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Abstract

At the blood-brain barrier (BBB), claudin (Cldn)-5 is thought to be the dominant tight junction (TJ) protein, with minor
contributions from Cldn3 and -12, and occludin. However, the BBB appears ultrastructurally normal in Cldn5 knock-out
mice, suggesting that further Cldns and/or TJ-associated marvel proteins (TAMPs) are involved. Microdissected human and
murine brain capillaries, quickly frozen to recapitulate the in vivo situation, showed high transcript expression of Cldn5,
-11, -12, and -25, and occludin, but also abundant levels of Cldnl and -27 in man. Protein levels were quantified by a novel
epitope dilution assay and confirmed the respective mRNA data. In contrast to the in vivo situation, Cldn5 dominates BBB
expression in vitro, since all other TJ proteins are at comparably low levels or are not expressed. Cldn11 was highly abundant
in vivo and contributed to paracellular tightness by homophilic oligomerization, but almost disappeared in vitro. Cldn25, also
found at high levels, neither tightened the paracellular barrier nor interconnected opposing cells, but contributed to proper
TJ strand morphology. Pathological conditions (in vivo ischemia and in vitro hypoxia) down-regulated Cldn1, -3, and -12,
and occludin in cerebral capillaries, which was paralleled by up-regulation of Cldn5 after middle cerebral artery occlusion in
rats. Cldn1 expression increased after CldnS5 knock-down. In conclusion, this complete Cldn/TAMP profile demonstrates the
presence of up to a dozen TJ proteins in brain capillaries. Mouse and human share a similar and complex TJ profile in vivo,
but this complexity is widely lost under in vitro conditions.
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Introduction

The blood—brain barrier is an extremely fine-tuned biologi-
cal interface—a highly restrictive barrier equipped with
a multitude of transporters for brain nutrients. Claudins
(Cldns) are the major component that establishes paracellu-
lar tightness between neighboring endothelial and epithelial
cells [1, 2]. 27 members of this family have been described
[3, 4]. Clnds build the backbone of tight junctions (TJs),
forming an intramembranous network of strands between
adhering plasma membranes. In these strands, most Cldns
and TJ-associated marvel proteins (TAMPs: occludin (Ocln),
tricellulin, marvelD3) heterophilically cis-associate along
membranes [5] and trans-oligomerize between plasma mem-
branes of opposing cells [6]. The varying barrier properties
depend on the combination of tightening and pore-forming
Cldns within the TJ strands [7]. Cldn composition and their
arrangement within TJ strands are regulated in development
and disease [8, 9].

The TJs of the blood—brain barrier (BBB) are among the
most restrictive sealing elements throughout the organism
and are formed between brain capillary endothelial cells
[10]. This restriction protects the brain from both harmful
substances and the effects of substrate fluctuations in blood,
and maintains brain homeostasis. Cldn5 is thought to be
the main TJ protein at the BBB [11]. Cldn5 knock-out mice
exhibit increased BBB permeability for molecules < 800 Da;
alterations in the morphology of the TJs have not been
observed [12]. Although Cldn12 is certainly expressed [12],
it does not form TJ strands, and it is unclear whether it is
incorporated into existing strands, as neither homo- nor het-
erophilic interactions have been found [6]. In comparison
with Cldn5, other tightening Cldns, such as Cldnl or -3,
are rather weakly expressed at the BBB [13-15]. Cldnl1
transcript expression was reported in primary brain endothe-
lial cells [16], and Cldn11 and Cldn5 protein, but no other
claudins, have been identified in brain endothelial cells and
capillaries very recently [17]. Thus, the question arises as to
whether further TJ proteins incorporate into TJs of the BBB
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and whether Cldn5 deficiency is compensated by other TJ
proteins.

An interplay between TJ proteins is a prerequisite for the
regulation of barrier permeability and for compensatory
mechanisms, but little is known about this. In endothelial
cells, cadherin-5 controls Cldn5 by triggering transcriptional
repression via FoxO1 and p-catenin [18]. However, -catenin
also activates the transcription of Cldn1 [19] and Cldn3 [20].
Ocln is highly expressed at the BBB and is controlled by
different pathways. Multiple kinases and phosphatases have
been identified to target Ocln, in particular in the C-terminal
region [21]. In the endothelium of the blood-retinal bar-
rier, vascular endothelial growth factor (VEGF)-dependent
signal transduction involves conventional protein kinase C
beta and atypical protein kinase C [22]. VEGF-mediated
phosphorylation of Ocln at Ser490 increases its cytoplasmic
localization [23]; concomitant redistribution of Cldn5 is in
line with cis-interactions between Ocln and different Cldn
variants [5].

In cerebral pathologies, TJ protein expression is modi-
fied and BBB tightness is affected. For example, disruption
of the BBB is observed in neurological disorders such as
multiple sclerosis, stroke, Alzheimer’s disease, epilepsy, and
traumatic brain injuries [24]. Cldn5, Ocln and cadherin-5
levels are decreased within the first hours of ischemia [25,
26]. p-Catenin is degraded during focal cerebral ischemia
[27]. After hypoxia, Cldnl is up-regulated in mouse brain
endothelial cells [28], whereas levels of Cldn3 and Cldn5
in rat brains are decreased following ischemia (unilat-
eral carotid artery ligation) [29]. Ocln plays a key role in
response to redox changes and acts as a redox sensor and
regulator at the TJs [30, 31]. Under the reducing conditions
caused by hypoxia or ischemia, occludin is redistributed
from the TJs to the cytosol, and the paracellular barrier is
weakened [32, 30]. Intracellularly, occludin acts as an oxi-
dase [33], thereby counterbalancing alterations in the redox
status of the cells.

The function of the TJs largely depends on the molecular
composition and stoichiometry of its constituents. In this
respect, quantitative data are sparse and restricted to rodents
and do not consider recent developments, such as the dis-
covery of Cldn-25, -26 and -27, which localize to TJs after
exogenous expression in epithelial cell lines [4].

Thus, the objectives of the present investigation are as
follows: (1) to perform comprehensive identification and
quantification of tetraspanning TJ transcripts/proteins at
the BBB of human and mouse in vivo and in vitro, (2) to
characterize the influence of pathological conditions on TJ
protein expression and localization and finally, (3) to gain
insight into the influence of Cldn deficiency on other TJ
proteins. We have identified new members of the Cldn fam-
ily at the BBB, with different abundance in man and mice
in vivo and in vitro; they may also compensate for each other
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under redox stress or after knock-down. Our data provide an
explanation for the differences in barrier tightness between
cellular and animal BBB models.

Experimental procedures
Materials

Cldn nomenclature was used as described [4]. The antibod-
ies such as rabbit anti-Cldn1 (51-9000), rabbit anti-Cldn3
(34-1700), rabbit anti-Cldn4 (36-4800), mouse anti-Cldn5
(1548773A), rabbit anti-Cldn5 (QE215213), rabbit anti-
Cldnl1 (36-4500), rabbit anti-Cldn15 (389200), rabbit
anti-Cldn25 (PA-25733), mouse anti-Ocln (33-1500) and
horseradish peroxidase (HRP)-conjugated antibody were
from Thermo Fisher Scientific (Waltham, USA). Mouse
anti-p-actin (CPO1) was from Merck Millipore (Darmstadt,
Germany), rabbit anti-Cldn12 (JP18801) from IBL Interna-
tional (Hamburg, Germany), rabbit anti-Cldn20 (117678-
1-Ab) from Proteintech (Rosemont, USA), rat anti-Zo1
(LSC124822) from Biozol Diagnostica (Eching, Germany)
and mouse anti-NeuF (ab24574) from Abcam (Cambridge,
UK).

Brain samples

Human cortices taken during autopsy and frozen 1-3 h post-
mortem (Caucasian: two male 46 and 54 years, and two
female 31 and 54 years, died in accidents) were purchased
from AMS Biotechnology (Abingdon, UK) and ethically
approved by the Western Institutional Review Board (Puy-
allup, USA; Protocol # CU-M-01142014-C). C57BL/6N
mice were housed under standard conditions with a 12-h
light—dark cycle, food and water ad libitum. All experiments
were performed according to the guidelines for care and use
of laboratory animals of the German Animal Welfare Act
and approved by the local ethics committee (LaGeSo Berlin;
T0457/09 and G0030/13).

Cerebral ischemia and capillary dissection

Filamentous middle cerebral artery occlusion (MCAO)
was performed as described [34]. In brief, mice were
anesthetized with 1% isofluorane in 70% N,O and 30%
O, using a vaporizer. Left MCA was occluded with an 8.0
nylon monofilament coated with a silicone resin/hardener
mixture. Filaments were withdrawn after 30 or 60 min of
ischemia to allow reperfusion for 48 h and 3 h, respectively.
Magnetic resonance imaging (MRI) was accomplished to
determine the infarct localization and size. After 3 h of rep-
erfusion, the imaging was obtained by diffusion-weighted
MRI. T,-weighted imaging was performed after 48 h of

reperfusion. Mice were sacrificed, brains were prepared,
embedded in TissueTek (AMS Biotechnology, Abingdon,
UK) and immediately frozen on dry ice in 2-methylbutane
for 10 min. For laser capture microdissection, frozen brain
sections (8 um) were placed on Zeiss Membrane Slides 1.0
PEN (Jena, Germany). After 10 min of methanol fixation
(=20 °C), slides were washed with ddH,O and stained with
fluorescein-labeled Ricinus communis agglutinin (RCA1)
DyLight594 (Vector Laboratories, Burlingame, USA) for
2 min (1:20 in ddH,0) to visualize brain capillaries [35].
Additional washing (twice) was followed by consecutive
dehydration steps (1 min 70%, 1 min 90%, 3 min 96%, 5 min
100% ethanol). The microvessels were dissected using a
PALM MicroBeam (Zeiss) by following a procedure opti-
mized with respect to optical resolution and speed. Apply-
ing the laser cut function “LineAutoLPC”, the tissue was
cut along the vessels and instantaneously catapulted in a
contact-free mode into opaque Adhesive Caps 500 (Zeiss).
Targets were drawn using a 10 x/0.1 dry objective, and a LD
20x/0.2 dry objective was applied for cutting/catapulting.
The cutting precision of this procedure was about 2.5 um
and the diameter of the resulting defocused LPC shot was
approx. 3.5 um. 500-1000 capillaries were cut per session.

In vitro brain capillary preparation and hypoxia

Mouse brain capillaries were isolated from four cortices of
8- to 20-week-old C57BL/6N mice of either sex [36] by
homogenization in Dulbecco’s modified Eagle’s medium
(DMEM, 4.5 g/l glucose; Life Technologies, Darmstadt,
Germany) with a Dounce tissue grinder (Wheaton, Mill-
ville, USA) on ice. Myelin was removed by adding dextran
(60-70 kDa, 16% (w/v) final concentration; Sigma-Aldrich,
Taufkirchen, Germany) and centrifugation (15 min, 4500xg,
4 °C). The resuspended pellet was filtered (40-um nylon
mesh, Merck Millipore). The remaining capillaries were
rinsed off with DMEM and 1% (v/v) fetal calf serum (FCS;
Life Technologies). For normoxia/hypoxia, freshly purified
capillaries were resuspended in 1.5 ml DMEM containing
10% FCS and incubated at 37 °C for 3 h [37] normoxically
(5% CO,/95% air) or hypoxically (<0.3% O,; anaerobic
workstation Concept Plus; [UL Instruments/Russkin Tech-
nology, Bridgend, UK used according to the manufacturer’s
instructions).

Cell cultures and transfection

Primary mouse brain endothelial cells were obtained from
purified capillaries by adding dispase (1.1 g/1) and colla-
genase (0.5 g/) in 1 ml DMEM (4.5 g/ glucose) containing
2% (v/v) FCS and 1% (v/v) penicillin (100 U)/streptomycin
(100 g/1). After 1 h at 37 °C, digested capillaries were centri-
fuged (250xg), resuspended in DMEM with 20% (v/v) FCS
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and 1% penicillin/streptomycin supplemented with 0.5%
(v/v) mouse serum and 1 ng/ml basic fibroblast growth fac-
tor (Life Technologies), and transferred to collagen-coated
24-well plates (Techno Plastic Products, Trasadingen,
Switzerland) kept at 37 °C and 5% CO,. The mouse brain
endothelial cell line bEND.3 [38] was cultured in DMEM
(4.5 g/l glucose, 10% FCS, 1% penicillin/streptomycin) at
37 °C and 5% CO,; the cell lines human embryonic kidney
(HEK)-293 and MDCK-II were maintained in DMEM (1 g/1
glucose, 10% FCS, 1% penicillin/streptomycin) at 37 °C and
10% CO.,.

Transfections were performed with polyethylenimine
(PEI; Polysciences, Warrington, USA) according to the sup-
plier’s recommendations; cells were used for experiments at
48 h post-transfection [5].

For knock-down of Cldn5 and -25, lentiviral particles
were generated with the expression vector pLKO.1puro
containing the respective shRNA (Cldn5, NM_013805.2-
774s1cl; Cldn25, NM_171826.1-347s1c1; non-mammalian
control, SHC002). Using the transfection method described
above, viral particles were produced in HEK-293T cells
(kindly provided by M. Krauss, Berlin). Cells were trans-
fected with 0.17 pug/cm?® pLKO.1 puro/shRNA (Sigma-
Aldrich), psPAX?2 (virus packaging) and pMD2.G (virus
envelope) plasmids (kindly provided by M. Lehmann, Ber-
lin) in a ratio of 2:2:1 in PEI (bEnd.3 medium, 37 °C, 5%
CO,, 96 h). After 48 h, the medium was exchanged and sup-
plemented with 1 pg/ml puromycin to select knock-down
cells. The medium was harvested, centrifuged (600xg), and
the supernatant was filtered (Steriflip filter unit, 0.45 pum).
The filtrate was concentrated (Amicon Ultra-15, 100 K;
Merck Millipore) (3000xg, 60 min) and added to 25%
confluent bEnd.3 cultures. The knock-down efficiency was
determined by qRT-PCR.

Quantitative real-time polymerase chain reaction
(qRT-PCR)

RNA was extracted by GeneMATRIX Universal RNA puri-
fication kit (EURX, Gdansk, Poland), and the cDNA was
synthesized with Maxima First Strand cDNA synthesis kit
(Thermo Fisher Scientific). The qRT-PCR was performed
with a StepOne RT-PCR system, 48/96 well (Life Technolo-
gies) using the Luminaris Color HiGreen high ROX qPCR
master mix (Thermo Fisher Scientific) as recommended by
the manufacturer. Primer pairs (BioTeZ, Berlin, Germany, cf.
Tab. S2) were designed according to http://primer3plus.com
[39] and proved for specificity. The cycle-thresholds (Ct)
were normalized to those of B-actin (Actb) or 28S riboso-
mal RNA by Calculating ACt= (Cttargel protein CtActb or RnZSS)'
For comparing expression between two groups, relative val-
ues were calculated by 244, where AACt=ACtgz— ACt,.
Experimental detection limits of 22! values (termed
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absolute values) were 3.37x 107> (laser microdissected
capillaries), 2.03 x 107> (in vitro capillary preparations),
5.75x 1077 (primary bEnd), and 8.83 x 10~7 (bEnd.3).

Expression constructs

Mouse Cldn5-YFP (yellow fluorescent protein), human
YFP- and CFP—(cyan fluorescent protein)Cldnl1, human
corticotrophin-releasing factor receptor (CRFR)-1-YFP
and —CFP as well as CFP—Ocln, and MBP(maltose-binding
protein)—Oclnyys_s,; from mouse were as described earlier
[5, 6,40]. YFP-Cldn11 and -25 were amplified from mouse
brain cDNA using PCR primers (cf. Tab. S2) and inserted
into pEYFP-C1 using the restriction sites EcoR1 and Sall,
and HindIIl and Sall, respectively.

For the epitope dilution assay, MBP-fusion constructs
with antibody recognition epitopes of mouse (m)Cldns 1, 4,
5, 11, 12 and 25 were generated. Sequences were cloned via
BamHI and Sall sites (underlined in Tab. S2) into pMAL-
c2X (NEB, Schwalbach, Germany) after cDNA amplifica-
tion using primers (cf. Tab. S2) and respective Cldn—-cDNA
from mouse tissue as a template.

Epitope dilution assay

MBP-fusion proteins containing the epitopes for the antibod-
ies used in this assay were expressed in E. coli BL21 after
induction (1 mM isopropyl B-p-1-thiogalactopyranoside, 3 h,
37 °C) [41]. Cells were spun (3220xg, 15 min, 4 °C) and
lysed after resuspension in 20 mM Tris/HCI pH 7.4, 0.2 M
NaCl, and 1 mM ethylenediaminetetraacetic acid (EDTA)
by homogenization (EmulsiFlex-C3; Avestin Europe, Man-
nheim, Germany). Lysate and the resulting supernatant were
centrifuged (20,000xg, 4 °C, 15 min; 60,000xg, 4°C, 1 h).
MBP constructs were purified via amylose resin (New Eng-
land Biolabs, Frankfurt, Germany) according to the manu-
facturer’s instructions.

Purified capillary pellets were suspended in extraction
buffer: PBS (phosphate buffered saline, Biochrom), 1%
TX-100 (Sigma-Aldrich), and 10% complete protease inhibi-
tor cocktail (Roche, Basel, Switzerland) on ice for 20 min.
The lysate was centrifuged (13,000Xg, 1 min) and the super-
natant (TX-100-soluble fraction) was mixed 1:10 with lysis
solubilization buffer: 50 mM Tris/HCI pH 8.8, 5 mM EDTA,
1% sodium dodecyl sulfate, (SDS; Sigma-Aldrich). The pel-
let (TX-100-insoluble fraction) was treated with benzonase
(Merck Millipore) in 5 ul 50 mM Tris/HCl pH 8.8 and 2 mM
MgCl, at 37 °C for 10 min. 16.6 pl solubilization buffer was
added, the benzonase was heat inactivated (95 °C, 3 min),
and 11.7 pl extraction buffer was added to adjust the volume.

Total protein concentrations of capillary lysate frac-
tions were detected by a Pierce BCA Protein Assay Kit
(ThermoFisher Scientific) in a microplate detection system
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(Safire; Tecan, Minnedorf, Switzerland). MBP-fusion pro-
tein concentrations were determined using NanoDrop 2000c
(Thermo Fisher Scientific; 4., =280 nm, extinction coef-
ficient calculated by ProtParam, www.expasy.org). Dilution
series of the epitopes fused to MBP were loaded together
with the capillary lysate for SDS polyacryl gel electro-
phoresis (SDS-PAGE) (Fig. 2a). SDS-PAGE and western
blotting were performed as described previously [42] using
the respective Cldn and Ocln antibodies. Immuno-reactive
bands were detected using Lumi-Imager F1T transillumi-
nator (Boehringer-Mannheim, Germany). ImageJ 1.48v
(National Institutes of Health, Bethesda, USA) was applied
for densitometric analyses, and calibration curves were gen-
erated to determine absolute Cldn and Ocln quantities in
capillary lysates.

Immunohistochemistry and immunofluorescence

Cerebral cortices were cut (8 um, cryostat CM 3000; Leica,
Wetzlar, Germany) and fixed with methanol on glass slides
(10 min, —20 °C). Brain sections were blocked with 2%
bovine serum albumin (BSA) for 30 min and incubated with
the primary antibody (18 h, 4 °C). The immunoreactivity
of primary antibodies was visualized with secondary anti-
mouse, -rabbit and -rat AlexaFlour488 or -555 conjugated
antibodies. If applicable, fluorescein-labeled RCA1 was
added afterwards for 2 min. Tissue was mounted with Roti-
Mount FluorCare DAPI (4',6-diamidino-2-phenylindole for
nuclear staining; Roth, Karlsruhe, Germany). For immuno-
cytochemistry, bEND.3 cells were grown to confluency on
coverslips (Menzel, Braunschweig, Germany) coated with
rat tail collagen (Roche) and fixed with acetone as described
previously [41]. Tissues and cells were examined by Zeiss
LSM 780 with 64 x/1.40 oil objective.

trans-Interaction, cis-interaction, and membrane
mobility

HEK-293 cells grown to confluency were imaged using
LSM 510 META UV and Plan-Neofluar 100x/1.3 NA oil
immersion objective (Zeiss) [5]. Plasma membranes were
visualized by trypan blue (0.05%; Sigma-Aldrich) in Hanks’
balanced salt solution, pH 7.5. For trans-interactions, the
enrichment factor EF was detected. Half the fluorescence
intensity (/) of a YFP- or CFP-tagged protein at cell—cell
contacts between two transfected cells was divided by
YFP or CFP fluorescence at contacts between expressing
and non-expressing cells (EF =1 ., ,./21,0 contact) [43]. For
cis-interactions along the membrane of a cell—cell contact,
fluorescence resonance energy transfer (FRET) after accep-
tor photobleaching was determined in HEK-293 cells co-
transfected with YFP-/CFP-labeled Cldns [43]. Cldn5-CFP/
corticotrophin-releasing factor receptor-1-YFP served as

negative control. For Cldn11 membrane mobility, fluores-
cence recovery after photobleaching (FRAP) was measured
using Zeiss LSM 710 with Plan-Apochromat 63 x/1.40 Oil
DIC M27 objective (4.,,=405-nm intensity set to 2.0%,
filters, A =415-551 nm). Images were collected each 60 s
until steady-state fluorescence was reached. The mean fluo-
rescence of whole-cell background and bleached bicellular
TJ regions was quantified over time.

Transcellular electrical resistance (TER)
measurements

bEND.3 cells were seeded into poly-L-cysteine-coated
(10 mM, Sigma-Aldrich) eight-well electrode arrays
(8W10E+, Ibidi GmbH, Planegg, Germany) of the elec-
tric cell-substrate impedance sensing device ECIS 1600R
(Applied BioPhysics, Troy, USA). The impedance was meas-
ured in real time at 4 kHz. The TER was calculated after
reaching constant impedance values. Confluent MDCK-II
monolayers were grown on rat tail collagen (Roche)-coated
filters (0.4 pm pore size, Millicell-CM; Merck-Millipore).
The TER was measured manually using a EVOM voltohm-
meter (World Precision Instruments, Sarasota, USA) at
37 °C.

Freeze-fracture electron microscopy

Confluent bEND.3 and 85% confluent HEK-293 cells were
washed with PBS (with Ca®*/Mg>") and fixed with 2.5% glu-
taraldehyde (electron microscopy grade; Sigma-Aldrich) for
2 h at room temperature. Afterwards, the cells were washed
twice and processed for freeze-fracturing as described [31].

Statistics

Any sample sizes are given as discrete numbers. Data anal-
ysis and assembly of graphs were achieved by employing
GraphPad Prism 5.04 and Microsoft Excel 2010. For statis-
tical analysis, Mann—Whitney or Kruskal-Wallis test was
applied. If not stated otherwise, data are given as mean + SD
(*p<0.05; ¥*¥p <0.01; ***p <0.001).

Results

Diversity of tight junction proteins at the blood-
brain barrier

The expression of TJ protein transcripts was analyzed by
gRT-PCR in human and mouse cortical capillaries (laser
capture microdissected from frozen tissue), in purified cap-
illary preparations from mouse cortex, in primary mouse
brain endothelial cells and in the cell line bEND.3 (Fig. 1).
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Fig. 1 Diversity of mRNA expression of tight junction proteins in
human and murine brain endothelium. Transcript levels in laser-dis-
sected human and murine brain capillaries, purified murine brain cap-
illaries, primary murine brain capillary endothelial cells and bEND.3,
an endothelial cell line of the murine cerebral cortex. mRNA expres-
sion normalized to that of B-actin (ACt= Ctye— Clyeyy)- Cldn clau-
din, Tric tricellulin, Ocln occludin, Zol Zonula occludens protein
1, Cdh5 cadherin-5, Ct cycle threshold. Dotted/dashed line, Ocln

A Purified Dilution series of purified epitope
kDa capillaries a (calibration)

251 _|

154 i 55 — A —

B Molality in purified brain capillaries [fmol/ug]

Triton X-100 insoluble Triton X-100 soluble

CLDN1 9.7 ¢ 6.9 48 + 8.2
CLDN4 15 2.9 34 t 6.2
CLDN5 1136 + 740 3953 + 2919
CLDN11 6.3 + 43 1.7 =+ 1.2
CLDN12 n.d. 43 3.5
CLDN25 97.8 + 1127 n.d.

OCLN 265 + 8.6 96 ¢ 4.3

Fig.2 Protein levels of tight junction proteins in purified brain cap-
illaries (fmol/ug total protein). a Representative images of western
blots to quantify the TJ protein concentration via a dilution series
of the purified Cldn epitope recognized by the respective antibody.
The endogenous protein in purified brain capillaries is shown on the
left. The dilution series was realized by recombinant MBP-tagged
epitopes. b Protein concentrations given for Triton X-100 (TX-
100)-insoluble and -soluble fraction. n.d. not detectable; mean + SD;
n>4
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expression in laser microdissected human/mouse brain capillaries
(used as a benchmark of tight junction protein abundance); missing
columns, mRNA not detectable (detection limit for 28Ct 46 575% 1077
in primary murine brain capillary endothelial cells). *Cldnl3
(human) and Cldn21 (mouse), not determined; #synonyms: human
Cldn21, putative Cldn25; Cldn25, Cldndl; Cldn26, Tmeml14;
Cldn27, Tmem235

Junctional marker proteins, such as Zonula occludens pro-
tein 1 (Zol), cadherin-5 or Ocln, showed expression levels
as expected from previously published data [13, 14]. In gen-
eral, the results indicate the existence of many more Cldns
than those yet described for the BBB [2].

In human capillaries, mRNA transcripts of Cldnl, -5,
-11, -12, -25 and -27 were found in higher abundance than
the mRNA of the TJ marker Ocln (which we consider as a
benchmark of TJ protein expression). Numerous gene prod-
ucts (Cldn3, -4, -6, -9, -15, -17, -20, and -22, and Tric) were
detected within one order of magnitude of Ocln, whereas
other claudins and TAMPs were not detectable or made only
a minor contribution to the tight junction transcriptome (cf.
Table S1 for absolute mRNA values and Fig. S1 for a graphi-
cal transformation of their proportions). Levels of Cldn7, -8,
-10, -13, -16, -18, -19, and -21 and MarvelD3 were consist-
ently negligible.

In capillaries microdissected from mice, mRNA levels of
Cldn5, -11, -12 and -25 were higher than those of occludin.
Expression values of Cldnl, -14, -20, -22, -24 and -26 were
found within one order of magnitude of occludin.
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Only Cldn5 levels exceeded those of Ocln in puri-
fied capillary preparations and primary endothelial cells;
Cldn12 and -25 (both preparations), and Cldnl1, -2, and -24
in capillaries exhibited mRNA levels within the interval
of one order of magnitude. Of the different preparations,
bEND.3 cells showed the lowest values for the Ocln tran-
script and, with a few exceptions, also the lowest mRNA
levels for the other genes. However, Cldn5 was the domi-
nant species in this cell line, with some expression levels
also being greater than (Cldnl5 and -25) or close to Ocln
(Cldn12). In general, the decrease in the complexity of
the TJ transcript follows the decrease in complexity of
the model.

Tight junction protein levels in brain capillaries
as demonstrated by a new protein quantification
assay

The parallelism of data obtained for TJ mRNA and protein
amounts was analyzed by application of a new antibody
epitope dilution assay based on recombinantly expressed
and purified epitopes of Cldns and Ocln recognized by the
respective antibodies. This approach allowed us to determine
the Cldn/TAMP content in lysates of purified mouse brain
capillaries, as shown for Cldn5 (Fig. 2a). Ranking of the
protein levels (Cldn5 >> Cldn25, Ocln, Cldnl > Cldnl1, -4,
-12) is broadly consistent with the mRNA data (Fig. 2b).
Cldns 4 and 5 were enriched in the TX-100-soluble fraction,
while Cldnl and -11, and Ocln were more abundant in the
TX-100-insoluble fraction. Cldn12 was only detectable in
the TX-100-soluble fraction. In contrast, Cldn25 was exclu-
sively found in the insoluble fraction.

Novel blood-brain barrier claudins 4, 11, 20 and 25
localize to the tight junction area

Immunofluorescence staining of human brain sections was
performed to investigate the relevance of the identified Cldns
for TJ formation (Fig. 3). As Zo1 co-localized perfectly with
Ocln (upper left panel in Fig. 3), it was used as a surrogate
marker. Brain capillaries, the main cellular BBB constituent,
were depicted by the endothelium-specific lectin RCA1 [35].
Cldns 1, -3, -4, -5, -11, -20 and -25 co-localized with Zol.
However, the anti-Cldn25 antibody additionally displayed
faint staining outside the endothelium (Fig. 3, bottom right).
As already described [44], Cldn11 also localized to oligo-
dendrocytes wrapped around axons of neurons (Fig. 3, 3rd
panel right). However, cortex tissue sections demonstrated
that Cldn11 was predominantly localized in blood vessels
(Fig. 3). Data obtained for Cldns 1, -4, -5, and -11 in mouse
samples (Fig. S2) correspond to those found in man.

Claudin-11 tightens cell barriers and only interacts
homophilically in cis and trans

As Cldnl1 was one of the most highly expressed TJ pro-
teins of the BBB, more detailed characterization was con-
ducted. Cldn11 was originally identified as oligodendro-
cyte-specific protein [45] and later assigned to the claudin
protein family [46]. Oligodendrocytes form myelin sheaths
around axons. Accordingly, Cldn11 was detected together
with neurofilament, a neuronal marker (Fig. 4b). In human
brain sections, partial overlap of Cldnl1 with Cldn5 was
observed in the TJs of capillaries, interrupted by areas
of exclusive Cldnl1 staining (Fig. 4a). A control experi-
ment measured a ratio of 1.61 +0.88 of the mRNA levels
in RCA-stained samples and in surrounding tissue. To
analyze the interaction properties of Cldnl1 in a TJ-free
environment, Cldnl1 was expressed in HEK-293 cells
(Fig. 4d-g). Co-culture of HEK-293 cells mono-trans-
fected with either CFP—Cldn11 or YFP—Cldnl1 exhib-
ited strong co-enrichment at cell-cell contacts, indicat-
ing remarkable homophilic trans-interaction (enrichment
factor Ex=93 according to Fig. 4d, compared to E;=5
for Cldn5 [6]). The homophilic cis-interaction along the
plasma membrane was also stronger for Cldnl1 than for
Cldn5, as demonstrated by fluorescence resonance energy
transfer (FRET) efficiency of 60.6 +14.2% (Fig. 4f) vs.
18.5 £ 1.5% for Cldn5 [41]. However, Cldn11 was incapa-
ble of undergoing heterophilic cis- and trans-interactions
with Clnds 1-5, -12, -22, -24, and -25, Ocln or Tric (exam-
ples for Cldn5/Cldn11 given in Fig. 4e, g; FRET efficien-
ciesz 1). Accordingly, Cldn11 and -5 exhibit fragmented,
alternating localization within the cell contact membrane
in brain capillaries (Fig. 4a, b), after co-transfection in
HEK-293 cells (Fig. 4g) or transfection into bEND.3 cells
(Fig. 4¢).

The strong homophilic interactions of Cldnl1 point to
tight immobilization at cell—cell contacts, and was substanti-
ated by means of fluorescence recovery after photobleach-
ing. In agreement with previous studies [6], Cldn5 exhib-
ited a mobile fraction of 42.3 +14.7%. Cldn11 was much
less mobile at contacts (8.5 +£6.4%), reflecting the strong
homophilic cis- and trans-interactions (Fig. 4h). The seal-
ing potential of Cldnl1 was measured after stable transfec-
tion in Madin-Darby canine kidney cells (MDCK-II); we
observed an increase in TER t0 93.3+15.2 Q cm?, compared
to 71.1+ 8.0 Q cm? of control MDCKC-II cells (Fig. 4i). This
indicates that Cldn11 has a tightening function.

Despite its inability to undergo heterophilic associa-
tion, Cldnl1 was influenced by the TJ regulator Ocln.
This effect was visualized in freeze-fracture electron
microscopy by the cell contacts of TJ-free HEK-293 cells.
Transfection of Cldnl1 mainly caused a TJ strand net-
work associated with the protoplasmic fracture face, and

@ Springer



P.Berndt et al.

OCLN ZO{DAPI

CLDN3 DAPI

R
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Fig.3 Claudin (Cldn)-1, -3, -4, -5, -11, -20, and -25 and occludin
(Ocln) co-localize to the tight junction (TJ) area of human brain cap-
illaries. Immunofluorescence staining of human brain sections for
TJ proteins (green). Microvessels were visualized by RCA1 (Ricinus
communis agglutinin 1, white), an endothelial marker. The TJ marker

with a limited number of parallel strands and meshes of
200-300 nm in diameter. After co-transfection of Ocln,
the parallelism increased, whereas the mesh size decreased
(Fig. 4j).
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CLDN1 RCA1 CLDN1 DAPI

CLDN11 DAPI

CLDN25 DAPI

T

Ocln exclusively localized to cell—cell contacts visualized by the
junction marker Zol (Zonula occludens protein 1, red). Arrowheads
indicate overlap of TJ proteins with Zol (yellow-orange); nuclei
stained by DAPI (blue)

Claudin-25, a further tight junction protein
at the blood-brain barrier

Cldn25 exhibited similar abundance to Cldn12 in brain
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Fig.4 Claudin(Cldn)-11 increases transcellular electrical resistance
(TER) through homophilic but not heterophilic cis- and frans-inter-
actions. In brain, Cldnl1 localized in a capillaries (marker: RCA1)
and in b oligodendrocytes ensheathing neuronal processes (marker:
neurofilament, NeuF; red arrow). In capillary tight junctions (TJs),
Cldnl1 was traced with and without (green arrow) the cerebral TJ
marker Cldn5. ¢ After transfection in mouse brain endothelial cells
(bEND.3), yellow fluorescent protein (YFP)-Cldnl1 alternated with
endogenous Cldn5 within TJs (red/green arrowhead). d Co-culture of
cells mono-transfected with cyan fluorescent protein (CFP)-Cldn11
or YFP-Cldnll, plasma membrane of living cells visualized by
trypan blue (white). Co-localization (yellow arrowhead) indicated
strong homophilic trans-interaction quantified by the enrichment fac-
tor (Ep). e Living cells mono-transfected with CFP—Cldn11 or Cldn5-
YFP showed no heterophilic trans-interaction (white arrowhead),
Ep<1; plasma membrane (white). Image representative for all other
claudins tested. f Cells co-transfected with CFP/YFP-Cldn11 show-

capillaries (Fig. 1). Its subcellular distribution was
studied in more detail after transfection into HEK-
293 cells: YFP-Cldn25 clearly localized to the plasma
membrane, but was not enriched at cell-cell contacts of

o
Heterophilic interaction
4 CLDN11
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v %y

),

CLDN11

cis-
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\
)

ing strong homophilic cis-interaction (yellow arrowhead) in cell con-
tacts quantified by FRET (fluorescence resonance energy transfer).
g No co-localization of CFP-Cldnl1 and Cldn5-YFP in co-trans-
fected cells, FRET efficiency < 1% as for all other claudins tested. h
CFP-Cldnl11 displayed much lower membrane mobility than CFP-
Cldn5 or the negative control corticotropin releasing factor recep-
tor (CRFR)-CFP, quantified in cells by fluorescence recovery after
photobleaching. Kruskal-Wallis test; n>9. i Transfection of CFP—
Cldnl1 in Madin—-Darby canine kidney (MDCK-II) cells increased
transcellular electrical resistance (TER) compared to non-transfected
cells, Mann—Whitney test; n>9. j Occludin (Ocln) modulated the
TJ strands (arrowheads) of claudin-11 visualized by freeze-fracture
electron microscopy of cells mono-transfected with CFP-Cldnl1
(branched single strands) or co-transfected with CFP-Cldn11/YFP-
Ocln (parallel strands). EF/PF, extracellular/protoplasmic fracture
face; Mann—Whitney test, n>6. In d-h and j, TJ-/Cldn-free HEK-293
cells were used. Mean +SD; *p <0.05; **p <0.01; ***p <0.001

transfected cells (Fig. 5a). The contact enrichment fac-
tor for YFP-Cldn25-transfected HEK-293 cells or for co-
cultured cells mono-transfected with YFP-Cldn25 and
CFP-Cldn5 did not reveal enrichment, either for Cldn25/

@ Springer



P.Berndt et al.

1996
201 trans-
B interaction c 1.0 TER
> o .
w 1.0 5
2 054
E

0.0-
CLDN25/ CLDN25/ CLDN25/
CLDN25 CLDN5

E40

F

N
o
——

Cldn5KD

0.0-
Cldn5KD Cldn25 KD

- Cldn25 KD

[a]
X
i

L]

T H—

TITTIIIITH~
P e—
-

[l

mRNA expression [25ACt]

IO
ST

KD wt Ctrl 5KD wt Ctrl 5KD wt
o2 . [ |-

Ctrl 5KD

kDa

\\
0\5&0\6 O \6(\ é(\ (‘\ 1,0 6‘\

wt Ctrl 25KD
40— —— - qACT

o)
X
Q
S
A
Q

25700 08 ¢ | 1 el e

35 o e

CLDN5 CLDN1 CLDN15

Fig.5 Loss of claudin (Cldn)-25 and -5 compromises tight junction
(TJ) strand morphology, whereas decrease in paracellular tightness
and changes in TJ protein expression occur in Cldn5 knock-down
(KD) only. a In living HEK (human embryonic kidney)-293 cells,
transfected yellow fluorescent protein(YFP)-Cldn25 (green) localized
at the plasma membrane (red, trypan blue) but b no homophilic trans-
interaction of Cldn25 was found based on calculation of the enrich-
ment factor (Ep) quantifying the fluorescence intensity at contacts
(arrowheads in a) between transfected cells. However, Ey increased
between YFP-Cldn25 and YFP-Ocln, suggesting heterophilic trans-
interaction; Student’s 7 test, n > 8. c—g experiments in bEND.3 (mouse
brain endothelial cell line): ¢ Cldn5 KD but not Cldn25 KD affected
transendothelial electrical resistance (TER) compared to control (Ctrl,

Cldn25 or for Cldn25/Cldn5. However, in co-cultures of
YFP-Cldn25/CFP-Ocln, Ej increased by 68% compared
to Cldn25/Cldn25 (Fig. 5b).

For further characterization, we silenced Cldn25 or Cldn5
in bEND.3 cells by a lentiviral approach. As expected,
the Cldn5 knock-down cells showed a significant reduc-
tion in barrier tightness. For Cldn25, no change in TER
was detected (Fig. 5¢), but the TJ strand network was less
accentuated. Larger and weaker P-face-associated meshes
and a lower particle density were visualized by freeze-frac-
ture electron microscopy. After knock-down of Cldn5, the
meshes were larger and the number of strands was reduced.
Moreover, the orientation of the strands was disturbed,
especially at the E-face, but the P-face association was also
diminished after Cldn5 suppression (Fig. 5d).
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dashed line); Kruskal-Wallis test; n>8. d Cldn5 KD weakened the
TJ strand network on the extracellular (EF) and protoplasmic (PF)
fracture face, i.e. enlarged and more round-shaped meshes. Cldn25
KD led to more unstructured strands and reduced mesh number on
PF, i.e. less particles on the strands and larger meshes. e Cldn5 KD
(black bars) but not f Cldn25 KD (striped bars) influenced the mRNA
expression of other Cldn’s mRNA compared to control KD (white
bars), expression levels normalized to wild-type (wt) cells (dashed
line). AACt= (Ctlargel_ Ctactin)KD - (Cttargel_ Ctaclin)wl; Ct, cycle
threshold. Kruskal-Wallis test; n>4. g Western blots of wt, Ctrl
KD, Cldn5 KD (5KD), Cldn25 KD (25KD), loading control p-actin
(ACT). Mean +£SD; n>4; *p <0.05; **p <0.01

Transcriptional interdependency of claudin-1, -5
and -15

Knock-down of Cldn5 was found to alter mRNA expression
of other TJ proteins (Fig. Se)—which was not seen upon
loss of Cldn25 (Fig. 5f). The level of Cldnl was increased
by approx. 17-fold, and the amount of Cldnl5 decreased to
approx. 1/8 after Cldn5 suppression (Fig. Se, f). This effect
was also reflected by the protein levels, as demonstrated by
immunoblotting (Fig. 5g).
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Ischemia up-regulates claudin-5 and -25,
and down-regulates claudin-1, -3, and -12,
and occludin

After a stroke, the BBB is known to be impaired, and this is
accompanied by alterations in Cldn5 and Ocln [47]. Stroke-
related experiments were performed to explore the implica-
tions of pathological conditions for other TJ proteins. After
60 min of MCAO in the mouse followed by 3 h of reperfu-
sion, cortical mRINA expression of Cldnl, -3, -12 and Ocln
decreased to 68, 24, 59 and 77%, respectively, compared to
the contralateral control region. Ischemia-affected regions
were identified via magnet resonance imaging, and respec-
tive capillaries were harvested by laser capture microdissec-
tion. Cldn5 (214%), Cldn25 (163%), Cldn11 and Cldn20 (by
trend only) were up-regulated during post-ischemic reperfu-
sion (Fig. 6a). An increase of 140% was observed for HB-
EGF (heparin-binding epidermal growth factor-like growth
factor), which is known to be up-regulated by ischemia and
is suitable as an indicator of ischemic injury [48] (Fig. 6a).
To study the aspect of oxygen depletion, a major patho-
genic factor in ischemic disturbances, purified mouse brain
capillaries were exposed to hypoxia in vitro for 3 h. The
mRNA levels of Cldnl, -3, and -12, and Ocln were reduced
to 20%, 37%, and 60%, and 69%, whereas Cldn11 tended to
be increased (Fig. 6b), respectively. However, Cldn5 and -25
mRNA levels were not affected. Hypoxic conditions were
verified by up-regulation of the endothelial hypoxia marker
glucose transporter 1 [37] (Fig. 6b).

Discussion

This study provides a complete profile of tetraspanning TJ
proteins in human and mouse BBB in vivo and in vitro, and
under pathological conditions. The results corroborate our
hypothesis that not only Cldn3, -5, and -12, and Ocln [12,
49] but a larger number of other proteins establish the TJs
of the BBB.

In contrast to in vitro BBB models, it turned out that
Cldn5 mRNA in vivo is merely one of six other high abun-
dant tetraspanning TJ protein transcripts. Amounts of
mRNA of Cldns 11, -12, and -25, Ocln (human and mouse),
and Cldns 1 and 27 (human) are in the same quantitative
range within a species. Translated into the functional level,
this suggests that a complex of complementary proteins
(mainly claudins) operates the paracellular space of the BBB
in vivo. This joint operation is lost in vitro where Cldn5
is dominant. Analogously to Cldn5 in the BBB, Cldnl, -9
and -11 could function as paracellular tightening proteins in
epidermis [50], cochlea [51] and blood—testis barrier [52],
respectively. The presence of additional TJ-forming Cldns
in vivo can explain why TJs at the BBB of Cldn5-deficient
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Fig.6 In cerebral capillaries, mRNA expression of claudin(Cldn)-1,
-3, and -12, and occludin (Ocln) is reduced under hypoxic conditions
in vitro and under post-ischemic reperfusion in vivo, which in vivo is
compensated by enhanced expression of Cldn- 5 and -25. a mRNA
expression in laser-dissected mouse brain capillaries after middle cer-
ebral artery occlusion (60 min or 30 min, corresponding reperfusion
for 3 h or 48 h), normalized to the contralateral region (dashed line).
AACt= (Cttarget - CtRn28S)ipsilateral - (Cttarget - CtRn28S)c0ntralateral; Ct,
cycle threshold. Heparin-binding epithelial growth factor-like growth
factor (Hbegf) was used as indicator for ischemic dysfunction (nd,
not detected). b mRNA expression in purified mouse brain capillar-
ies exposed to 3 h of hypoxia; dashed line, expression levels under
normoxic conditions. AACt=(Ctyge;— Clycrinhypoxia — (Cliarget = Clactin
Jnormoxia- Glucose transporter type 1 (Glutl) served as an indicator for
hypoxic condition. Mean=+ SD, n>4, Mann—Whitney test; *p <0.05;
**p <0.01. Rn28S, 28S ribosomal RNA; Zol, Zonula occludens pro-
tein 1; CdhS5, cadherin-5. No other Cldn exhibited significant changes

mice are well developed [12]. On the other hand, the absence
of several high abundant Cldns in vitro may also account for
the relatively low tightness of in vitro BBB models [53].
Besides the aforementioned TJ proteins in capillar-
ies microdissected from brain slices, substantial amounts
of other claudin transcripts (nine in human, six in mouse)
were found and these might also contribute to BBB function.
Based on our data, in both species only Cldns 7, 10, 13, 16,
18, 19, 21, and 8 (human), 27 (mouse), and MarvelD3 have
anegligible influence on brain microvasculature. The differ-
ences between the human and the mouse transcript are not
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striking. Deviation of more than one order of magnitude in
mRNA levels was found only for Cldns 9, 14, 20, 23, 24,
26 and 27.

The relevance of proteins at lower abundance can be illus-
trated for Cldn3: similar levels of Cldn3 were observed in
cerebral capillaries [15] and mouse brain capillary endothe-
lial cells [13]. In a mouse model of experimental autoim-
mune encephalomyelitis and in human tissue with glio-
blastoma multiforme, both characterized by compromised
integrity of the BBB, selective loss of Cldn3 has been dem-
onstrated at the protein level. It was suggested that Cldn3 is
a key component that determines the permeability of BBB
endothelial TJs in vivo [49].

TJ mRNA expression analyses have been published from
isolated or cultured rodent brain endothelial cells which are
comparable to the primary mouse capillary endothelial cells
studied here, but these studies do not reflect the in vivo situ-
ation. There is broad consensus that Cldn5 is the dominant
Cldn species (> 80% of Cldn transcripts) [13, 14, 16, 54].
In addition, most investigators consider that Cldns 3, 9, 10,
11, 12, 15, 19 and 22 are expressed, which is in concordance
with our data obtained from laser-dissected mouse capil-
laries for the underlined transcripts. Nevertheless, there is
considerable quantitative variation between the reports, most
likely because of very different experimental conditions
and the diverse species investigated. Several Cldns were
not investigated in either study; especially Cldns 24-27—
which have more recently been identified as members of the
claudin family [4].

The most probable reason for the limited number of abun-
dant TJ proteins in vitro is that the neurovascular environ-
ment does not maintain barrier properties in vitro [2], which
leads to down-regulation of all TJ proteins, except Cldn5 and
Ocln. Consequently, most in vitro studies mainly address
these two proteins and neglect the many others which are
worth being considered, as demonstrated by the data pre-
sented here. The interdependence between TJ proteins also
influences their protein levels seen in bEND.3 cells: knock-
down of Cldn5 results in down-regulation of Cldn15 and in
strong up-regulation of Cldnl—which could be a further
explanation of why Cldn5 knock-out mice retain TJs [12].

Pathological conditions, such as stroke and hypoxia,
cause temporary BBB breakdown [47, 55]. We found that
Cldnl, -3, and -12, and Ocln are down-regulated early after
transient focal cerebral ischemia, while Cldn5 and -25 are
up-regulated. The decrease in Ocln mRNA confirms ear-
lier data obtained in different models [25, 56]; but informa-
tion on the effects of ischemia on transcripts of Cldn12 and
-25 is lacking. The up-regulation of CldnS5 is in accordance
with the concomitant increase in cadherin-5, which has
been demonstrated to sequester -catenin at the membrane,
thereby preventing its translocation to the nucleus [18]. In
parallel, loss of Cldnl and -3 occurs: the transcriptional
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regulation of their expression in mice has been shown to be
dependent on nuclear -catenin signaling [57]. At the protein
level, cross-regulation of Cldnl and -5 has been described
for the cerebellum after global cerebral ischemia/reperfusion
(4 h) of the ovine fetus [58].

The mRNA data of Ocln, and Cldnl, -4, -5, -11, -12, and
-25 correspond to total protein values as calculated by a
new epitope dilution assay. Literature data on the solubiliza-
tion of TJ proteins [59, 60] suggested that it is necessary to
consider both the TX-100-soluble and -insoluble fractions
for quantification of the protein levels. Immunohistochem-
istry of brain slices demonstrates that the above-mentioned
proteins (exception, Cldnl), but also Cldn3 and -20, co-
localize to the general junction marker Zol [61] which, in
turn, associates with the TJ-specific marker Ocln [2]. The
co-localizations demonstrate the relevance of these Cldns for
BBB TlJs. As these proteins are expressed in considerable
amounts in mouse and human in vivo, it is concluded that
they make a significant contribution to the BBB.

Cldnl is in principle a tightening protein located in TJs
of different organs and is clearly detectable in the endothe-
lial cytosol (as also reported earlier [62]), so that the above
considerations of mRNA and protein levels cannot be unre-
servedly transferred to TJ function. Its intracellular locali-
zation points to another role and has been correlated with
metastatic capacity of human osteosarcoma cells [63] or,
on the basis of data from patient biopsies, with increased
motility of melanoma cells and progression of melanoma
[64, 65]. Thus, one may speculate that an additional function
of Cldnl at the BBB could be related to proliferation and/
or migration [66].

We have clearly demonstrated that Cldnl1 is present in
the TJs of mouse and human BBB. So far, brain Cldn11 pro-
tein has been identified in oligodendrocytes [46], in choroid
plexus epithelial cells [67] and, very recently, in brain capil-
laries, blood—spinal cord barrier and blood—arachnoid barrier
[17]. We also found Cldn11 mRNA expressed in amounts
similar to those of Cldn5 in microdissected brain capillar-
ies originating from 8-um brain slices. Cldnl1 mediates
electrical insulation around axons via myelin sheets formed
by oligodendrocytes [68] and exerts a tightening function
[69]—as confirmed by TER measurements. Its deficiency
results in neurological defects in mice [68, 70]. By immu-
nohistochemistry, we found Cldnl1 localized both in close
proximity to neurons and enriched in capillaries identified
by endothelial marker staining; in addition, it co-localized
to Zol. Consequently, Cldn11 and Cldn5 are assumed to act
synergistically in native brain capillaries, where they could
supplement each other in paracellular tightening. However,
in contrast to other authors [17], we do not find a direct
interaction of Cldn11 with Cldn5, and there is no indica-
tion of interactions between Cldn11 and TAMPs [5] or with
other Cldns identified at the BBB. This lack of heterophilic
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interaction is very unusual for tightening Cldns and is attrib-
uted to the extreme high homophilic association capacity—
which is many times higher than for Cldn5 [5, 6]. The strong
self-association is related to the low membrane mobility and
to the tendency of Cldnl1 to polymerize without involve-
ment of other Cldns. The intermittent membrane localization
is also reflected by electron microscopic freeze-fracture rep-
licas exhibiting predominantly discontinuous particle lines
in TJ strands from brain sections [70] or endothelial cell
cultures [71]. On the other hand, Ocln improves the paral-
lelism of P-face-associated Cldn11 TJ strands. Interestingly,
transfection of Ocln alone was reported to give rise to poorly
developed TJ strands in freeze-fracture replicas [72] while
co-transfection with Cldn11 results in large fields of parallel
P-face-associated strands. This finding suggests that Ocln
may be involved in organizing Cldn11-positive TJs. Interde-
pendence of these two TJ proteins was also found in earlier
experiments demonstrating that the knock-down of Ocln in
Sertoli cells partially redistributes Cldnl11, thus opening the
blood—testis barrier [52].

We also demonstrated for the first time that Cldn25 is
a novel protein at the BBB. Within the brain, its capillary
level is in the range of those of Cldn5, -11 and -12. Likewise,
Cldn25 is highly abundant in in vitro systems with similar
expression levels to Cldn12 or Ocln. Although Cldn25 alone
is unable to generate TJ strands, its knock-down in brain
endothelial cells leads to a less accentuated strand network
at the extracellular fracture face predominantly formed by
Cldn5 [43]. Since Cldn25 trans-interacts with Ocln, but not
with the other Cldns tested, we assume that it contributes
indirectly to TJ formation. Ocln associates with many other
TJ proteins [31] and may regulate barrier function under
normal [73] and pathological [31] conditions. Preliminary
measurements provide hints that the C-terminus of Cldn25
directly binds to Zol, thus recruiting Ocln and further
TJ proteins. In addition, Cldn25 shares similarities with
Cldn12. We demonstrate that Cldn25 and -12 are localized
within the junctions of cerebral microvessels, together with
other TJ proteins in vivo. Both are highly abundant and inca-
pable of forming TJ strands alone. Moreover, there are no
changes in BBB permeability, either after Cldn12 knock-out
(manuscript in preparation) or after Cldn25 knock-down. In
conclusion, Cldn25 is a TJ protein that is highly expressed at
the BBB and is capable of modulating the TJ strand network.

In vitro models are often used to evaluate BBB perme-
ability and integrity after drug treatment [74] or pathological
events [2], although the corresponding permeation coeffi-
cients are much lower than in vivo [53]. We find that Cldn5
is greatly overestimated in cell and capillary preparations
compared to mouse brain, where the pattern of TJ proteins
is more complex and much more balanced. Consequently,
in vitro systems can analyze Cldn5 almost separately from
other TJ proteins; however, the rudimentary tetraspanning

TJ protein equipment is unfavorable, not only with respect
to paracellular barrier permeability, but also for studying
signaling processes at the BBB or the effects of pathological
conditions. Our study demonstrates that the entire and intact
TJ complex can only be studied in in vivo models or, at least,
in models closely related to the in vivo situation.
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