
8 days (7 days) 3 (3) 5 (5) 5 (5) 3 (3)
15 days (14 days) 3 (3) 5 (5) 5 (5) 3 (3)

Six rats not shown in the table were used for periodic acid Schiff staining (three control and three at 3 h after hypoxic exposure). Another 14 rats were
given melatonin.
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Genius2 image analyzer, Cambridge, UK). Expressions of target
genes were measured in triplicate and were normalized to b-actin,
as an internal control. Forward and reverse primer sequence for
each gene and their corresponding amplicon size are provided in
Table 2. Gene expression was quantified using a modification of
the 2-DDct method as previously described (33).

Western blotting

Choroid plexus was removed from the lateral ventricles from the
hypoxic rats and their corresponding controls and was snap-frozen
in liquid nitrogen and stored at -80°C. The tissues were homog-
enized with tissue protein extraction reagent (Pierce Biotechnol-
ogy, Rockford, IL, USA) containing protease inhibitors. All proce-
dures were carried out at 4°C. Homogenates were centrifuged at
15 000 g for 10 minutes and the supernatant was collected. Protein
concentrations were determined by using bovine serum albumin
(Sigma-Aldrich, MI, USA) as a standard. Samples of supernatants
containing 20 mg of protein were heated to 95°C for 5 minutes
and protein was separated by sodium dodecyl sulphate-poly-
acrylamide gel electrophoresis (SDS-PAGE) in 12% gels, in a
Mini-Protein II apparatus (Bio-Rad Laboratories Inc, Hercules,
CA, USA). Protein bands were electroblotted onto 0.45 mm polyvi-
nylindene difluoride (PVDF) membranes (Bio-Rad) at 1.5 mA/cm2

of membrane for 1 h in Towbin buffer, pH 8.3, to which 20% (v/v)
methanol had been added. After transfer, the membranes were
blocked with 5% (w/v) non-fat dried milk and 0.05% (v/v)
Tween-20 in 20 mM Tris-HCl buffer, pH 7.6, containing 137 mM
sodium chloride (TBST). The membranes were then separately
incubated with dilutions of the polyclonal VEGF (1:1000), nNOS
(1:500), and monoclonal HIF-1a (1:500), eNOS (1:2500), and
iNOS (1:3000) antibodies in blocking solution overnight at 4°C.
They were then incubated with the secondary antibodies, HRP-
conjugated anti-rabbit, 1:5000 for VEGF and nNOS and HRP-
conjugated anti-mouse, 1:5000 (GE Healthcare, Amersham, UK)
for HIF-1a, eNOS, and iNOS. Specific binding was revealed by an
enhanced chemiluminescence kit (GE Healthcare) following the
manufacturer’s instructions. For load control, after intensive
washing, membranes were incubated with monoclonal mouse anti-
actin (1:3000) (Sigma-Aldrich). Precision pre-stained standards
(Bio-Rad) were used as molecular weight markers. X-ray films (GE
Healthcare) were scanned with a computer-assisted G-710 densito-
meter (Bio-Rad) to quantify band optical density using Quantity
One software (Bio-Rad).

Analysis of VEGF by enzyme immunoassay (EIA)

The amount of VEGF released in the choroid plexus samples from
control, hypoxic, and hypoxia + melatonin rats was determined
using ChemikineTM VEGF EIA kit (Chemicon International Inc,
Temecula, CA, USA). Choroid plexus was homogenized in tissue
protein-extracting reagent buffer (Pierce Biotechnology). EIA
measurements were performed according to the manufacturer’s
protocol. The optical density was measured at 490 nm. The amount
of VEGF detected in each sample was compared with a VEGF
standard curve.

Nitrite assay

The total amount of NO in the choroid plexus samples from
control, hypoxic, and hypoxia + melatonin rats was assessed by the
Griess reaction, using a colorimetric assay kit (US Biological,
Swampscott, MA, USA) that detects nitrite (NO2

-), a stable reac-
tion product of NO. Homogenates as described above for VEGF
EIA were prepared and nitrite concentration was quantified accord-
ing to manufacturer’s instructions. The optical density of the
samples was measured at 540 nm using with GENios microplate
reader (TECANAustria GmbH, Salzburg,Austria). The nitrite con-
centration was determined from a nitrite standard curve.

Statistics

For RT-PCR, Western blots, EIA, and nitrite assay, data are reported
as mean � SD. A Student’s t-test was used to determine the statis-
tical significance of differences in values between normal and
hypoxic or between hypoxic and hypoxia + melatonin rats. A value
of P < 0.05 was considered significant.

Immunohistochemistry

Rats exposed to hypoxia and their corresponding controls were
anesthetized with 6% sodium pentobarbital and perfused with an
aldehyde fixative composed of a mixture of periodate-lysine-
paraformaldeyde with a concentration of 2% paraformaldehyde.
The brains were removed and frozen coronal sections at 40 mm
thickness containing the lateral ventricles were cut with a Frigocut
cryotome (Leica Instruments GmbH, NuBloch, Germany). They
were incubated with VEGF, nNOS, eNOS, iNOS, OX-42, ED1,
OX-18, and OX-6 antibodies at dilutions shown in Table 3, in

Table 2. Sequence of specific primers. Abbreviations: HIF-1a = hypoxia-inducible factor-1a; VEGF = vascular endothelial growth factor;
eNOS = endothelial nitric oxide synthase; iNOS = inducible nitric oxide synthase; nNOS = neuronal nitric oxide synthase.

Primer Forward Reverse Amplicon size (bp)

HIF-1a tcaagtcagcaacgtggaag tatcgaggctgtgtcgactg 198
VEGF agaaagcccaatgaagtggtg actccagggcttcatcattg 177
eNOS tggcagccctaagacctatg agtccgaaaatgtcctcgtg 243
iNOS ccttgttcagctacgccttc ggtatgcccgagttctttca 179
nNOS ccggaattcgaataccagcctgatc ccgaattcctccaggagggtgtccaccgcatg 617
b-Actin tcatgaagtgtgacgttgacatccgt cctagaagcatttgcggtgcaggatg 285
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phosphate-buffered saline (PBS), respectively, for 16–20 h.
OX-42, OX-18, and OX-6 antibodies detect CR3 receptors, MHC I
and MHC II antigens respectively on the microglial cells. ED1
recognizes cells of monocyte/macrophage lineage. Subsequent
antibody detection was carried out by using Vectastain ABC kit
(PK4001 and 4002, Vector Laboratories, St. Louis, MI, USA)
against rabbit and mouse immunoglobulin G with 3,
3′-diaminobenzidine tetrachloride (DAB) as a peroxidase sub-
strate. For negative controls, some sections from each group were
incubated in a medium omitting the primary antibodies.

PAS staining

Rats at 3 h after exposure to hypoxia and their corresponding con-
trols were anesthetized and perfused with an aldehyde fixative
as described above for immunohistochemistry. The brains were
removed and kept in a similar fixative as above for 4 h following
which they were kept at 4°C overnight in 0.1 M phosphate buffer
containing 15% sucrose. Frozen coronal sections of the brain were
cut at 40 mm thickness and were incubated for 5 minutes in 0.5%
periodic acid, and then Schiff’s reagent at room temperature. After
several washes with tap and deionized water the sections were
counterstained by Shandon hematoxylin nuclear stain for 10 s,
dehydrated by immersion in alcohol, and then cleared with histo-
clear before mounting in Permount medium.

Electron microscopy

The hypoxic rats and their corresponding controls were anesthe-
tized with 6% sodium pentobarbital and were perfused with a
mixed aldehyde fixative composed of 2% paraformaldehyde and
3% glutaraldehyde in 0.1 M phosphate buffer, pH 7.3. After perfu-
sion, the brains were removed and coronal slices (approximately
1 mm thickness) containing the lateral ventricles were cut at the
level of optic chiasma. Vibratome sections of 80–100 mm thickness
were cut out from these blocks and rinsed overnight in 0.1 M phos-
phate buffer. They were then post-fixed for 2 h in 1% osmium

tetraoxide, dehydrated and embedded in Araldite mixture.
Ultrathin sections were cut and viewed in a Philips CM 120 elec-
tron microscope.

Tracer studies

Control, hypoxic, and hypoxia + melatonin rats (n = 4; 24 h after
the hypoxic exposure) were given an intravenous injection of HRP
(type VI, Sigma Aldrich, St. Louis, MI, USA) via the left external
jugular vein (0.5 mL/g body weight; 7.2 mg of HRP dissolved in
50 ml of saline). Our earlier study had shown that HRP is extrava-
sated from the blood vessels to the CSF after 30 minutes to 1 h (35)
following intravenous administration. On this basis, the rats in the
present study were sacrificed by perfusion at 3 h after the HRP
injection using a fixative composed of 1.25% glutaraldehyde and
1% paraformaldehyde. The choroid plexus was removed and pro-
cessed for light microscopy as previously described (35).

RESULTS

Analysis of HIF-1a, VEGF, eNOS, nNOS, iNOS
mRNA expression (Figure 1)

At 3 and 24 h after hypoxia, the expression of HIF-1a mRNA in the
choroid plexus was increased significantly (P < 0.05) in compari-
son with the controls; thereafter, the expression level was
decreased drastically. VEGF mRNA was progressively increased
significantly at 3 h to 14 days in comparison with the control values
(P < 0.05). Increase in eNOS mRNA was most marked at 3, 24 h
and 3 days followed by a decrease at 7 and 14 days. Expression of
iNOS mRNA showed a significant increase at 3, 24 h, 3, and 7 days
in hypoxic rats. At 14 days, however, it was significantly reduced.
nNOS mRNA was elevated up to 3 days when compared with the
controls (P < 0.05) but it showed a significant decrease at 7 and 14
days.

Table 3. Antibodies used for
immunohistochemistry. Abbreviations:
VEGF = vascular endothelial growth factor;
eNOS = endothelial nitric oxide synthase;
iNOS = inducible nitric oxide synthase;
nNOS = neuronal nitric oxide synthase.

Antibody Host Source Dilution

VEGF Rabbit—polyclonal Santacruz Biotechnology, Inc., Santacruz, CA, USA 1:200
eNOS Mouse—monoclonal BD Transduction Laboratories, San Jose, CA, USA 1:250
iNOS Mouse—monoclonal BD Transduction 1:1000
nNOS Rabbit—polyclonal BD Transduction 1:500
OX-42 Rat—monoclonal Harlan-Sera-Lab Ltd, Loughborough, UK 1:100
OX-18 Rat—monoclonal Haralan-Sera-Lab 1:100
OX-6 Rat—monoclonal Haralan-Sera-Lab 1:100
ED1 Rat—monoclonal Serotec, Oxford, UK 1:400

Figure 1. Reverse transcription polymerase chain reaction (RT-PCR)
analysis of hypoxia-inducible factor-1a (HIF-1a), vascular endothelial
growth factor (VEGF), endothelial, inducible, and neuronal nitric oxide
synthase (eNOS, iNOS, and nNOS) gene expression in the choroid
plexus of rats subjected to hypoxia at postnatal day 1. Left panel repre-
sents 1.5% agarose gel stained with ethidium bromide of RT-PCR prod-
ucts of the above-mentioned mRNA in the choroid plexus of rats at 3,

24 h, 3, 7, and 14 days after the hypoxic exposure and their correspond-
ing controls (C). Right panel shows the graphical representation of fold
changes quantified by normalization to the b-actin as an internal control.
Each bar represents the mean � SD. Differences in the mRNA levels are
significant (*P < 0.05) after the hypoxic exposure when compared with
controls.
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Analysis of HIF-1a, VEGF, eNOS, iNOS, and
nNOS protein expression by Western blotting
(Figure 2)

The immunoreactive band of HIF-1a protein levels, approximately
at 120 kDa, was increased significantly (P < 0.05) at 3 and 24 h
after hypoxic exposure. Using VEGF antibody, an immunoreactive
band of approximately 25 kDa was detected that was significantly
increased (P < 0.05) at 3, 24 h, 3, and 7 days. At 14 days, it was
declined below the control values. The densitometry of eNOS
protein band was expressed approximately at 140 kDa and showed
a significant increase at 3, 24 h, and 3 days after hypoxic exposure
(P < 0.05), whereas at 7 and 14 days it was decreased significantly.
The immunoreactive bands of iNOS and nNOS were expressed at
130 and 155 kDa respectively. The densitometry showed a signifi-
cant increase (P < 0.05) up to 7 days for iNOS and 3 days for
nNOS. In the latter, the protein expression was decreased at 7 and
14 days.

VEGF EIA (Figure 3A,C)

Analysis by EIA revealed that VEGF concentration increased sig-
nificantly (P < 0.05) at 3 h to 7 days in hypoxic rats when compared
with the controls. Thereafter, it declined but the reduction was not
significant. VEGF concentration was suppressed significantly in
rats given melatonin treatment.

Nitrite assay (Figure 3B,D)

The NO levels in the choroid plexus samples were significantly
(P < 0.05) increased from 3 h to 7 days after hypoxia when com-
pared with the controls. At 14 days, the difference between the
control and hypoxic group was not significant. With melatonin
administration, there was a significant decline in NO levels when
compared with the hypoxic rats not given melatonin treatment.

Immunohistochemical analysis

Intraventricular and subependymal hemorrhages were consistent
features in the hypoxic rats at various time points.

eNOS

eNOS expression was barely detected in the blood vessels in the
choroid plexus in control rats (Figure 4A). Following hypoxic
exposure at 3 and 24 h, many blood vessels exhibited enhanced
eNOS immunoreactivity (Figure 4B). The eNOS immunoreactivity
decreased at 3, 7, and 14 days after the exposure as compared with
the earlier time intervals.

The eNOS expression was characterized by the wide occurrence
of punctuate immunoreaction in the choroid plexus epithelial cells

(Figure 4B). On closer examination, the reaction products were
localized at the luminal surface of the epithelial cells (Figure 4B).

nNOS

Weak to moderate nNOS immunoexpression was observed in the
choroid plexus epithelial cells in the control rats (Figure 4C). It was
obviously augmented at 3, 24 h, and 3 days after the hypoxic expo-
sure (Figure 4D), but was comparable to the controls in longer
surviving rats.

iNOS

iNOS expression was absent in the choroid plexus in the control
rats of all age groups (Figure 4E) but was markedly enhanced at 3 h
following the hypoxic exposure (Figure 4F). At 24 h, 3, and 7 days,
besides the choroid plexus epithelial cells, many intraventricular
macrophages also showed intense iNOS expression (Figure 4F). At
14 days, iNOS expression was attenuated in both the choroid
plexus epithelial cells and the intraventricular macrophages when
compared with cells at earlier time intervals.

VEGF

VEGF expression was observed in the choroid plexus epithelial
cells in the control rats at various time points (Figure 4G). Follow-
ing the hypoxic exposure, the immunoexpression was increased up
to 7 days (Figure 4H); thereafter, it was declined and was compa-
rable to the controls.

CR3 receptors, MHC I, MHC II, and ED1 antigens

Intraventricular macrophages are selectively marked by mono-
clonal antibodies OX-42, OX-18, OX-6, and ED1 (32, 36) used in
the present study. With OX-42, and at 3 h to 14 days after the
hypoxic exposure, a large number of intraventricular macrophages
expressing CR3 receptors were observed as compared with the
corresponding controls (Figure 5A,B). Most of the cells in clusters
were in close association with the choroid plexus (Figure 5B) and
showed intense OX-42 immunoreactivity.

The results with ED1 paralleled that with OX-42, in which
a large number of ED1 positive cells were observed at 3 h to
14 days after hypoxic exposure as compared with the controls
(Figure 5C,D). With OX-18 and OX-6, very few immunoreactive
cells were observed in the control rats in all groups (Figure 5E,G)
but their numbers were markedly increased in the hypoxic rats at
24 h to 7 days (Figure 5F,H). In longer surviving rats, the immu-
noreactivity of intraventricular macrophages with OX-18 and
OX-6 was comparable to cells in the control rats.

Figure 2. Western blotting of hypoxia-inducible factor-1a (HIF-1a), vas-
cular endothelial growth factor (VEGF), endothelial, inducible, and neu-
ronal nitric oxide synthase (eNOS, iNOS, and nNOS) protein expression
in the choroid plexus tissue supernatants of rats at 3, 24 h, 3, 7, and 14
days after the hypoxic exposure and their corresponding controls (C).

Upper panel shows HIF-1a (120 kDa), VEGF (25 kDa), eNOS (140 kDa),
iNOS (130 kDa), and nNOS (155 kDa) immunoreactive bands. Lower
panel represents bar graphs (A, HIF-1a; B, VEGF; C, eNOS; D, iNOS; E,
nNOS) showing significant changes in the optical density after hypoxic
exposure.
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PAS staining

The choroid plexus epithelial cells in hypoxic rats showed intense
PAS staining in the cytoplasm when compared with the corre-
sponding controls (Figure 6).

Electron microscopy

Choroid plexus

In the control rats, the choroid plexus epithelial cells rested on a
layer of basal lamina (Figure 7A) and their cytoplasm contained
mitochondria, cisternae of rough endoplasmic reticulum, Golgi
apparatus, and some electron dense bodies. Tight junctions were
observed between the adjacent cells at the apical portions. Large
numbers of tightly packed microvilli of uniform diameter projected
into the ventricular lumen. Beginning at 3 h after the hypoxic expo-
sure, the choroid plexus epithelial cells showed massive accumula-
tion of glycogen in their cytoplasm (Figure 7B,C). Cytoplasmic
vacuoles were observed in many epithelial cells at this stage. The
intercellular spaces between the epithelial cells were widened but
the tight junctions remained intact. At 24 h after the hypoxic expo-
sure, the apical surface (the surface of the cell facing the ventricular
lumen) of many epithelial cells showed eruption of cytoplasmic
protrusions, either sessile or pedunculated, containing varying

amounts of glycogen (Figure 7D). In some areas, detached profiles
of these cytoplasmic fragments were observed to fill the ventricular
lumen (Figure 7E).

At 3 days after the hypoxic exposure, the glycogen accumulation
in the epithelial cells was reduced considerably. The cytoplasmic
protrusions that occurred at earlier time intervals were less
common. The intercellular spaces remained dilated and the tight
junctions at the apical region were intact (Figure 7F). At 7 days,
glycogen masses were absent. Furthermore, the cytoplasmic erup-
tion was hardly seen at this stage. At 14 days, the epithelial cells
showed features comparable to that in the control animals.

Intraventricular macrophages

In the control animals, occasional intraventricular macrophages
either were closely associated with the microvilli of the epithelial
cells or existed as free floating cells in the ventricle. The cells
considered to be of the mononuclear phagocyte lineage (36) con-
tained lysosomes, Golgi apparatus, cisternae of rough endoplasmic
reticulum, and some vacuoles (Figure 7G).At 3 h to 7 days after the
hypoxic exposure, they showed an accumulation of large cytoplas-
mic vacuoles and lysosomes (Figure 7H). Often they were sur-
rounded by the cytoplasmic fragments that appeared to have been
extruded into the ventricular lumen from the choroid plexus epithe-
lial cells. At 7 days, the intraventricular macrophages remained

Figure 3. Vascular endothelial growth factor (VEGF) concentration (A)
and nitric oxide (NO) production (B) in the postnatal rat choroid plexus of
the control (C) and at 3, 24 h, 3, 7, and 14 days after hypoxia as deter-
mined by enzyme immunoassay and NO assay, respectively. Data repre-

sent mean � SD. Significant differences between control and hypoxic
rats are indicated by *P < 0.05. C and D show significant (#P < 0.05)
reduction in levels of VEGF and NO at 3 and 24 h in the choroid plexus
after melatonin administration in hypoxic rats.
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laden with a large amount of lysosomes and vacuoles. By 14 days,
these cells showed features comparable to those of the control
animals.

Leakage of HRP

HRP reaction product was observed in the choroid plexus of the
control rats at 3 h after an intravenous injection of the tracer
(Figure 8A). Occasional intraventricular macrophages showed
HRP labeling. In hypoxic rats, HRP reaction product was not local-

ized in the choroid plexus. Instead, many intraventricular macroph-
ages were filled with HRP reaction product (Figure 8B). In
hypoxia + melatonin rats, HRP reaction product was seen to fill the
intercellular spaces (Figure 8C). On the other hand, HRP-labeled
intraventricular macrophages were absent.

DISCUSSION
Hypoxia/ischemia in the neonatal period is a major cause of brain
damage. Cerebral palsy, epilepsy, motor, and visual disturbances

Figure 4. Endothelial nitric oxide synthase
(eNOS) expression is detected in some blood
vessels in the choroid plexus (CP) in a
1-day-old control rat (A) but not in the CP
epithelial cells. Expression of eNOS is,
however, enhanced at 3 h in the blood vessels
(arrowheads) and the CP epithelial cells after
the hypoxic exposure (B). The CP epithelial
cells express eNOS immunoreactivity which is
especially intense at their apical surfaces as
focal dense spots (arrows, B). Weak neuronal
nitric oxide synthase (nNOS) expression is
detected in the choroid plexus in a 1-day-old
control rat (C). It is noticeably enhanced at 24 h
after the hypoxic exposure (D). Expression of
inducible nitric oxide synthase (iNOS) is barely
detected in the choroid plexus of a 1-day-old
control rat (E). It is markedly induced at 24 h (F)
in the epithelial cells of hypoxic rats. Many
intraventricular macrophages (arrows) in
hypoxic rats also exhibit intense iNOS
expression in F. VEGF expression is greatly
enhanced at 3 days (H) after the hypoxic
exposure when compared with the
corresponding controls (G).
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have been reported to occur following such an insult (21). The
periventricular white matter of the developing brain appears to be
particularly vulnerable to damage following hypoxic/ischemic
exposures (2, 17, 59), a condition being described as periventricular
leukomalacia, perinatal telencephalic neuropathy, or subcortical
leukoencephalopathy (15). Other complications of neonatal
hypoxia such as intraventricular hemorrhage and ventricular dilata-
tion (26, 43) have also been reported. Damage to the choroid plexus,
ependyma, as well as the subependymal region has been described in
hypoxic/ischemic conditions in the perinatal brain (50).

HIF-1a is expressed significantly in various tissues under
hypoxic conditions and is known to activate the expression of many
genes at the transcriptional level (52), VEGF being a bona fide
target gene. Expression of VEGF persists for a longer time than that
of HIF-1a (20, 49). This may be caused by decreased degradation
of VEGF mRNA by hypoxia (11). VEGF is an angiogeneic mitogen
whose actions are restricted to endothelial cells (5). It has been
characterized as an inducer of vascular leakage (54) promoting the
leakage of plasma proteins from blood vessels. The observation of
VEGF expression in the epithelial cells of the choroid plexus in

Figure 5. Few OX-42-positive intraventricular
macrophages are associated with the choroid
plexus in a 4-day-old control rat (A, arrows). At
3 days after exposure to hypoxia, a large
number of OX-42-positive cells can be seen (B,
arrows). Scattered ED1-positive cells (C,
arrows) in a 4-day-old control rat as compared
with a large number of ED1-positive cells at 3
days after the hypoxic exposure (D, arrows).
OX-18-positive intraventricular macrophages in
a 4-day-old control rat (E, arrows) and at 3 days
after hypoxia (F, arrows). The numbers of
OX-18-positive cells are drastically increased in
the hypoxic rats. Many OX-6-positive cells can
be seen at 3 days after hypoxic exposure (H,
arrows) as compared with the corresponding
controls in which occasional OX-6-positive
epiplexus cells are identified (G, arrow).
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close contact to the fenestrated endothelium of blood vessels has
led some investigators to speculate that VEGF may be involved in
establishing or maintaining the fenestrated endothelium (5, 10).
The fenestration of the endothelium reflects an increased perme-
ability of the endothelial cells for low-molecular-weight substances
(34). It has been reported that increased VEGF expression in adult
mouse brains in hypoxic conditions leads to vascular leakage (51).
The elevated VEGF mRNA and protein expression in hypoxic rats
in the present study suggests increased vascular permeability in the
choroid plexus. This is supported by rapid leakage of HRP in
the ventricle and its uptake by intraventricular macrophages. Our
earlier study (35) has shown that intravenously administered HRP
diffuses to the CSF in postnatal rats. A large amount of the HRP
was shown to accumulate in the intercellular spaces at 3 h after
intravenous administration which was then endocytosed by the

epithelial cells and released into the ventricular lumen to be picked
up by the intraventricular macrophages (35) between 3 h and 6 h. In
hypoxic rats in the present study, the intercellular spaces were clear
of the HRP product at 3 h but the intraventricular macrophages
showed intense labeling in comparison with the controls where
only occasional cells were labeled suggesting that the passage of
HRP into the ventricle was augmented.

VEGF has also been described as an inflammatory mediator
that contributes to inflammatory responses observed in cerebral
ischemia (7) in addition to its role in promoting increased vascular
permeability. It may have a similar role in promoting inflammatory
response in the hypoxic choroid plexus leading to tissue damage.
Because of its pro-inflammatory actions, VEGF enhances the adhe-
sion of leukocytes to vascular walls and increases intercellular cell
adhesion molecule-1 and vascular cell adhesion molecule-1
expression (45).

Besides VEGF, there may be other factors contributing to
increased vascular permeability. An earlier study (9) has shown
increased levels of VEGF and NO in the CSF of newborn infants
suffering from hypoxic ischemic encephalopathy. VEGF has been
shown to induce increased vascular permeability via synthesis or
release of NO (39) predominantly derived from eNOS (12). As
vasodilatation and increase in blood flow occur in response to
hypoxia, the enhanced expression of eNOS may also be involved in
dilatation of blood vessels to increase the blood flow in hypoxic
choroid plexus. NO, a potent vasodilator, has been implicated in the
regulation of blood–brain barrier permeability (18). Leakage of
serum-derived substances through the dilated blood vessels may
lead to tissue damage in choroid plexus. Altered structural features
of the choroid plexus epithelial cells were, in fact, observed in
hypoxic rats. The eNOS expression at the apical surfaces of the
epithelial cells may also be related to altered secretory activity of
the choroid plexus epithelial cells. In relation to this, NO has been
described to modulate the permeability of epithelial cells in the
small intestine (29).

Along with eNOS, VEGF also induces expression of iNOS (27).
Expansion of brain damage in ischemic conditions is known to
occur through production of toxic levels of NO by iNOS (16).
Expression of iNOS in the intraventricular macrophages and
choroid plexus epithelial cells, as observed in the present study,
may be responsible for producing the alterations in developing
choroid plexus. In vitro studies have shown that NO produced by
the microglial cells, considered as macrophages in the central
nervous system, is highly damaging to the oligodendrocytes (44).
Ohyu et al (47) carried out umbilical cord occlusion to evaluate
fetal brain injury and reported that induction of iNOS in the acti-
vated microglia contributed to the tissue injury through NO over-
production. Excess NO production via iNOS has also been
reported to contribute to increased permeability of the cerebral
microvasculature in hypoxic injury (37). It is possible that NO
derived from iNOS in the present study may also have a similar
action on the blood vessels in the hypoxic choroid plexus.

Up-regulated mRNA and protein expression of nNOS after the
hypoxic exposure is also a contributing factor to excess production
of NO. It has been reported that both neuronal and epithelium-
derived NO may regulate secretory function and hemodynamics of
choroidal tissue (30). The secretory activity of the choroid plexus
epithelial cells in the present study may have been altered as these
cells were observed to extrude cytoplasmic fragments into the ven-

Figure 6. Periodic acid Schiff-stained choroid plexus (CP) epithelial cells
in a 1-day-old control rat (A). Note the very light staining indicating a
scarcity of glycogen accumulation in the cells. Intense PAS staining in B

indicates a marked increase in glycogen accumulation in the CP epithe-
lial cells (arrows) in hypoxic rats (B).
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tricular lumen after the hypoxic exposure. This is supported by the
rapid passage of HRP from circulation to the ventricular lumen in
hypoxic rats.

The choroid plexus epithelial cells showed large accumulation of
glycogen particles as well as cytoplasmic protrusions in the ven-
tricular lumen at early time intervals following a hypoxic exposure.
The microvilli in most of the epithelial cells in hypoxic rats were
structurally similar to the microvilli observed in the control
animals. Two types of microvilli have been described in relation to
the secretory activity of the choroid epithelial cells, bulbous and

filiform microvilli that are associated with increased and reduced
CSF production, respectively (13). Although the microvilli
appeared normal in the present study, the secretory activity of the
choroid plexus appears to be altered because of the presence of
numerous cytoplasmic extrusions from the apical surface of the
epithelial cells. Extrusion of such cytoplasmic fragments from the
choroid plexus epithelial cells was also observed in rats in our
earlier study following the exposure of rats to a blast injury (23)
and in cats (31) following a cisternal injection of crotoxin complex
(Phospholipase A2) indicating an altered CSF secretion. The cyto-

Figure 7. A. Choroid plexus of a control rat at
1 day of age. The epithelial cells (EC) show
mitochondria, cisternae of rough endoplasmic
reticulum, and some dense granules. The
projecting microvilli are slender and uniform in
diameter. B. Choroid plexus in a rat at 3 h after
the hypoxic exposure. Note the massive
accumulation of glycogen in the EC in B. Some
cytoplasmic vacuoles (arrow) may be seen. C

shows an enlarged view of glycogen (GL)
accumulation in an epithelial cell at 3 h after
hypoxic exposure. D. A choroid plexus EC at
24 h after the hypoxic exposure shows a
sessile protrusion (asterisk) into the ventricular
lumen. E. Many cytoplasmic fragments or
profiles (asterisks) appear to be detached from
the EC surfaces at 24 h after the hypoxic
exposure. F. Intercellular spaces (IS) are
widened between the EC at 3 days after
hypoxic exposure. The tight junction (arrows)
between the epithelial cells remains intact (F).
G. An intraventricular macrophage in a
2-day-old control rat is in close association with
the microvilli of the choroid plexus epithelial
cells. H. An intraventricular macrophage at
24 h after the hypoxic exposure. Note the
occurrence of large cytoplasmic vacuoles (V).
One of them (asterisk) contains flocculent
materials.
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plasmic fragments were not observed in the ventricular lumen in
longer surviving rats indicating that either they were engulfed by
the numerous intraventricular macrophages or they were not being
extruded by the epithelial cells.

The accumulation of large amounts of glycogen in the epithelial
cells after the hypoxic exposure may be attributed to altered meta-
bolic activity of the choroid plexus following a reduction in the
oxygen supply. Cellular glycogen has been reported to be reduced
in other cells such as myocytes during hypoxia (41), but was
increased on restoration of normal oxygen tension (40, 55). In
longer surviving rats, the above-mentioned changes had disap-
peared suggesting that with time the choroid plexus returned to
normal. Structural restoration of the choroid plexus epithelium has
been reported in the adult rats after transient forebrain ischemia
(19).

The intraventricular macrophages also underwent structural
alteration in the present study. They accumulated a large number
of lysosomes and vacuoles which indicates an activation of the
cell type. The up-regulation of CR3 receptors on these cells sug-
gests an increase in their phagocytic function as they were fre-
quently observed in the close vicinity of the cytoplasmic extru-
sions. The increased expression of MHC I and MHC II antigens
following the hypoxic exposure suggests their involvement in an
immunological response that may have been induced by the
hypoxic environment. As intraventricular macrophages are known
to originate from monocytes (32), increase in the number of ED1-
positive cells suggests a rapid influx of these cells in the ventricu-
lar lumen in response to a greater demand for these cells to
remove the cytoplasmic fragments being extruded by the epithe-
lial cells.

Melatonin, a secretory product of the pineal gland, is known to
decrease the NO levels in many tissues (1, 58) by inhibiting
eNOS and iNOS production. It has also been shown to reduce
nitrite/nitrate levels in serum of preterm infants with respiratory
distress syndrome (14). The NO levels and VEGF tissue concen-
tration in the choroid plexus declined following melatonin admin-
istration in the present study. This may be attributable to a
decreased vascular leakage, and hence decreased leakage of HRP
into the ventricular lumen and its subsequent uptake by intraven-
tricular macrophages.

In conclusion, the present results suggest that a hypoxic expo-
sure in the neonatal period elicits structural changes in the choroid
plexus epithelial cells and possible alteration in the secretion of
CSF. In response to these changes, the intraventricular macroph-
ages showed an up-regulation of CR3 receptors, MHC I and MHC
II and ED1 antigens. These features may be linked to increased
receptor-mediated endocytosis and a possible immune response
following the hypoxic exposure. The increased expression of
VEGF, nNOS, eNOS, and iNOS point toward a key role of vascular
permeability and NO in the development of hypoxic damage to the
choroid plexus in neonatal period. This is supported by the obser-
vation that the ultrastructural changes observed in the choroid
plexus correlated with the increase in NO production and VEGF
concentration at these time points. Melatonin administration sig-
nificantly suppressed VEGF concentration and NO production
which conceivably had decreased the vascular leakage. Further-
more, it reduced the secretory activity of epithelial cells in hypoxic
rats thus indicating its therapeutic potential in choroid plexus
neuropathologies.

Figure 8. Choroid plexus (CP) in a control (A), hypoxic (B), and
hypoxia + melatonin (C) administered rat showing horseradish peroxi-
dase (HRP) reaction product. In A and C, massive accumulation of HRP
reaction product is seen in the choroid plexus tissue in the epithelial cells
and intercellular spaces, whereas in B, HRP accumulation is localized
only in the intraventricular macrophages (arrows).
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