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Recent reports indicate that neural stem cells (NSCs) exist in a cluster-like formation in close proximity to
cerebral microvessels. Similar appearing clusters can be seen ex vivo in NSC cultures termed neurospheres. It is
known that this neurosphere configuration is important for preserving stemness and a proliferative state. How
NSCs form neurospheres or neuroclusters remains largely undetermined. In this study, we show that primary
human NSCs express the tight junction proteins (TJPs): zonula occludens-1 (ZO-1), occludin, claudin-1, -3, -5,
and -12. The relative mRNA expression was measured by quantitative polymerase chain reaction, and protein
expression was confirmed by flow cytometry and immunofluorescence microscopy. Our results show that
downregulation of TJPs occurs as neuronal differentiation is induced, suggesting that control of TJPs may be
tied to the neuronal differentiation program. Importantly, upon specific knockdown of the accessory TJP, ZO-1,
undifferentiated NSCs showed decreased levels of key stem cell markers. Taken together, our results indicate
that TJPs possibly aid in maintaining the intercellular configuration of NSCs and that reduction in TJP ex-
pression consequently affects the stemness status.

Introduction

Neurogenesis within the adult mammalian brain, first
discovered by Altman and Das in 1965, is limited to two

distinct regions: (1) the subventricular zone (SVZ) of the
lateral ventricles and (2) the subgranular zone (SGZ) of the
dentate gyrus in the hippocampus [1–4]. Neural stem cells
(NSCs) populate these two zones alongside cerebral blood
vessels ultimately creating unique vascular niches, where
the interaction of the circulatory and nervous systems gen-
erate a specialized microenvironment that promotes the
processes of neurogenesis (stem cell self-renewal, cellular
proliferation, and terminal differentiation along either neu-
ronal or glial lineages) [3,5].

Adult neurogenesis is a phenomenon whereby newborn
neurons and glia integrate into the mature neural network of
either the olfactory bulb or dentate gyrus, aiding in the
functions of olfaction or learning and memory retention,
respectively [5,6]. NSCs appear to be arranged in a cluster-
like formation surrounding cerebral blood vessels, and this
orientation is believed to facilitate the migration and sub-
sequent differentiation of NSCs into fully functional neu-
rons and glia [7]. One advantage of such a configuration is
the continuous supply of oxygen, nutrients, and other mol-
ecules carried by the blood, as well as the necessary removal

of metabolic waste through venous circulation [5]. Simi-
larly, a cluster-like configuration, or neurosphere, is pro-
duced in vitro with NSCs derived from both adult and fetal
mammalian tissues [8,9].

In a neurosphere, NSCs are capable of expanding for up
to 200 days ex vivo [10,11]. These cells comprise the outer
portion of the neurosphere, while the core consists of dif-
ferentiating neural progenitor cells (NPCs) [12]. These two
cell populations are embedded in a complex extracellular
matrix (ECM) [12]. NSCs also express integrins and cad-
herins that function in ECM and cell to cell adhesion;
however, a variety of adhesion/junction molecules are still
uncharacterized in neurosphere cultures [12,13].

Tight junction proteins (TJPs) play an important role in all
epithelia, connecting adjacent cells, and forming a continuous
barrier to limit the penetration of peripheral elements;
moreover, with respect to the blood–brain barrier (BBB),
TJPs are paramount to its specialized anatomical and physi-
ological function. Endothelial cells of the BBB create the
vascular lumen coursing through the SVZ and SGZ stem
cell niches. These brain microvascular endothelial cells
(BMVECs) express unique TJPs that produce both a physical
barrier through cell to cell contact and an electrical resistance
that limits the paracellular diffusion of charged molecules
from the blood to the central nervous system (CNS).
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The TJP complex is composed of transmembranous oc-
cludin, claudins, and junctional adhesion molecules that
connect to the actin cytoskeleton through intermediary TJP
accessory/anchoring proteins ZO-1, -2, and -3 [14–16]. TJ
complexes are highly dynamic structures that respond quickly
to intracellular signaling events and may experience rapid
changes in the subcellular distribution of their composite
proteins, as well as fluctuations in gene expression and vari-
ous post-translational modifications [15,17,18]. Interestingly,
the TJP accessory proteins, ZO-1 and ZO-2, interact with the C
terminus domain of connexin 43 (Cx43). As a principle com-
ponent of CNS gap junctions, Cx43 contains numerous protein-
binding sites for cytoskeletal attachment and participates
in modulating the function of neurovascular/astrocytic gap
junctions (reviewed by Matsuuchi and Naus) [19,20].

Gap junctions regulate intracellular Ca2 + fluctuations
between NSCs to coordinate calcium-dependent signal trans-
duction throughout the stem cell syncytia [21,22]. Spontaneous
Ca2 + signaling through gap junctions is a highly ordered
transduction event in the SGZ and SVZ that is essential for NSC
proliferation [23]. Functional gap junctions expressed by NSCs
consist of two hemichannels, formed by either homo or het-
erohexamers of Cx43, have been implicated in regulating NSC
adhesion to radial glial cells that aid in progenitor cell migration
from the stem cell niche and into mature neural networks [19].
Cx43 is highly expressed by NSCs; however, as these cells
depart upon differentiation, Cx43 expression and, subse-
quently, the intracellular communication through Cx43 in the
stem cell niches begin to subside [20,24,25].

Notably, second messenger Ca2 + signaling is also im-
portant in TJP complex modification as well as the regula-
tion of neurogenesis by coordinating NSC functions, such as
proliferation, migration, and differentiation in the SVZ and
SGZ [15,26,27]. To date, no reports have identified whether
NSCs express TJPs, and therefore, the role that TJPs may
have on calcium-induced NSC proliferation, migration, or
differentiation and the contribution that TJPs may have on the
maintenance of the neurosphere, cluster-like configuration in
stem cell niches, remain as areas open to investigation.

In this study, we examined the expression of TJPs in NSC
cultures and explored the possibility that these proteins
participate in the cell to cell adhesion observed in neuro-
spheres. Our findings show that NSCs highly express ZO-1,
occludin, claudin-1, -3, and -5 mRNA while proliferating in
a neurosphere. When neuronal differentiation was induced,
the expression of these TJPs was markedly downregulated.
Conversely, knocking down the expression of ZO-1 and
disrupting the formation of TJP complexes in neurosphere
culture lead to a concurrent loss of the stem cell marker,
Nestin. These results highlight the possibility that TJP ex-
pression in stem cell cultures may participate in the physical
adherence observed between cells as well as the potential
these protein complexes may play in maintaining a prolif-
erative, nondifferentiated state.

Materials and Methods

Cell culture

NSCs derived from NIH-approved H9 (WA09) human
embryonic stem cells (from here on shortened to H9-NSCs)
were maintained on CELLstart� and grown in the Stem-
Pro� NSC serum free medium (SFM) at 37�C and 5.0%

CO2 (all purchased from Life Technologies). Cell cultures
were maintained and expanded according to the supplier’s
instructions (Invitrogen). The medium was changed every
2–3 days. Cells were passaged using Accutase (Innovative
Cell Technologies, Inc.) when cell growth reached a mini-
mum of 85% confluence. Primary human fetal NSCs (from
here on shortened to fetal NSCs or F-NSCs) were obtained
from the Birth Defects Research Laboratory (University of
Washington, Seattle, WA) in full compliance with the NIH
ethical guidelines. Donor sex and maturation were specified;
all donors were between 94 and 108 days.

The isolation procedure has been detailed previously [28]
with slight modifications. Briefly, brain tissue was incubated
in 0.25% trypsin diluted in Hank’s balanced salt solution
(HBSS) for 45 min. Tissue was transferred into 4�C heat-
inactivated fetal bovine serum, triturated, and kept on ice for
2–3 min. HBSS (4�C) was added to the tissue and then
centrifuged at 500g for 20 min. The pellet was resuspended in
F-NSC complete media consisting of x-Vivo 15 (without
phenol red and gentamicin; Lonza) supplemented with 10mg
of basic fibroblast growth factor (Life Technologies), 100mg
of epidermal growth factor (Life Technologies), 5mg of leu-
kemia inhibitory factor (EMD Millipore), 60 ng/mL of
N-acetylcysteine (Sigma-Aldrich), 4 mL of neural survival
factor-1 supplement (Lonza), 5 mL of 100 · N-2 supplement
(Life Technologies), 100 U of penicillin, 100mg/mL of strep-
tomycin (Life Technologies), and 2.5mg/mL of fungizone (Life
Technologies). The tissue was mechanically dissociated with
small-bore glass pipettes. Supernatants were filtered through a
40-mm cell strainer (Corning Life Science). Single-cell suspen-
sion was seeded at a minimum density of 20 million cells in a
total 25 mL of complete media. Cells were passaged using Ac-
cutase when neurospheres grew to greater than 15 cells in di-
ameter. Neurospheres larger than 40mm in diameter were
incubated in Accutase for 10 min. After mechanically dissoci-
ating the cells, 10 mL of F-NSC medium was added to stop
trypsinization. The cell pellet was collected at 900 rpm for 5 min,
resuspended in a fresh medium, and transferred to a new flask.

Directed differentiation

After one day of adherent culture, media was replaced
with the Neural Differentiation Medium consisting of 1·
Neurobasal Medium, 2% B-27 serum-free supplement, and
2 mM GlutaMAX-I supplement (all from Invitrogen) and
supplemented with human recombinant brain-derived neu-
rotrophic factor (BDNF) (10 ng/mL; Peprotech). H9- and
F-NSCs were maintained on CELLstart. The differentiation
medium was changed every 3–4 days.

Real-time quantitative polymerase chain reaction

The mRNA gene expression profile of TJPs and stem cell
markers was established for both undifferentiated and dif-
ferentiating fetal and H9-NSCs. RNA was isolated with the
RNAqueous PCR kit (Ambion), and RNA purity and con-
centration were determined with a NanoDrop ND-1000
spectrophotometer (Thermo Fisher Scientific, Waltham,
MA). cDNA conversion was performed by reverse tran-
scription using the High-Capacity cDNA Reverse Tran-
scription Kit (ABI). The cDNA (diluted 1:4) template was
then mixed with both the TaqMan Universal PCR Master Mix
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(ABI) and the corresponding human TaqMan Gene Expres-
sion Assay: Nestin: Hs04187831_g1, Sox2: Hs01053049_
s1, CLDN1: Hs01076359_m1, CLDN3: Hs00265816_s1,
CLDN5: Hs01561351_m1, CLDN12: Hs00273258_s1, OCLN:
Hs001701 62_m1, TJP1: Hs01551876_m1, and TJP2:
Hs00910541_m1 from ABI, according to the manufacturer’s
instructions; for internal controls, the human TaqMan gene
expression predeveloped assays for GAPDH and RPLPO
(Applied Biosystems) were also used. Quantitative polymerase
chain reaction (qPCR) was performed on an Applied Biosys-
tems StepOnePlus Real-Time PCR System. Raw data were
analyzed with DataAssist software (Applied Biosystems) using
the DDCt method (relative quantification). Results are ex-
pressed in relative gene expression levels (fold) compared to
the first group (cell line control) shown on the figure graphs.

Immunofluorescence staining and image analysis

TJP expression was evaluated on F-NSCs adhered to
MilliEZ chamber slides (Millipore) coated with Poly-d-
Lysine (50 mg/mL; Sigma) and on H9-NSCs adhered to
MilliEZ chamber slides coated with CELLstart. Cells were
fixed with 3% formaldehyde and permeabilized with 0.05%
Triton X-100 (Sigma-Aldrich) in 1 · phosphate-buffered
saline (PBS; Invitrogen). Primary monoclonal antibodies to
Nestin (10C2) (diluted 1:100; Abcam), claudin-5 (EPR7583)
(1:50; Abcam), and Sox2 (O30-678) conjugated with Alexa
Fluor 488 (diluted 1:200; BD Biosciences) and polyclonal
antibodies to ZO-1, occludin, claudin-1, claudin-3 (all di-
luted 1:50; Invitrogen), and Nestin (1:200; Abcam) were
diluted in a blocking solution consisting of 3% bovine serum
albumin (BSA; Sigma-Aldrich) + 0.1% Triton X-100 in PBS
and incubated with NSCs overnight at 4�C. Differentiating
NSCs were also stained with a primary monoclonal antibody
(TU-20) to neuron-specific class III b-Tubulin (1:500; Ab-
cam). Cells were rinsed, and secondary antibodies conjugated
to Alexa Fluor 488 and Alexa Fluor 594 (diluted 1:200; In-
vitrogen) were added for 1 h. The slides were mounted with a
ProLong antifade reagent containing DAPI (Invitrogen).
Imaging was performed using a CoolSNAP EZ CCD camera
(Photometrics) coupled to a Nikon i80 Eclipse (Nikon). For
neurosphere imaging, a Leica TCS SP5 II MP multiphoton
microscope (Leica Microsystems) configured with a tunable
femtosecond pulsed Mai Tai Ti:Sapphire laser (Spectra Phy-
sics) with a resonant scanner and non-descanned detector or
NDD detectors. The cells were observed with a 20 · dipping
objective (NA 0.95) and images were acquired using Leica’s
LAS imaging software.

Flow cytometry

TJPs in H9- and fetal NSCs were measured by flow cy-
tometry. Sample sizes of 1 · 106 H9- and F-NSCs were col-
lected using EDTA (3 mM; Invitrogen). NSCs were fixed and
stored at 4�C until labeling in a fixation buffer (eBiosciences).
Cells were placed in a permeabilization buffer (eBio-
sciences), containing primary antibodies to TJPs, ZO-1, oc-
cludin, claudin-1, claudin-3, and claudin-5, and stem cell
markers, Sox2 and Nestin, for 30 min. Differentiating NSCs
were also stained with a primary polyclonal antibody to hu-
man microtubule-associated protein 2 (Map2; US Biological)
or monoclonal antibody (TUJ1) to class III b-Tubulin con-

jugated with Alexa Fluor 647 (BD Biosciences). After the
cells were rinsed with a permeabilization buffer, secondary
antibodies conjugated to either FITC or APC were added for
30 min. Unless otherwise specified, the same antibodies and
dilutions were used as in the Immunofluorescence Staining
and Image Analysis section. Cells were rinsed and re-
suspended in a flow buffer consisting of 1% BSA in 1 · PBS.
Acquisition and analysis of the labeled cells were then
performed using a FACS Calibur of FACS-Canto II flow
cytometers (BD Biosciences). Acquisition parameters and
gating were controlled by CellQuest software (BD Bios-
ciences). Data analysis was performed with FlowJo software
(FlowJo, LLC). The data represent the fluorescence intensity
of gated populations (as determined by isotype-matched
controls) of at least 10,000 events recorded in a single ex-
periment that was repeated thrice.

Transient transfection

Transfection into H9-NSCs was performed by electro-
poration using one pulse of 1,100 V and 30 ms with the Neon�

transfection system (Life Technologies) according to the
manufacturer’s instructions. The use of the Neon transfection
system on H9-NSCs allows for 30%–60% transfection effi-
ciency. The concentration of ON-TARGETplus SMARTpool
siRNA for TJP1 (ZO-1), and of ON-TARGETplus nontarget-
ing pool was 50 nM and of the siGLO green transfection in-
dicator was 50 nM (all purchased from Thermo Scientific).
Cells were immediately grown on CELLstart in the StemPro
NSC SFM complete medium at 37�C and 5.0% CO2. After
48 h, cells were collected using EDTA. Cells were stained
with antibodies against ZO-1 and Nestin. Acquisition and
analysis of the labeled cells were then performed using a
FACS-Canto II flow cytometer (BD Biosciences) and ana-
lyzed with FlowJo software (Tree Star, Inc.). The H9 popu-
lation lying within the FITC-positive gate was analyzed. The
data represent at least 10,000 events collected per experiment.

Statistical analysis

The values shown in all figures and those mentioned in
the text represent the average – SEM of experiments that
were conducted multiple times (as indicated). Statistical
significance (P < 0.05) was determined by performing un-
paired two-tailed Student’s t-test or through multiple group
comparisons performed by ANOVA with Dunnett’s post hoc
test utilizing Prism v5 software (GraphPad Software, Inc.).

Results

Gene expression profile for proteins associated
with the formation of tight junction complexes

We evaluated NSCs derived from H9 (WA09) human
embryonic stem cells (H9-NSCs) (Fig. 1A) and those iso-
lated from human fetal brain tissue (F-NSCs) (Fig. 1B). H9-
NSCs were grown in adherent culture as a monolayer, while
F-NSCs were grown in suspension as neurospheres. The
expression profile of TJPs was evaluated by real-time qPCR.
First, NSC cellular markers, Nestin and Sox2, were evalu-
ated. As shown in Fig. 1C, both cellular markers are ex-
pressed. Established from a histiocytic lymphoma, U937
cells have a monocytic phenotype [29] and express very
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little mRNA for Nestin and Sox2. Therefore, U937 cells
were used to derive the relative expression levels of both
NSC markers in H9-NSCs and F-NSCs. Interestingly, even
though H9-NSCs were cultured as adherent cells compared
to the neurospheres in F-NSCs, the high level of mRNA
expression of Sox2 and Nestin was similar in both cell types
with a roughly 116-fold increase in Sox2 and 1,000-fold
increase in Nestin (Fig. 1C).

For the assessment of gene expression for TJPs, studies
were focused on occludin, barrier (or strand)-forming
claudins known to have brain tissue distribution such as
claudin-1, -3, -5, -12, and the scaffold proteins, ZO-1 and
ZO-2 [30,31]. The human embryonic kidney cell-line
HEK293 cells do not form tight junctions, (TJ), but do ex-
press low levels of mRNA for TJPs, which is likely highly
unstable and degrades before making it to the protein [32].
However, for the purpose of comparison, HEK293 cells
were used to calculate the relative expression of genes
coding for TJPs in NSCs (Fig. 1D–F). Primary human
BMVECs were used as a control since these cells highly
express TJPs [33]. Expression of occludin mRNA in NSCs
was high with an *150-fold increase in both H9 and F-
NSCs over control (Fig. 1D). As expected, BMVEC mRNA

expression for occludin was very high with a 550-fold in-
crease. Caco-2 cells are an intestinal epithelial cell line,
which expresses TJPs, although of a different proteomic
configuration than the brain endothelial cell. Membrane
fractions of Caco-2 cells show claudin-1, claudin-3, and
claudin-12 expression, but no claudin-5 expression [34,35].
Meanwhile, BMVECs predominantly express claudin-3 and
claudin-5 [15]. Of the TJ-expressing cell lines, Caco-2 cells
expressed the highest level of mRNA for claudin-1 with
a 400-fold increase and BMVECs the lowest level with a
4-fold increase.

H9 and F-NSCs showed a moderately high expression of
mRNA for claudin-1 with roughly a 150-fold increase in
both cell types. Claudin-3 mRNA expression was high for
Caco-2 cells and BMVECs with a 500- and 400-fold in-
crease, respectively. In comparison, NSCs had less, but still
significant claudin-3 expression. The fold increase for H9-
NSCs was three times greater compared with F-NSCs. There
was marginal mRNA expression for claudin-5 in Caco-2
cells. Claudin-5 mRNA expression in H9-NSCs and F-NSCs
was considerably high with a 250- and 600-fold increase
when compared to the 800-fold increase in BMVECs.
Claudin-12 mRNA expression was high in Caco-2 cells with

FIG. 1. Polymerase chain
reaction (PCR) data shows rel-
ative mRNA expression of tight
junction proteins (TJPs) in H9
and fetal neural stem cells
(F-NSCs). (A) Representative
image of H9-NSCs in the un-
differentiated state in adherent
culture. (B) Representative im-
age of F-NSCs in the undiffer-
entiated state in neurosphere
configuration. (A, B) are shown
at 20 · magnification with a
scale bar set at 100mm. (C)
Relative mRNA expression of
NSC markers Sox2 and Nestin
in U937 cells and in primary
NSCs. (D) Relative mRNA
expression of occludin in
HEK293 cells, brain micro-
vascular endothelial cells
(BMVECs), and NSCs. (E)
Relative mRNA expression of
claudin-1, -3, -5, and -12 in
HEK293 cells, Caco-2 cells,
BVMECs, and NSCs. (F) Re-
lative mRNA expression of
ZO-1 and ZO-2 in HEK293
cells, Caco-2 cells, BVMECs,
and NSCs. The results are ex-
pressed as the average fold
change– SEM in gene expres-
sion compared to the first group
shown in the graph. In all
comparisons, U937, HEK293,
BMVEC, and Caco-2 cells
were used as controls for the
indicated gene expression tar-
get. The asterisk indicates sta-
tistical significance (P < 0.001).
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a 300-fold increase, moderate in BMVECs with a 100-fold
increase, and very low in NSCs with a 3-fold increase in
both H9 and fetal types (Fig. 1E).

Next, the scaffold proteins ZO-1 and ZO-2, critical for
assembly of the TJ complex, were analyzed. Previous re-
ports have shown that Caco-2 cells express both ZO-1 and
ZO-2 proteins [36]. ZO-1 mRNA expression was high in
Caco-2 cells with a 500-fold increase. mRNA expression in
NSCs was comparable to that of BMVECs. A 250-fold in-
crease in BMVECs was observed compared to a 150-fold
increase in F-NSCs and 100-fold increase in H9-NSCs. In
general, there was less mRNA expression for ZO-2 than for
ZO-1 in all TJ-expressing cell types. The mRNA expression
for ZO-2 was moderate for Caco-2 cells and BMVECs with
a roughly 100-fold increase for both cell types. Interestingly,
there was very low ZO-2 mRNA expression for NSCs with
only roughly a 3-fold increase over the HEK293 control for
both types of NSCs (Fig. 1F). These data confirm that NSCs
express TJ mRNA in a manner consistent with cells known
to have high levels of TJ mRNA expression.

Detection of TJP expression through FACS

To investigate whether TJP mRNA expression in NSCs
correlated with their protein expression, analysis by FACS
was performed. First, antibodies against common NSC
markers were used. As shown in Fig. 2B, *93% of the H9-
NSC population was positive for stem cell markers, Sox2 and
Nestin (Fig. 2B), indicating that proliferating NSCs in culture

maintained their stemness state. Next, TJP immunostaining
was counterstained with stem cell marker Sox2 to identify the
presence and the percent of the population expressing the
TJP. Of the Sox2-positive population, *91% of the cells
were positive for ZO-1, 89% for occludin, 42% for claudin-1,
91% for claudin-3, and 85% for claudin-5 (Fig. 2C–F).

Likewise, F-NSCs expressed Sox2 and Nestin. In regard
to F- NSCs, similar expression profiles as H9-NSCs were
observed, although Sox2 was lower in F-NSCs when com-
pared to H9-NSCs (data not shown). Overall, in all isolations
of F-NSCs greater than 97% of the cells expressed, occludin,
ZO-1, claudin-3, and claudin-5 with 32% of the cells ex-
pressing claudin-1 (data not shown). FACS analysis confirms
that NSCs express transmembrane TJPs and that their ex-
pression correlates with NSC markers, Sox2 and Nestin.

Cellular distribution of TJPs in NSCs

To characterize TJP cellular distribution, visualization by
indirect immunofluorescence and microscopy was per-
formed. First, undifferentiated and proliferating NSCs were
evaluated for the presence of NSC markers, Sox2 and
Nestin. Double-immunostaining with anti-Nestin and anti-
Sox2 antibodies showed strong immunoreactivity of the
two targets in H9 and F-NSCs, Figs. 3A–C and 4A–C, re-
spectively. Interestingly, Sox2, a transcription factor for
maintaining pluripotency, was found to be primarily in the
nuclear compartment for H9-NSCs and more cytosolic for
F-NSC (Figs. 3B and 4B). Nestin, an intermediate filament

FIG. 2. Representative plots of FACS analyses of TJPs on H9-NSCs. (A) Demonstrates typical gating parameters for
subsequent study of H9-NSC populations. Analyses were based upon 10,000 cell counts within the gate. (B) H9-NSCs were
immunostained for Nestin and Sox2 to confirm NSC phenotype. Sox2 expressing H9-NSCs were colabeled for TJPs ZO-1
(C), occludin (D), claudin-1 (E), claudin-3 (F), and claudin-5 (G). Number in the quadrants of each plot indicates the
percentage of cells showing no expression of the target (bottom left quadrant), Sox2 only (upper left quadrant), the specific
TJPs (bottom right quadrant), or both Sox2 and the particular TJP (upper right quadrant).
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protein, appeared cytosolic and distinctly fiber like for H9 and
fetal NSCs (Figs. 3A, D, G, J, M, P and 4A, D, G, J, M, P).
ZO-1, the anchor protein necessary for TJ assembly [15,31],
appeared distributed throughout the cytoplasm and membra-
nous areas of H9–NSCs, but was more concentrated at the
cellular membranes for F-NSCs (Figs. 3E and 4E). Occludin
and claudins are transmembrane proteins that directly bind to
specific sites on ZO-1 [37]. Occludin (Figs. 3H and 4H) and
claudin-1 (Figs. 3K and 4K) were observed at intercellular

areas for both H9 and F-NSCs. Furthermore, when compared
to the other TJPs, claudin-1 expression appeared the most
distinctively membranous and concentrated at intercellular
areas when compared to the other claudins. Claudin-3 ap-
peared cytosolic and filamentous-like in F-NSCs, with only a
few cells showing great intensity at intercellular regions (Fig.
4N). Claudin-3 appeared mainly cytosolic, although in cells
with high expression it appeared to be concentrated with high
intensity at cell–cell junctions in H9-NSCs (Fig. 3N).

FIG. 3. Distribution of
TJPs on H9-NSCs. (A and B)
Shows immunopositive F-
NSCs with anti-Nestin and
anti-Sox2 antibodies, con-
firming the NSC phenotype.
H9-NSCs immunopositive
for ZO-1 (E), occludin (H),
claudin-1 (K), claudin-3 (N),
and claudin-5 (Q). The first
column (A, D, G, J, M, and
P) shows the same neuro-
sphere (s) as the middle col-
umn is also immunopositive
for the stem cell marker
Nestin. The images on the
right column (C, F, I, L, O,
and R) show the preceding
two images merged along
with the nuclear counterstain
DAPI. All images are shown
at 40 · objective power with
scale bars at 20mm. Arrows
indicate areas where the ex-
pression appears intercellular.
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Interestingly, the intensity of claudin-3 was much greater for
F-NSCs even though the relative mRNA expression was three
times less compared with H9-NSCs. Claudin-5 was highly
concentrated at intercellular areas, but also throughout the
cytoplasm in H9 and F-NSCs (Figs. 3Q and 4Q). Of note, for
better visualization of morphological patterns of occludin and
ZO-1 in H9-NSCs, high-magnification images (at 60 · and
100 · oil-objective magnification) are provided in Supple-
mentary Fig. S1; supplementary materials are available online
at http://www.liebertpub.com/scd. Together, these data sug-

gest that NSC TJPs are distributed along the cellular mem-
brane and concentrated at intercellular areas representing a
fully functional TJ complex.

The expression of TJPs in NSCs suggests the likely as-
sembly of intercellular tight junction complexes between
adjacent cells. Measurement of resistance by Electric Cell-
substrate Impedance Sensing or ECIS� was performed as a
means to analytically evaluate the tightness of H9-NSC
monolayers. Therefore, using the ECIS Z-theta 96-well ar-
ray station from Applied Biophysics, H9-NSCs were seeded

FIG. 4. Distribution of TJPs
on F-NSCs. (A and B) Ex-
panded cultures of F-NSCs
neurospheres show im-
munopositive reactivity with
antibodies to stem cell mark-
ers Nestin and Sox2, re-
spectably. (D, G, J, M, and P)
Nestin-positive neurospheres
also appear immunopositive
for TJPs: ZO-1 (E), occludin
(H), claudin-1 (K), claudin-3
(N), and claudin-5 (Q). Note
the transmembrane and/or
cytosolic localization of
TJPs, while Nestin appears
cytosolic and filamentous.
The images on the right
column (C, F, I, L, O, and
R) show the preceding two
images merged along with the
nuclear counterstain DAPI.
All images are shown at 40 ·
objective power with scale
bars at 20mm. Arrows indicate
areas where the expression
appears intercellular.
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on top of microelectrodes and allowed to grow. Input of a
low-frequency current is impeded in a manner related to cell
attachment and configuration. The low AC frequency used
follows the path of least resistance, particularly between adja-
cent cells (i.e, paracellularly).

To compare the relative intercellular tightness between
adjacent cells, the resistance was measured on monolayers
of H9-NSCs and compared to those generated by brain en-
dothelial cells and HEK293 cells (Supplementary Fig. S2).
BMVECs, which are barrier forming due to the presence of
tight junctions, had the highest resistance measurements (in
ohms) followed by H9-NSCs and finally HEK293 cells
(which form adherent junctions, but have no tight junctions).
At 24 h, normalization to the values produced by HEK293
cells provided the following results (average fold – SD):
HEK293 = 1.0 – 0.106, BMVEC = 30.560 – 1.992, and H9-
NSC = 7.143 – 0.533. These analyses show that H9-NSCs
generate a resistance that is seven times higher than that
measured for HEK293 cells. Together, these results give
credence to the notion that membrane localization of TJPs in
NSCs is likely involved in forming intercellular tight junc-
tion complexes.

Neuronal differentiation of NSCs affects
TJP expression

H9 and F-NSCs were grown in adherent culture and sup-
plemented with the neurobasal medium with BDNF for 14
days; 97% of the F-NSC population was double positive for
neuronal markers, Map2 and class III b-Tubulin, confirming
that neuronal differentiation was induced (Fig. 5A). Im-
munofluorescence staining and imaging showed typical neu-
ronal morphological changes with intense class III b-Tubulin
protein expression (Fig. 5A). Similar differentiation outcomes
were obtained for differentiated H9-NSCs (data not shown).

As seen earlier, FACS analysis indicated that over 98% of
the NSCs expressed ZO-1, occludin, and claudin-5. FACS
(histograms) mean fluorescence intensity (MFI) determina-
tions showed that occludin (Fig. 5B) and claudin-5 (Fig. 5C)
expression was decreased at 14 days of neuronal-induced
differentiation when compared to undifferentiated NSCs.
Typical results showed that the MFI for occludin decreased
from 260– 30 to 39– 5, while MFI of claudin-5 decreased from
151– 22 to 34– 8 indicating approximately a 6.6- and 4.4-fold
downregulation for occludin and claudin-5, respectively.

H9-NSCs showed a similar downregulation in TJPs dur-
ing differentiation (data not shown). Ninety-eight percent of
the H9-NSCs were double positive for Map2 and class III b-
Tubulin upon differentiation. Over 93% of the H9 popula-
tion expressed ZO-1, occludin, or claudin-5. The MFI of
occludin decreased by 3.6-fold from 556 – 51 to 153 – 19
post-14-day differentiation. The MFI of claudin-5 decreased
from 416 – 72 at the undifferentiated state to 62 – 7 at 14-
day differentiation; a decrease of 6.7-fold. Analysis of the
gene expression for the TJPs after 14-day neuronal differ-
entiation also showed downregulation (Fig. 6), indicating
regulation of protein expression at the transcriptional level
rather than protein turnover.

Compared to levels in the undifferentiated cells, the fol-
lowing (average) percent of mRNA downregulation was
observed in H9-NSCs: 70% for ZO-1, 30% for ZO-2, 82%
for occludin, 20% for claudin-1, 60% for claudin-3, 40% for

FIG. 5. Downregulation of TJP expression in differenti-
ated F-NSCs. Neurospheres were induced to differentiate
toward a neuronal phenotype for 14 days. (A) FACS anal-
ysis of differentiated F-NSCs upregulate neuronal markers
and double positive for Map2 and class III b-Tubulin.
Representative images (on the right) demonstrate the typical
morphological changes of F-NSCs differentiating neurons
that are observed migrating out of the neurosphere. FACS
histograms for occludin (B) and claudin-5 (C) expression in
undifferentiated and differentiated F-NSCs. Note, in differ-
entiated neurospheres, the expression of TJP decreases; the
mean fluorescence intensity (MFI) (expressed in percent of
the maximum intensity) is indicated within the graphs.
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claudin-5, and 20% for claudin-12. F-NSCs had similar
trends as H9-NSCs, although with slight differences in gene
regulation. The results for F-NSCs compared to the undif-
ferentiated were as follows: 50% for ZO-1, 35% for ZO-2,
82% for occludin, 30% for claudin-1, 50% for claudin-3,
60% for claudin-5, and 15% for claudin-12. Together, these
results suggest that NSCs greatly downregulate TJP ex-
pression as a function of differentiation.

Targeted downregulation of ZO-1 in undifferentiated
NSCs induces loss of stem cell markers

The TJP ZO-1 is necessary to nucleate the TJ complex
serving as a scaffold to anchor occludin and claudins and
forming a bridge to the cytoskeleton [37]. We hypothesized
that by knocking down ZO-1, TJ would be compromised and
trigger NSCs to lose their stemness. To test this premise, H9-
NSCs were transfected with a targeting siRNA pool for ZO-1
along with a nontargeted FITC-labeled siRNA control. As
can be seen in Fig. 7A, the nontargeted FITC-labeled siRNA
showed approximately a 31% transfection efficiency, serving
also as the means to gate for the population transfected.
Transfection of the nontargeted siRNA had no effect on ZO-
1 expression (Fig. 7B). However, transfection of the targeted
siRNA for ZO-1 (along with the nontargeted FITC labeled)
showed a decrease in both the possible cell populations ex-
pressing ZO-1 and Nestin (Fig. 7C).

Typical results after 48 h showed a decrease of 24%
downregulation in Nestin, from 70.4% to 54.2% positive
cells. A 38% downregulation in Sox2 was also observed,
from 47.4% to 29.7% positive cells. For ZO-1-Nestin dou-
ble-positive cell populations, a 36.4% decrease was ob-
served, from 93.6% to 57.2% positive cells. siRNA-
mediated knockdown of ZO-1 also induced a 41% decrease
in ZO-1-Sox2, from 56.7% to 33.6% positive cells. Al-
though transfection efficiencies were overall much lower for
F-NSCs, the loss of Nestin and Sox2 after siRNA specific to
ZO-1 transfection was also observed (data not shown).
These results point to a possible mechanism in which the
TJP scaffold, ZO-1, may be downregulated to promote NSC
loss of stemness and induction of differentiation.

Discussion

In the brain, TJ are present throughout the vasculature and
at the choroid plexus (CP). TJPs present between endothelial

cells form the basis of the physical barrier associated with
the BBB and those at CP epithelial cells forms the blood-
cerebrospinal-fluid barrier [38]. The predominant TJPs ex-
pressed in the brain include occludin, claudin-1, -3, -5, -12
and ZO-1 and -2 [39]. The TJ complex responds quickly to
intracellular signaling changes and shows rapid changes in
expression, subcellular redistribution, and post-translational
modifications [15,17,18].

NSCs in the brain exist in a neurocluster-like configura-
tion found in close proximity at bifurcating cerebral mi-
crovessels of the SVZ and SGZ [3]. A similar configuration
is found when primary NSCs are cultured in vitro. These
cells have the characteristic free-floating three-dimensional
cluster-like formation, and the cells maintain their prolif-
erative state, self-renewal, and multipotency. It is known that
this neurosphere configuration or stem cell to cell contact is
important for preserving stemness and a proliferative state.
How NSCs form neurospheres or neuroclusters remains lar-
gely unknown. Particularly, this study was designed to an-
swer the question of whether or not TJPs could be detected in
NSC cultures. To answer this question, the studies presented
in this report utilized both primary human fetal NSCs ob-
tained from the Birth Defects Research Laboratory at the
University of Washington and a primary NSC line derived
from H9 (WA09) human embryonic stem cells.

Primary human fetal NSCs formed free-floating neuro-
spheres in culture, while the H9-NSCs were cultured as ad-
herent monolayers. Part of the reasoning to use these two
types of cells was to determine whether differences existed
between the type of TJPs found in cell to cell interactions
between monolayer versus neurosphere-grown NSC cultures.

Analysis first centered on profiling the mRNA and protein
expression of barrier-forming TJPs in NSCs. To ensure
proper culturing conditions, the NSC marker was confirmed
as having Sox2hi and positive for Nestin [40] (Fig. 1). TJP
profiling was focused on the TJPs that are highly expressed
in the brain, which included select claudins associated in
barrier formation. Claudins have a family of 24 closely re-
lated proteins, which are subcategorized as barrier-forming
claudins and pore-associated claudins [41]. In H9-NSCs, the
TJP-related gene expression was identified in addition to the
following pattern of expression (from high to low): claudin-
3 > occludin > claudin-1 > claudin-5 > ZO-1 > claudin-12. In
the case of F-NSCs, the cells showed a slightly different
pattern of expression: claudin-5 > occludin > ZO-1 > claudin-
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FIG. 6. Decreased expression of
TJPs in differentiated H9-NSCs and F-
NSC. Comparative mRNA expression
analysis by quantitative polymerase
chain reaction of genes coding for
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SEM of the percent change from the
levels found in the corresponding un-
differentiated state. The asterisk indi-
cates statistical significance (P < 0.001).
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1 > claudin-3 > claudin-12. Interestingly, in both types of
NSCs, claudin-12 expression was marginal and ZO-2 ex-
pression was nearly undetectable. Therefore, these proteins
were excluded from further analysis.

The mRNA expression was followed with validation of
protein expression to determine whether the mRNA for a
given TJP is stable and translated (Fig. 2). Also, given the
heterogeneity of NSCs, FACS analysis allowed for mea-
suring the percentage of cells expressing the target TJP.
These analyses showed high protein expression and a high
number of H9-NSCs expressing TJPs in the following or-
der: ZO-1 > claudin-3 > occludin > claudin-5 > claudin-1. In
F-NSCs, the following pattern was noted for the percent of
cells expressing the subsequently given TJP (from high to
low): occludin > ZO-1 > claudin-5 > claudin-3 > claudin-1. The
differences in relative expression patterns of mRNA com-
pared to protein may be explained by the possibility that
changes in mRNA stability and degree of protein turnover
differs for the specific TJP [32].

Although both the TJP gene and protein expression were
confirmed, cellular distribution of each protein may differ
to that what would be expected. Therefore, using confocal

imaging, NSCs were evaluated for TJP cellular localization
(ie, membranous, cytosolic, etc.) (Figs. 3 and 4). H9-NSCs
had the characteristic membranous immunostaining for most
of the TJP, except for claudin-5, which appeared more peri-
nuclear and membranous. Although ZO-1 is a cytosolic pro-
tein, its close association to the membrane makes it appear
membrane bound. High-magnification images for H9-NSCs
(Supplementary Fig. S1) reveal an intermittent pattern for
ZO-1 and a more continuous one for occludin. Therefore, it is
possible that unlike barrier-forming cells, such as BMVECs,
expression of TJP in NSCs provide anchoring points for cell
to cell attachment. NSC neurospheres had the expected cel-
lular distribution for all the TJPs tested. Therefore, the ex-
pression of TJPs in NSCs may be indicative of functional
tight junction complexes formed at the interface between
neighboring cells.

Supporting the notion that tight junction complexes are
being formed can be found in results obtained from the
measurement of transcellular resistance (Supplementary
Fig. S2). As expected, brain endothelial cells, which are
barrier forming due to the presence of tight junctions, had
the highest resistance measurements (in ohms) followed by

FIG. 7. siRNA-mediated knockdown of ZO-1 induces less expression of the stem cell marker, Nestin. (A) Indicates
the transfection efficiency of H9-NSCs (microscopy images on the right, 10 · objective magnification, scalebars at
50 mm) transfected with pooled siRNAs to TJP, ZO-1, together with a siGLO transfection indicator; a FAM-labeled
oligonucleotide duplex that localizes to the nucleus. The transfection indicator was used to gate for the transfected
cells and a representative graph of the gated population is indicated by the boxed area. (B, D) Representative FACS
of immunolabeled ZO-1 and Nestin (B) or ZO-1 and Sox2 (D) on H9-NSCs transfected with control nontargeting
siRNA. (C, E) Shows FACS analysis of H9-NSCs transfected with siRNAs to ZO-1 and immunolabeled for ZO-1 and
Nestin (C) or ZO-1 and Sox2 (E). Specific knockdown of ZO-1 shows a decrease in the expression of both the TJP
and the stem cell markers, Nestin and Sox2. Of note, due to the use of different antibody clones for the BV421
fluorescently tagged ZO-1 and PE fluorescently tagged Sox2, the percent of cells expressing baseline levels of ZO-1
and Sox2 is lower than the more sensitive antibody clones used in Fig. 2.
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H9-NSCs and finally HEK293 cells (which do not form tight
junctions). The H9-NSCs resistance was approximately se-
ven times higher than that measured for HEK293 cells, thus
providing compelling support for the formation of tight
junctions. However, the findings also reveal that the level
of tight junctions present is not comparable to barrier-
forming endothelial cells.

These differences between the BMVECs and H9-NSCs
could simply be due to context and cytoarchitectural ar-
rangement. BMVECs, for instance, express TJPs for as-
sembly of a complex and highly dynamic barrier, which
in vivo gives rise to the BBB. Alternatively, the expression
of TJPs in H9-NSCs could likely be utilized for enhanced
cell to cell attachment/anchoring. The detection of TJP ex-
pression along with an elevated transcellular resistance
profile provides strong evidence that NSCs form functioning
intercellular tight junction complexes.

We next hypothesized that TJPs may be inversely pro-
portional to NSC differentiation. Thus, we examined TJP
expression after induced neuronal differentiation of NSCs.
We found that at 14 days of neuronal differentiation, clau-
din-5 and occludin expression decreased in H9 and F-NSCs
(Fig. 5). Assessment of mRNA expression of all TJPs was
markedly decreased at 14-day differentiation when com-
pared to the undifferentiated state (as indicated in Fig. 6).

The above observation prompted experiments that ask the
question of whether the directed elimination or decreased
expression of a TJP affected the stemness status of the NSC.
For this analysis ZO-1 was chosen to be targeted for siRNA-
mediated knockdown due to its importance in nucleating
the tight junction complex. In addition, previously it was re-
ported that decreased expression of ZO-1 not only destabilized
the TJ complex but also affected the levels of other TJPs [42].
Indeed, the H9-NSC population, in which ZO-1 was knocked
down, the expression of Nestin and Sox2 was also decreased
(Fig. 7). Therefore, it is possible that the decrease in TJP ex-
pression may function as a trigger for differentiation. How
differentiation is affected, particularly in terms of whether TJP
reduction directs the differentiation of a particular lineage, is
an important future direction for this study.

Recent studies have revealed that NSCs express the
gap junctional protein Cx43 both in vitro and in vivo
[19,20,24,43]. Cx43 expression maintains NSCs in a
proliferative state; when Cx43 expression is inhibited,
NSCs differentiate or die [20,43]. In this study, we pro-
vide compelling evidence that TJPs are also present in
NSCs, which together with gap junctions may (1) stabilize
the intercellular arrangement and (2) promote their stem
cell nature.

Previous studies have shown that NSCs exist in the
specialized stem cell niches in the SVZ and SGZ of the
adult mammalian brain. NSCs are in close proximity to
blood vessels by which small molecules in the blood reg-
ulate NSC regeneration [3,40]. The finding in this report
demonstrating the presence of TJPs in NSCs raises the
possibility that NSCs may also use TJPs to aid in anchoring
them to the endothelium. There is no doubt that NSCs and
endothelial cells have a unique reciprocal relationship in
the brain, although how BMVECs and NSCs interact to
form the vascular niche is still unknown.

Interestingly, in coculture studies of BMVECs and em-
bryonic NPCs, BMVECs increased BBB tightness, while

NSCs showed suppressed differentiation [44]. Furthermore,
coculture experiments have also demonstrated that NSC
proliferation was induced upon removal of brain endothelial
cells [45]. Unlike the above Boyden chamber studies, a re-
cent report showed the successful direct coculture of NSCs
and BMVECs together, thus demonstrating that direct in-
teraction between the two cell types is possible [46].
Therefore, intercellular communication possibly through
direct interaction of brain endothelial cells with NSCs in
vascular niches may be essential for NSC self-renewal,
proliferation, and differentiation.

Understanding the interactions between NSCs and the
protein complexes that facilitate their cluster-like forma-
tion may provide significant insight toward understanding
how these cells regulate proliferation and maintain their
stemness status. Our study identifies key TJPs that are
expressed on human NSCs and establishes the possibility
that TJP regulation is linked to neuronal differentiation.
Future studies will identify whether NSCs in neurogenic
areas express TJPs, which may be essential not only in
cluster formation but to also anchor NSCs to the micro-
vasculature. Finally, how the specific TJP is temporally
regulated during the three (neuronal, astrocytic, and oli-
godendrocyte) differentiation pathways would offer great
comprehension into improving or monitoring directed
differentiation of NSCs in vitro.
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