
Development of Tight Junction Molecules in
Blood Vessels of Germinal Matrix, Cerebral

Cortex, and White Matter
PRAVEEN BALLABH, FURONG HU, MITHUN KUMARASIRI, ALEX BRAUN, AND

MAIKEN NEDERGAARD

Department of Pediatrics [P.B.], Department of Cell Biology and Anatomy [P.B., F.H., M.K.], Department
of Pathology [A.B.], Westchester Medical Center–New York Medical College, Valhalla, New York 10595;

Department of Neurosurgery [M.N.], Center of Aging and Developmental Biology, University of
Rochester, Rochester, New York 14642

Tight junction (TJ) molecules confer cell-to-cell adhesion to
endothelial cells and, thus, provide structural integrity to blood
vessels. Therefore, decreased expression of these molecules may
be a cause of germinal matrix (GM) fragility and their propensity
to hemorrhage in premature infants. The objective of this study
was to compare the expression of endothelial TJ molecules,
including claudin-5, occludin, and junction adhesion molecules
(JAM), among blood vessels of GM, cortex, and white matter for
fetuses and premature infants of gestational age 16–40 wk, and
to examine their maturational changes with advancing gesta-
tional age. We measured the expression of claudin-1, claudin-5,
occludin, and JAM in GM, cortex, and white matter in postmor-
tem brain samples. We performed immunohistochemical staining
on brain sections and Western blot to quantify these molecules.
We found that claudin-5, occludin, and JAM-1 were expressed as
early as 16 wk in GM, cortex, and white matter. Claudin-1,
JAM-2, and JAM-3 were not detected in the GM, cortex, and
white matter. Claudin-5, occludin, and JAM-1 did not change

significantly as a function of gestational age. There was no
significant difference in the expression of these molecules in the
vasculature of GM compared with cortex and white matter.
Because the primary endothelial TJ molecules, including clau-
din-5, occludin, and JAM-1, are expressed as early as 16 wk in
the blood brain barrier and since as they are not decreased in GM
vasculature compared with cortex and white matter, they are
unlikely to be responsible for GM fragility and vulnerability to
hemorrhage in premature infants. (Pediatr Res 58: 791–798,
2005)

Abbreviations
BBB, blood brain barrier
GMH-IVH, germinal matrix hemorrhage–intraventricular
hemorrhage
JAM, junction adhesion molecules
PECAM-1, platelet endothelial cell adhesion molecule-1
TJ, tight junction

GMH-IVH continues to be a major problem of premature
infants because survival rates are increasing in this group and
a large number of these babies develop neurodevelopmental
delay, cerebral palsy, hydrocephalus, and mental retardation
(1,2). The GM located in the thalamostriate groove beneath the
ependyma is an undifferentiated collection of glial and neuro-
nal precursor cells present until late gestation. Premature in-
fants primarily bleed into the GM and not in the cortex or white
matter, suggesting that there is an intrinsic weakness in the
blood vessels of the GM compared with other areas of the

cerebrum. TJ molecules confer cell-to-cell adhesion to endo-
thelial cells and thus augment the structural integrity of blood
vessels (3). In this study, we asked whether the fragility of GM
blood vessels is due to decreased expression of endothelial TJ
molecules in GM compared with cerebral cortex and white
matter.

The TJ consists of three integral membrane proteins, namely
claudin, occludin, and JAM, as well as a number of cytoplas-
mic accessory proteins including ZO1, ZO2, ZO3, cingulin,
and others. In this investigation, we have focused on the
primary TJ molecules, including claudin, occludin, and JAM.
The extracellular loops of occludin, claudin, and JAM origi-
nating from neighboring cells form the paracellular barrier of
the TJ, which selectively exclude most blood-born substances
from entering the brain. In rodents and adult human brains,
claudin-1, claudin-5, and occludin have been found to be
present in endothelial tight junctions forming the BBB (4,5).
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Three JAM-related proteins, JAM-1, -2, and -3, have been
investigated in rodent brain sections. It was observed that
JAM-1 and -3 are expressed in the brain blood vessels but not
JAM-2 (6).

A recent investigation of occludin and claudin-5 expression
in fetuses of 12–18 wk gestational age using immunohisto-
chemistry has shown a linear, widely discontinuous pattern of
immunoreactivity along the interface of adjacent endothelial
cells (7). However, the expression of these molecules has not
been measured specifically in GM compared with other brain
areas in fetuses and premature infants. In addition, there are no
data on JAM and claudin-1 in normal human newborn and fetal
brain.

Loss of claudin-1 in cerebral vessels was demonstrated
under pathologic conditions that lead to dysfunction of the
BBB such as tumor, stroke, and neuroinflammatory disorders
(8). Based on these considerations, we hypothesized that ex-
pression of TJ molecules, including claudin-1, claudin-5, oc-
cludin, and JAM, are decreased in GM vasculature compared
with cortex and white matter in premature infants vulnerable to
GMH. To test this, we evaluated expression of TJ molecules,
including claudin-1, claudin-5, occludin, JAM-1, JAM-2, and
JAM-3, in these areas of human fetuses and premature infants
for gestational age 16–40 wk using immunohistochemistry
and Western blot analyses. We found claudin-5, occludin, and
JAM-1 were expressed from 16 to 40 wk of gestational age and
there was no significant difference in the expression of these
molecules in the vasculature of GM compared with cortex and
white matter.

MATERIALS AND METHODS

The Institutional Review Board at New York Medical College and
Westchester Medical Center, Valhalla, NY, has approved the use of human
autopsy materials for this study. The study material included autopsy brain
samples from premature infants of postconceptional age 23–40 wk and from
spontaneous abortuses of the gestational age 16–22 wk. Gestational age was
based on the last menstrual period of the mother. Only autopsy samples of
�18-h postmortem interval were used for this study. All infants with major
congenital anomalies, chromosomal defects, culture-proven sepsis, meningitis,
or hypoxic-ischemic encephalopathy and infants receiving extracorporeal
membrane oxygenator treatment were excluded from the study. Gestational
age, sex, weight, Apgar score, relevant clinical problems, cause of death, and
prenatal as well as postnatal medications were recorded on a data sheet. This
information was obtained from the pathologist in such a manner that subjects
could not be identified directly or through identifiers linked to the subjects.

Human tissue collection and processing. Brain samples were obtained as
coronal blocks by dissection of the following areas: 1) GM from periventricu-
lar area in the region of thalamostriate groove and at the level of foramen of
Monro; 2) frontal white matter from the centrum semiovale (embryonic
intermediate layer); and 3) frontal cortex (cortical plate). All specimens were
processed immediately after obtaining them. The samples were fixed in 4%
paraformaldehyde in PBS (0.01 M, pH 7.4) for �18 h and then were
cryoprotected by immersing into 20% sucrose in 0.01 M PBS buffer for 24 h
followed by 30% sucrose for the next 24 h. Tissues were frozen after
embedding them into a tissur freezing medium. Frozen coronal blocks were cut
into 20-�m sections using cryostat.

To identify GM, sections of tissues taken from periventricular area of the
thalamostriate groove were stained with hematoxylin and eosin and examined
with a light microscope.

Immunohistochemistry. The primary antibodies used in the experiments
included rabbit polyclonal anti-human claudin-1 (catalog #71-7800, Zymed
Lab, Inc., San Francisco, CA), rabbit polyclonal anti-human claudin-5 (catalog
#34-1600, Zymed Lab, Inc.), monoclonal rat anti-mouse occludin antibody
(catalog #33-1500 Zymed Lab, Inc.), JAM-1 (catalog #36-1700, Zymed Lab,
Inc.), JAM-2 (catalog #AF1074, R & D Systems, Minneapolis, MN), and
JAM-3 (catalog #MAB1189, R & D Systems). Secondary antibodies were

Cy-5 conjugate goat-anti-mouse (catalog #115-175-146, Jackson Immunore-
search, West Grove, PA), rhodamine conjugate goat anti-rabbit (catalog #111-
295-144, Jackson Immunoresearch), and cy-5 conjugate goat-anti-rabbit (cat-
alog #111-175-144, Jackson Immunoresearch).

Before incubation with the primary antibody, the sections were incubated
with 5% normal goat serum (NGS), 1% BSA, and 0.2% Triton X-100 in PBS
for 2 h at room temperature. The tissue sections, then, were incubated
overnight at 4°C with the primary antibody diluted in PBS. After several
washes in PBS, sections were incubated in secondary antibody for 2 h at room
temperature. Finally, after washes in PBS, sections were mounted with Slow
Fade Light Antifade reagent (Molecular Probes, Eugene, OR) and were
visualized under Bio-Rad (MRC-1024ES, Bio-Rad. Hemel Hempstead, UK)
confocal microscope.

Double labeling. To co-localize and visualize the expression of TJ mole-
cules in relation to the endothelial basement membrane, we double-labeled the
sections with a combination of a mouse monoclonal anti-laminin antibody and
a rabbit polyclonal anti-claudin, -occludin, or -JAM antibody.

Western blot analyses. For protein extraction, brain samples of about 200
mg weight were taken from white matter, cerebral cortex, and GM, placed in
a microfuge tube, frozen on dry ice immediately, and stored at �80°C until
use. The frozen brain tissue was homogenized in 500 �L of sample buffer (3%
SDS, 10% glycerol, 62.5 mMol Tris-HCL, and 100 mM DTT) using a
mechanical homogenizer, and the sample was boiled immediately for 5 min.
The protein concentration in the sample was determined using RC DC protein
assay kit (Bio-Rad).

SDS-PAGE and immunoblotting. Total protein samples were separated by
SDS-PAGE according to the previously described method (9). Equal amounts
of protein (12.5 �g) were loaded into 10–20% gradient precast gel (Bio-Rad).
The separated proteins were transferred to polyvinylidene difluoride (PVDF)
membrane by electro-transfer. The membranes were then incubated with
primary antibodies. Antibodies were detected with chemiluminescence ECL
system (Amersham Biosciences AB, Uppsala, Sweden) by using secondary
antibodies conjugated with horseradish peroxidase (Jackson Immunoresearch).
The blots were then stripped with stripping buffer (Pierce Biotechnology, Inc.,
Rockford, IL) and incubated with PECAM-1 primary antibody followed by
secondary antibody and detection with chemiluminescence ECL system. The
blots from each experiment were densitometrically analyzed and values were
normalized by taking ratio of TJ molecules (claudin, occludin, and JAM) and
PECAM-1. Because the blood vessel density and thus the endothelial cells are
greater in GM followed by cortex and white matter (10), we chose to adjust the
TJ molecule levels based on PECAM-1 level. We selected PECAM-1 (130 kD)
as an endothelial marker because it is expressed very early in the development
and is a noninducible and constitutive marker of the endothelium.

Statistics and analysis. TJ molecules, including claudin-5, occludin, and
JAM, were studied as a function of gestational age. For assessing the effect of
gestational age on TJ molecules, including claudin-5, occludin, and JAM, in
GM, cortex, and white matter, infants were stratified into five gestational age
categories: 16–20, 21–23, 24–28, 29–32, and 36–40 wk. The mean values of
the protein level for subjects in each gestational age category, as measured by
Western blot analysis, were presented as bar diagrams to assess whether the
data follow an apparent trend with the advancing gestational age. Stratification
of the total sample size of 16 subjects into five categories makes each category
very small. Therefore, to achieve more power in assessing the effect of
gestational age on the expression of tight junction molecules, we compared all
fetuses (n � 8) with all premature infants (n � 7) using Mann-Whitney U test.
Of 16 subjects, one infant was of 40-wk gestational age and, thus, was not
included in either of the group. The mean values of the protein level for the
subjects in each gestational age category were also compared among GM,
cortex, and white matter using Mann-Whitney U test. A p value � 0.05 was
considered significant.

RESULTS

Characteristics of the subjects included in the study are
depicted in Table 1. We studied autopsy brain materials ob-
tained from the GM, cerebral cortex, and white matter of
fetuses and premature infants of 16–40 wk gestational age. We
performed immunohistochemical staining using anti-claudin-1,
-claudin-5, -occludin, -JAM, and -laminin primary antibodies,
and confocal microscopy to acquire images in coronal sections
of 9 fetuses and 16 premature infants (25 subjects). In addition,
we performed Western blot to quantify these molecules in
brain homogenates of GM, cortex, and white matter for 6
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fetuses and 10 premature infants (16 subjects). The selection of
16 of 25 subjects for Western blot was based on the availability
of frozen tissues without any fixation in paraformaldehyde to
prepare brain homogenates. These subjects were divided into
five gestational age categories: 16–20 (n � 4), 21–23 (n � 4),
24–28 (n � 3), 29–32 (n � 3), and 36–40 (n � 2) wk. This
stratification was based on viability and maturity
considerations.
Claudin-5. The expression of claudin-5 was assessed in

coronal sections of GM, cortex, and white matter from the
frontal lobe by immunohistochemistry and confocal micros-
copy in fetuses and premature infants of 16–40 wk gestational
age. Figure 1 shows double-labeling of brain sections with
anti-claudin-5 and -laminin antibody for a 17-wk fetus and a
full-term infant. Laminin immunostaining of vascular base-
ment membrane was used as a blood vessel marker and showed
a linear pattern of staining. Claudin-5 showed a strong linear
pattern of staining in blood vessels of GM, cortex, and white
matter under low magnification (Fig. 1, a and b). In addition,
claudin-5 was uniformly expressed in all brain samples of
cortex, white matter, and GM from 16 to 40 wk gestational age.
At higher magnification, claudin-5 immunostaining revealed
an extensive punctuate, often confluent, staining of blood
vessels as shown in Figure 2. There was no difference in the
pattern of immunoreactivity among the three areas, GM, cor-
tex, and white matter, for samples of all gestational ages.

We quantified claudin-5 in GM, cortex, and white matter
using Western blot on samples from 16 subjects. Figure 3
depicts immunoblots for 22 kD claudin-5 and 130 kD PE-

CAM-1 on two sets (Fig. 3, a and b) of subjects. Each blot had
samples from GM, cortex, and white matter from eight sub-
jects. The values of claudin-5 in each immunoblot were ad-
justed based on intensity of their PECAM-1 (130 kD) bands.
Figure 3c illustrates the mean values and SD of claudin-5 for
each gestational age category after adjusting for PECAM-1.
There was no difference in the expression of claudin-5 com-
paring GM to cortex and white matter in all gestational age
categories (Mann-Whitney U test). There was no apparent
upward or downward trend in the expression of claudin-5
across five gestational age categories in any of the three areas.
In addition, we compared all fetuses (n � 8) with premature
infants (n � 7) to assess the effect of gestational age on
expression of claudin-5 in GM, cortex, and white matter
(Mann-Whitney U test). We did not find any significant dif-
ference for this comparison in any of the three areas.
Claudin-1. The expression of claudin-1 was examined in the

coronal sections of the brain in fetuses and premature infants of
16–40 wk gestational age by immunohistochemistry. We did
not find expression of claudin-1 in the BBB of cortex, white
matter, and GM (data not shown). We used skin sections from
adults as a positive control that showed intense immunostain-
ing of epithelial tight junction areas. We also used sections
with no primary antibody as negative control.
Occludin. In close similarity to claudin-5, occludin immu-

noreactivity was intense and linear as early as 16 wk and was
consistently present in all samples in all the three areas for
16–40 wk gestational age. Occludin immunostaining in rela-
tion to endothelial basement membrane (laminin immunostain-

Table 1. Characteristics of the fetuses and infants

Postconceptional
age Sex

Birth weight
(kg) Cause of death/spontaneous termination

16 wk Male — Cervical incompetence
17 wk* Male — Spontaneous termination
18 wk Female — Cervical incompetence
18 wk* Male — Spontaneous termination
20 wk* Female — Preterm labor
20 wk* Male 0.24 Preterm labor
21 wk* Female 0.26 Placenta previa, hypertension, rupture membrane
21 wk Male — Preterm labor
22 wk* Female 0.35 Twins in preterm labor
23 wk* Female 0.41 Respiratory failure (died postnatal d 1)
23 wk*† Female 0.59 Respiratory failure (died postnatal d 2)
24 wk Male 0.53 Prematurity and respiratory failure (born 23 wk, died postnatal d 7)
24 wk Male 0.58 Pneumothorax, respiratory failure (died postnatal day 3)
24 wk* Female 0.59 Respiratory failure
25 wk‡ Female 0.63 Persistent pulmonary hypertension (?) (died postnatal day 5)
26 wk Male 0.62 Kidney failure (died postnatal day 3)
26 wk*‡ Female 0.71 Culture negative, suspected sepsis (died postnatal d 5)
27 wk‡ Female 1.02 Respiratory failure (died postnatal d 2)
28 wk*† Female, 2nd twin 0.55 Respiratory failure (born 26 wk, died postnatal d 14)
30 wk* Female 1.34 Pulmonary atresia (born 27 wk gestational age, died in operating room at 3 wk

of postnatal age)
31 wk* Male 1.32 Unproven sepsis
32 wk* Male 1.4 Perforated ileum (born 31 wk, died on postnatal d 5)
36 wk* Male 1.75 Following hernia repair (born 35 wk gestational age, died postnatal d 4)
40 wk* Female 3.4 Cardiomyopathy (died 2 wk of postnatal age)
40 wk Female 3.5 Still-birth

* Brain sample from these subjects were used for Western blot analyses (16 subjects).
† Infants with grade I–II intraventricular hemorrhage (IVH).
‡ Infants with grade III IVH. None of the infants had grade IV IVH.
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ing) is shown for a 17-wk fetus and a full-term infant in Figure
4. Figure 5 shows higher magnification of occludin immuno-

labeling for 23- and 27-wk premature infants. The immunore-
activity for occludin was intense, linear, and almost continu-
ous. There was a suggestion of punctuate staining in places.
There was no difference in the pattern of immuno-signal
among GM, cortex, and white matter.

Occludin level was measured by performing Western blot on
homogenates of GM, cortex, and white matter for 16 subjects
(Fig. 6, a and b) and was adjusted for the endothelial marker,
PECAM-1. Figure 6c depicts the mean values of claudin-5 for
each gestational age category after adjusting for PECAM-1.
The results showed that there was no definite trend in occludin
level across five gestational age categories. In addition, the
comparison of occludin level between all fetuses and prema-
ture infants in GM, cortex, and whiter matter was not signifi-
cant (Mann-Whitney U test). Occudin level was not statisti-
cally different among GM, cortex, and white matter.
JAM-1. Like claudin-5 and occludin, JAM-1 was expressed

from 16 to 40 wk gestational age. JAM-1 immunostaining in

Figure 1. Claudin-5 immunostaining in 17- and 40-wk premature infants.
Figure shows double-labeling of brain sections with anti-claudin-5 (red) and
-laminin (white) antibody for a 17-wk fetus (a) and a term infant (b). Claudin-5
was strongly expressed in germinal matrix (GM), cortex, and white matter
(WM). The pattern of immunoreactivity was similar in the three areas. Scale
bar � 50 �.

Figure 2. Claudin-5 immunostaining in 23- and 27-wk premature infants.
Claudin-5 was well expressed in cortex, white matter, and GM in 23-wk
premature (upper panel: a, b, and c) and 27-wk premature infants (lower
panel: d, e, and f). The immuno-signal was intense and consisted of linear
tracts with in between punctate areas. Scale bar � 25 �.

Figure 3. Quantification Western blot for claudin-5 (22 kD): 12.5 �g protein
per lane separated by 10–20% gradient criterion gel (26 well gel, Bio-Rad),
transferred to PVDF membrane. Immunoblot was performed by monoclonal
claudin-5 antibody and densitometrically analyzed. (a) The blot shows clau-
din-5 bands in cortex, white matter (WM), and germinal matrix (GM) for eight
subjects. Rat lung homogenate was taken as a positive control for claudin-5.
The values were normalized based on endothelial marker, PECAM-1 (bottom).
Bovine pulmonary endothelial lysate was positive control for PECAM-1. (b)
The blot shows claudin-5 bands in another eight subjects (gestational age
shown). (c) Data are mean and SD. The bar diagram shows claudin-5 is well
expressed for all gestational age categories: 16–20, 21–23, 24–28, 29–32, and
36–40 wk. There was no significant difference in claudin-5 expression among
GM, cortex, and WM after adjusting for PECAM-1. In addition, claudin-5
level did not change as a function of gestational age.
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relation to laminin (basement membrane) in a term infant and
a 17-wk fetus is depicted in Figure 7. This showed a strong
linear pattern of staining in blood vessels of GM, cortex, and
white matter under low magnification (Fig. 7, a and b). Figure
8 shows JAM-1 immunostaining in 23- and 27-wk premature
infants under high magnification. JAM-1 immuno-signal was

intense, linear, and almost continuous. In places, there was a
suggestion of punctate staining.

Quantification Western blot for JAM-1 on 16 subjects re-
vealed no apparent trend in JAM-1 level across gestational age
categories. The comparison of JAM-1 level between fetuses
and premature infants was also not statistically significant
(Mann-Whitney U test). Furthermore, similar expression of
JAM-1 protein in GM, cortex, and white matter was found for
all gestational ages (Fig. 9).
JAM-2. The expression of JAM-2 was assessed in GM,

cortex, and white matter using immunohistochemistry. We
used human placental sections as a positive control and sec-
tions with no primary antibody as a negative control. JAM-2
was not expressed in the BBB in the three areas, whereas
intense immunoreactivity was noted in the epithelial and en-
dothelial layer of the placental villi.
JAM-3. The expression of JAM-3 was also evaluated in

GM, cortex, and white matter by immunohistochemistry. We
used human placental tissue as a positive control and sections
without primary antibody as a negative control. No immuno-
reactivity was observed in the BBB (data not shown). How-

Figure 4. Occludin immunostaining in 17- and 40-wk premature infants.
Figure shows double-labeling of brain sections with anti-occludin (red) and
-laminin (white) antibody for a 17-wk (a) and a term infant (b). Occludin was
strongly expressed in germinal matrix, cortex, and white matter. Scale bar �
50 �.

Figure 5. Occludin immunostaining in 23- and 27-wk premature infants. Occludin
was strongly expressed in cortex, white matter, and germinal matrix in 23-wk (upper
panel: a, b, and c) and 27-wk premature infants (lower panel: d, e, and f). The
immunoreactivity for occludin was intense, linear, and discontinuous. Scale bar � 25
�.

Figure 6. Quantification Western blot for occludin (67 kD): 12.5 �g protein per
lane separated by 10–20% gradient criterion gel (26 well gel, Bio-Rad), transferred
to PVDF membrane. Immunoblot performed by monoclonal occludin antibody
and densitometrically analyzed. (a) The blot shows occludin bands in cortex, white
matter (WM), and germinal matrix (GM) for eight subjects. Rat liver homogenate
was taken as a positive control for occludin. The values were normalized based on
endothelial marker, PECAM-1 (bottom). Bovine pulmonary endothelial lysate was
positive control for PECAM-1. (b) The blot shows occludin bands in another eight
subjects (gestational age shown). (c) Data are mean and SD. The bar diagram
shows occludin is well expressed for all gestational age categories: 16–20, 21–23,
24–28, 29–32, and 36–40 wk. There was no significant difference in occludin
expression among GM, cortex, and WM after adjusting for PECAM-1. In addition,
occludin levels did not change as a function of gestational age (p � 0.05).

795TIGHT JUNCTION MOLECULE IN BRAIN VESSELS



ever, immuno-signals were noted in the epithelial layer and the
blood vessels of the placenta.

Among our subjects included in this study, only 4 of the 14
premature infants had intraventricular hemorrhage. Of these,
three subjects had grade III and one had grade I intraventricular
hemorrhage. No comparison for these molecules was done
between premature infants with and without intraventricular
hemorrhage because there were few subjects with intraventric-
ular hemorrhage.

DISCUSSION

This study evaluated the expression of the primary TJ
molecules, including claudin-1, claudin-5, occludin, JAM-1,
JAM-2, and JAM-3, in the blood vessels of GM, cortex, and
white matter in fetuses and premature infants of 16–40 wk
gestational age. We have sought to establish the reason for
increased GM fragility by determining whether TJ molecules
are decreased in GM compared with cortex and white matter.
We found that there was no significant difference in the
expression of claudin-5, occludin, and JAM-1 molecules
among GM, cortex, and white matter, and that they were
strongly expressed in GM, cortex, and white matter in infants
of 16–40 wk gestational age. Therefore, TJ molecules are
unlikely to be the reason of GM fragility and its vulnerability
to hemorrhage.

The wall of the fetal cerebral hemisphere consists of the
ventricular zone, subventricular zone, intermediate zone, cor-
tical plate, and marginal zone as described by the Boulder
committee (11). A localized thickening medial to the basal
ganglia in the subventricular zone is referred as the GM. In this
article, we have used the term white matter synonymously with

Figure 7. JAM-1 immunostaining in 17- and 40-wk premature infants. Figure
shows double-labeling of brain sections with anti-JAM-1 (red) and -laminin
(white) antibody for a 17-wk (a) and a 40-wk infant (b). JAM-1 was strongly
expressed in germinal matrix, cortex, and white matter. Scale bar � 50 �.

Figure 8. JAM-1 immunolabeling in 23- and 27-wk premature infants. JAM-1
is well expressed in cortex, white matter, and germinal matrix in 23-wk (upper
panel: a, b, and c) and 27-wk premature infants (lower panel: d, e, and f). JAM-1
immuno-signal was quite intense, linear, and almost continuous. Scale bar � 25 �.

Figure 9. Quantification Western blot for JAM-1 (40 kD): 12.5 �g protein per lane
separated by 10–20% gradient criterion gel (26 well gel, Bio-Rad), transferred to
PVDF membrane. Immunoblot performed by monoclonal JAM-1 antibody and den-
sitometrically analyzed. (a) The blot shows 40 kD bands of JAM-1 in cortex, white
matter (WM), and germinal matrix (GM) for eight subjects. The values were normal-
ized based on endothelial marker, PECAM-1 (bottom). Bovine pulmonary endothelial
lysate was the positive control for PECAM-1. (b) The blot shows JAM-1 bands in
another eight subjects (gestational age shown). (c) Data are mean and SD. The bar
diagram shows JAM-1 is well expressed for all gestational age categories: 16–20,
21–23, 24–28, 29–32, and 36–40 wk. There was no significant difference in JAM-1
expression among GM, cortex, and WM after adjusting for PECAM-1. In addition,
JAM-1 levels did not change as a function of gestational age (p � 0.05).
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the intermediate zone embryonic white matter and cortex for
the cortical plate for the sake of simplicity and uniformity of
presentation.

This study is of paramount importance because TJ molecules
are fundamental in controlling paracellular permeability and
are disrupted in a number of pathologic conditions including
hypoxic-ischemic insult, neuro-inflammatory conditions, bac-
terial meningitis, HIV encephalitis, tumors, multiple sclerosis,
and others (12–16). They are capable of rapid modulation in
response to a number of stimuli at the cytoskeletal level to
protect the brain parenchyma and maintain a homeostatic
environment. Therefore, their temporal of maturation of TJ
molecules in BBB of fetuses and premature infants is of
considerable significance with respect to several insults to
which a developing fetus in utero can potentially be exposed.

One of the limitations of the present investigation is that it
does not provide information on the functional state of the TJ
molecules. Another shortcoming of our investigation is that
sick premature infants are exposed to a number of prenatal and
postnatal variables including prenatal steroid, postnatal venti-
lation, medications, and their associated conditions. Further-
more, postmortem factors may affect protein concentration in
autopsy material. However, we believe that the present study
gives invaluable information on TJ molecules in humans be-
cause 1) animal models are not an exact copy of human beings;
2) GM is uniquely thick in human beings, in contrast to a thin
layer in animal models such as rabbit and beagle pups and an
even more diminutive layer in rodents; 3) it is difficult to
replicate the conditions existing in the neonatal intensive care
unit into an animal model in the laboratory setting; and 4) a
postmortem interval up to 24 h does not affect significantly the
protein level in the autopsy material (17). Furthermore, our
Western blot analyses revealed that our proteins were not
significantly degraded.

The presence of TJ molecules between adjacent endothelial
cells forms the primary barrier to the diffusion of solutes
through the intercellular space. In addition, they foster cell-to-
cell adhesion between endothelial cells as well as recruit
various cytoskeletal and signaling molecules to their cytoplas-
mic surface. Claudin-5 and occludin are embedded within the
plasma membrane and encircle the lumenal part of the indi-
vidual endothelial cells and thus act as a fence limiting the
diffusion of lipids and proteins. Based on these considerations
and the findings that claudin-5, occludin, and JAM-1 are
expressed as early as 16 wk without a significant change
through 40 wk, we propose that TJ molecules develop and
perhaps mature early during gestation. Recently, another group
of investigators has evaluated claudin-5 and occludin qualita-
tively using immunohistochemistry in fetuses of 12–18 wk
gestational age, but not in premature infants (7). Their obser-
vations are consistent with our findings. To the best of our
knowledge, there are no data in the literature on the expression
of these molecules specifically in GM vasculature compared
with cortex and white matter of fetuses as well as premature
infants. In addition, we are the first to investigate JAM and
claudin-1 molecules in the brain of human fetuses and prema-
ture infants.

Claudin-5 possesses an ability to polymerize into linear
fibrils as shown by extensive networks, and claudin exhibits
stronger adhesion than occludin (18). Therefore, we expected
that claudins would be decreased in GM and this may account
for GM fragility. However, we observed no difference in the
expression of claudin-5 in GM compared with cortex and white
matter. Of note is our finding that claudin-1 was not detected in
BBB of cortex, white matter, or GM. Claudin-1 has been
observed in rat, chicken, and adult human brain (19,20). How-
ever, we did not observe claudin-1 in the BBB on immunohis-
tochemistry. This suggests that claudin-1 in either very weakly
expressed or not expressed in BBB of fetuses and preterm and
term infants.

Occludin is a regulatory protein and a determinant of TJ
molecule permeability. It increases electric resistance across
the barrier and decreases paracellular permeability (21). Loss
of occludin expression in brain tumors contributes to endothe-
lial tight junction opening (4). In rats, inflammatory pain
produced by �-carrageenan significantly decrease TJ molecule
expression of occludin (22). Thus, the expression of occludin
in fetuses at 16 wk gestational age suggests that TJ molecules
and the BBB are functionally mature early in gestation.

JAM have recently been identified (23) and they modulate
monocyte transmigration through the BBB (6,24). Although
JAM-1 is expressed at 16 wk of gestational age, it is unknown
whether the TJ is functionally mature enough to modulate the
transmigration of monocytes early in development. We did not
detect JAM-2 and JAM-3 in the BBB of developing human
brain. Neither is JAM-2 expressed in the BBB of rat. However,
JAM-3 has been described in the BBB of rats.

Information on the regulation of TJ molecules is fragmen-
tary. They are finely and dynamically regulated at the cellular
level, depending on various physiologic and pathologic re-
quirements. It is an important challenge to determine the role
of these molecules in various diseases. Claudin levels are
altered in pathologic conditions such as tumor, stroke, and
inflammation (8). Mutations in claudin-16 have been shown to
be responsible for renal hypomagnesemia with hypercalciuria
and nephrocalcinosis (25). Mutation of the claudin-14 gene
causes hereditary deafness (26). A possible role of claudin-11
in the development of autoimmune inflammatory demyelinat-
ing diseases has been demonstrated (27). Further development
in the molecular biology of these molecules will lead to better
understanding of their function, not only in health but also in
disease.

In summary, the primary endothelial TJ molecules present in
developing infants are claudin-5, occludin, and JAM-1, which
are expressed as early as 16 wk in the BBB. There is no
significant difference in the expression of these proteins in the
vasculature of GM cortex and white matter. Therefore, they are
unlikely to be responsible for GM fragility and vulnerability to
hemorrhage in premature infants. Because TJ molecules form
one of the key components of the BBB and are unlikely to
cause of GM fragility, we speculate that either immaturity of
the basement membrane or decrease in pericytes may be the
cause of GM fragility and vulnerability to hemorrhage.
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