
Summary. The tight junction protein claudin-3 is
overexpressed in diverse epithelial tumours and is
associated with increased survival, progression and
motility of tumour cells. Claudin-3 expression profiles
are being increasingly used for diagnostic and prognostic
tumour classification. Claudin-3 has been identified as a
receptor for Clostridium perfringens enterotoxin, which
is under consideration for selective lysis of claudin-3-
expressing tumours, particularly brain metastases, and
other translational medicine uses. However, the
localization of claudin-3 in the brain has not been
completely elucidated. While claudin-3 in brain tissue
adjacent to claudin-3-expressing metastases had been
excluded and low or undetectable levels proposed in the
CNS, under physiological conditions, in adult human, rat
and mouse brains, claudin-3 was exclusively found in
choroid plexus epithelium where it is considered an
integral component of the blood-cerebrospinal-fluid
barrier. We report here the pronounced presence of
claudin-3 not only in the nasal region (as described for
rat), but also in the mouse olfactory bulb and nerve using
immunohistochemistry and Western blot. Claudin-3 was
present in the fila olfactoria from the epithelium to the
olfactory nerve and in the main and accessory olfactory
bulb. We propose that the abundant presence of claudin-
3 in the olfactory system, particularly in nerve fibres and
the olfactory bulb cone, which we present here, may
play a role at the interface of the central and peripheral
nervous system, both as barrier and for axonal growth
and communication. Thus, claudin-3 should be

considered and further explored with regards to
treatment approaches addressing the olfactory bulb and
nasal region.  
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Introduction

Generally, cerebral homeostasis is provided by the
blood–brain barrier (BBB) composed of microvascular
endothelial cells, which are interconnected by tight
junctions including occludin and claudins to ensure
selective transcellular transport, e.g., influx of nutrients
and efflux of potentially harmful metabolites away from
the brain. 
Claudin-1, claudin-3, claudin-4, claudin-5 and

claudin-12 have been detected in brain capillary
endothelial cells (Kratzer et al., 2012; Haseloff et al.,
2015), and among these, claudin-1, claudin-3, claudin-4,
claudin-5 are known as “pore-sealing”, so that increased
expression enhances tightness and decreases solute
permeability of epithelial monolayers (for review see:
Khan and Asif, 2015). A crucial role for claudin-5 in the
stabilization of the BBB in experimental autoimmune
encephalitis has been reported (Lanz et al., 2013), and
claudin-3 has been shown to maintain the integrity of the
BBB in vivo (Wolburg et al., 2003; Haseloff et al.,
2015). For instance, claudin-5 is postulated as the major
cell adhesion molecule in brain endothelial cells to
establish para-endothelial tightness, while claudin-1 and
claudin-3 are candidate molecules to compensate for loss
of claudin-5 function, which underlines the complex
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functional and dynamic roles of the claudins (for review
see: Haseloff et al., 2015). 
The morphological correlates in the blood-

cerebrospinal-fluid barrier (BCSBF) are apical tight
junctions between the choroid plexus epithelial cells (for
review see: Wolburg and Paulus, 2010). In the human,
rat and mouse under physiological conditions, claudin-3
has been detected in choroid plexus epithelial cells as an
integral compound of the BCSBF (Kratzer et al., 2012;
Steinemann et al., 2016). Nevertheless, the potential
roles of claudin-3 and claudin-4, particularly in the
brain, still need to be elucidated (Haseloff et al., 2015).
While low or undetectable levels of claudin-3 were
observed in all tissues and cell types explored, including
meninges and astrocytes, it was strongly present in brain
metastases of epithelial tumours, and (very rarely) of
melanoma (Kominsky et al., 2007). 
It is now widely accepted that claudins are

differentially expressed in diverse epithelial neoplasms,
and a role for claudin-3 and claudin-4 for progression and
metastasis of some tumours has been proposed. For
instance, claudin-3 was found to be overexpressed in
cancers of the breast, prostate, colon, lung and kidney,
and up-regulation of claudin-3 and claudin-4 in gastric
cancer was associated with increased motility, cell
invasion and lymphatic metastasis (for review see: Wang
and Yang, 2015; Tabariès and Siegel, 2016). After
overexpression of claudin-3, increased formation of
anchorage-dependent and -independent colonies was
observed in human colorectal adenocarcinoma cells (de
Souza et al., 2013). Claudin-3 and claudin-4 were
associated with increased cellular motility and survival of
ovarian tumor cells (Agarwal et al., 2005; Morin, 2005)
and knockdown experiments of claudin-3 in ovarian
cancer diminished tumour growth and metastasis (Huang
et al., 2009). Nevertheless, in completely resected
squamous cell lung carcinoma, a decreased expression of
claudin-3 was associated with poor prognosis and
epithelial-mesenchymal transition (Che et al., 2015).
In effusions, claudin-3 and claudin-4 were recently

identified as markers of metastatic adenocarcinoma
cells, which were only occasionally expressed in reactive
mesothelial cells (Kim et al., 2016). In addition, lung
adenocarcinomas frequently express claudin-3 and
claudin-4, which were not detected in malignant pleural
mesothelioma (Chaouche-Mazouni et al., 2015). Thus,
claudin-3 and claudin-4 expression profiles are
potentially useful as diagnostic and prognostic markers
for tumour classification (Che et al., 2015; Wang and
Yang, 2015; Madaras et al., 2016). 
Since their identification as receptors for the

cytotoxic Clostridium perfringens enterotoxin (CPE)
(Katahira et al., 1997), claudin-3 and claudin-4 have also
gained increasing interest for translational therapy. The
ability of CPE to rapidly and selectively lyse cells
expressing claudin-3 and/or claudin-4 fostered the idea
of its use to target claudin-3 or claudin-4-expressing
tumours (Kominsky et al., 2004; Todd et al., 2015). For

instance, treatment of breast cancer cell lines in culture
with CPE resulted in rapid and dose-dependent cytolysis
exclusively of claudin-3- and claudin-4-expressing cells
(Kominsky et al., 2004; Black et al., 2015). As described
above, in brain tissues of different regions, neither
claudin-3 nor claudin-4 were detected. The absence of
claudin-3 and -4 in healthy brain tissue, even adjacent to
claudin-3 and claudin-4 immunoreactive metastases,
prompted the idea to eliminate brain metastases from
epithelial cancers without harming the host brain tissue
by the use of claudin-3 and claudin-4-targeted CPE
(Kominsky et al., 2007). 
In light of efforts to improve application of

therapeutics to the brain, e.g., to treat neurodegenerative
diseases, intranasal administration is increasingly
gaining importance (Freedman et al. 2016). However,
only few studies have dealt with the sealing function of
claudins in the olfactory system, which might be the first
to encounter potentially harmful substances. In
particular, limited data exists on the presence of claudin-
3 and claudin-4 in the olfactory system. Thus far,
claudin-3 and claudin-4 were detected in the olfactory
epithelium of adult rats (Steinke et al., 2008; Wolburg et
al., 2008). In contrast, no claudin-3-specific signal was
detected (Wolburg et al., 2008) in olfactory ensheathing
cells (OECs), a special macroglia, which populate the
peripheral olfactory nerve and the outermost layers of
the olfactory bulb (Rela et al., 2010). 
Additionally, no data exists on the presence of

claudin-3 and claudin-4 in the main and accessory
olfactory bulb, which is continuously renewing in adult
mammalian brain (Fig. 1A). Also in the peripheral
olfactory system, continual turnover of neurons and
axonal growth occurs throughout a mammal’s lifetime.
Regenerating primary olfactory sensory neurons extend
their axons to reach the target cells within the olfactory
bulb (Fig. 1B). Although the olfactory system is a
special region where complex bidirectional migration
occurs to allow the central and the peripheral nervous
system to interact, it has not been systematically
explored to date with respect to the local distribution of
claudins, despite their role in cell adhesion, tightness,
and migration. 
Thus, in the present study we aimed at exploring the

presence of claudin-1, claudin-2, claudin-3, claudin-4,
and claudin-5 in the olfactory bulb using Western blot.
Since claudin-3 and claudin-5, but not claudin-4 could
be detected in olfactory bulb homogenate, we decided to
further define the distinct localization of claudin-3 in the
olfactory bulb and nasal cavity of mouse using a fixation
protocol, which allowed detection of claudin-3 in
choroid plexus of mouse (Steinemann et al., 2016).
Using immunohistochemistry, we detected claudin-3, as
related to claudin-5 and occludin in the olfactory bulb, as
well as laminin as a marker for the basal laminae of
blood vessels and the olfactory epithelium, and glial
fibrillary acidic protein (GFAP) as a marker for
astrocytes and OECs. 

836
Claudin-3 in mouse brain and olfactory system



Materials and methods

Animals 

Animal experiments were carried out in accordance
with the European Communities Council Directive of 24
November 1986 (86/609/EEC) and were reviewed and
permitted by Swiss authorities and surveyed by the
cantonal veterinary office (project 2064). Six juvenile

and adult C57BL/6J mice were used.
Preparation of tissue

Postnatal day (P) 6 and adult mice were decapitated
and whole heads of P6 mice were frozen in isopentane
(Sigma-Aldrich) at -50°C. From adult animals, brains
were rapidly removed from the skull, directly embedded
in Tissue-Tek and snap-frozen in isopentane at -50°C
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Fig. 1. Map of neuronal
growth in adult mouse
olfactory system (A, B).
Overview of HE-stained
sagittal section (A) depicts
accessory olfactory bulb
(AOB) and main olfactory bulb
at the rostral end of the frontal
lobe. The olfactory bulb
continuously receives newly
generated neurons from the
subventricular zone (SVZ) of
the lateral ventricles via the
rostral migratory stream
(Alvarez-Buylla and Lim,
2004). These migrating
neuroblasts move to the GCL
and the GL where they
differentiate to granule and
periglomerular cells (Loseva et
al., 2009). At a higher
magnification (B), olfactory
nerve fibres originate from the
olfactory epithelium, which
lines the nasal cavity. In mice,
olfactory axons leave the
epithelium in fascicles, with
each fascicle being encased
by OECs (Whitesides and
LaMantia, 1996). The bundles
coalesce to form the olfactory
nerve (Lipson et al., 2003),
and traverse the cribriform
plate of the ethmoid bone to
extend towards the glomeruli
in the GL as indicated by
coloured arrows. In the ONL,
the primary olfactory axons
de-fasciculate and sort out to
re-fasciculate with axons
expressing the same odorant
receptor (Mombaerts et al.,
1996; Windus et al., 2010).
GCL: granule cell layer, IPL:
internal plexiform layer, MCL:
mitral cell layer, EPL: external
plexiform layer, GL:
glomerular layer, ONL:
olfactory nerve layer. LP:
Lamina propria. Scale bars: A,
500 µm; B, 125 µm.



and stored at -20°C. From some adult mice, brains were
removed and their choroid plexus and olfactory bulbs
were separated in ice-cold preparation medium (minimal
essential medium (MEM), 1% glutamax (Gibco,
Invitrogen, Switzerland), pH 7.3). Liver and kidney
tissue samples were used as positive controls. Tissues
were then dried of excess medium, frozen in liquid
nitrogen and stored at -20°C until further processing. 
Fixation and decalcification of adult mice olfactory region

After decapitation of the animals, skin, mandible and
calvarium were separated from the head, which was then
immersion-fixed in ice-cold 4% paraformaldehyde, 100
mM Na-EDTA (pH 11.0). Fixation/decalcification was
continued for 5 days at 4°C with daily changes of
fixation/decalcification solution (at least 10 times higher
decalcification solution volume than tissue volume).
Thereafter, tissues were cryoprotected by transferring to
a solution of 30% sucrose (Sigma–Aldrich) in 20 mM
EDTA (pH 11.0) for 4 days at 4°C. Tissues were then
dried of excess sucrose solution, positioned in Tissue-
Tek compound, and frozen in isopentane (Sigma-
Aldrich) at -50°C. Frozen tissue blocks were stored in
air-tight plastic bags at -20°C until sectioning.
Homogenates

Tissues were homogenized by adding 63 ml of ice-
cold 100 mM Tris–HCL buffer, pH 8.4, containing 4%
SDS, 5 mM EDTA, 1% DTT per 1 g of tissue. After
homogenization, the samples were heated to 65°C for 15
min and then cooled down to room temperature. To 0.9
ml of the sample 0.1 ml of 2 M acrylamide was added
and the proteins alkylated for 30 min at room
temperature as previously described (Maly and
Landmann, 2008). The homogenates (final dilution 1:70)
were stored at -80°C.

Polyacrylamide gel electrophoresis and immunoblotting

Electrophoresis on 0.45-mm thick SDS-poly-
acrylamide slab gels (8%) bound to glass plates was
performed as described by Maly and Nitsch (2007) and
immunoblotting as described by Maly and Landmann
(2008). Briefly, samples were transferred for 16 h from
gels to nitrocellulose membranes (0.2 µm pore size, Bio-
Rad, Reinach, Switzerland) using the diffusion blotting
technique. Membranes were blocked for 1 h with TBS-T
containing 3% BSA, washed and incubated for 1 h with
the appropriate antibodies (1:4000 for mouse
monoclonal recognizing actin, and 1:1000 for rabbit
polyclonal antibodies, see Table 1) according to standard
protocols. Alkaline phosphatase (AP)-conjugated,
secondary goat anti-mouse and anti-rabbit antibodies
(Jackson ImmunoResearch, La Roche, Switzerland)
were used at the dilution 1:2500. Immuno-reactive bands
were detected by the BCIP/NBT phosphatase substrate
system. 
Immunohistochemistry 

Fifteen micrometers of unfixed or fixed and sucrose
cryo-protected tissue were cut at a cryostat temperature
of -24°C and placed on Super Frost Plus slides (Menzel-
Gläser, Braunschweig, Germany) and dried overnight at
room temperature. Consecutive sections were stained by
haematoxylin-eosin (HE) stain and used for immuno-
histochemistry, respectively. Unfixed sections were then
immersion-fixed. To block endogenous AP activity,
sections were fixed in 4% paraformal-dehyde/Na-EDTA
solution at pH 11.0, according to a previously described
protocol (Steinemann et al., 2016). Thus, at pH 11
adequate fixations of brain sections were obtained and
paraformaldehyde in combination with EDTA
completely inactivated endogenous AP activities
(Steinemann et al., 2016). All sections were then
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Table 1. Characteristics of primary antibodies used. PAD: polyclonal antibody designation.
Antibody Host Description/Immunogen Catalog No./PAD Company

Claudin-1 Rabbit Synthetic peptide derived from C-terminus of the human/mouse claudin-1
protein, antigen-affinity purified

Cat. 51-9000
PAD: MH25

Invitrogen-Zymed,
Switzerland

Claudin-2 Rabbit Synthetic peptide derived from C-terminus of the human claudin-2 protein,
antigen-affinity purified

Ca. 51-610
PAD: MH44

Invitrogen-Zymed,
Switzerland

Claudin-3 Rabbit Synthetic peptide derived from the C-terminal region of the mouse claudin-3
protein, antigen-affinity purified

Cat. 34-1700
PAD: Z23.JM

Invitrogen-Zymed,
Switzerland

Claudin-4 Rabbit Synthetic peptide derived from the C-terminal region of the mouse claudin-4
protein, antigen-affinity purified

Cat. 36-4800
PAD: ZMD.306

Invitrogen-Zymed,
Switzerland

Claudin-5 Rabbit Synthetic peptide derived from the C-terminal sequence of mouse claudin-5,
antigen-affinity purified

Cat. 34-1600
PAD: Z43.JK

Invitrogen-Zymed,
Switzerland

Occludin Rabbit Synthetic peptide derived from the C-terminal region of human occludin protein,
antigen-affinity purified

Cat. 40-4700
PAD: ZMD.467

Invitrogen-Zymed,
Switzerland

Laminin Rabbit Affinity isolated antibody, immunogen isolated from the basement membrane of
Englebreth Holm-Swarm (EHS) mouse sarcoma. Cat. L9393 Sigma, St. Louis, MO,

USA
GFAP Rabbit Purified immunoglobulin fraction, immunogen GFAP isolated from cow spinal

cord
Cat. PA5-16291
Code Z 0334

Dako, High Wycombe,
UK

Actin Mouse N-terminal synthetic decapeptide of α-smooth muscle actin Cat. C6198 monoclonal 
Clone 1A4

Sigma, St. Louis, MO,
USA



defatted and permeabilized through graded methanol in
Imidazole Buffered Saline (IBS) consisting of 20 mM
Imidazole, 0.9% NaCl, pH 7.4 (100% methanol for 30
min, 80% methanol/20% IBS for 10 min, 60%
methanol/40% IBS for 10 min). Thereafter, sections
were blocked with 3% BSA, 1% normal goat serum,
0.25% methylamine, 0.2% Triton X-100 in IBS for 30
min. The primary antibodies (Table 1) were diluted
1:100 in the same solution and the sections incubated
overnight at 4°C in a humid chamber. After repetitive
washes in IBS, sections were incubated with the above
AP-coupled secondary goat anti-mouse and anti-rabbit
antibodies, respectively, diluted 1:100 in the same
solution for 2 h at room temperature in a humid
chamber. Immunoreaction was visualized with a
BCIP/NBT AP substrate system at room temperature for
10 min. After washes in PBS for 5 min and in ethanol
for 10 min, sections were mounted in Mowiol. As
negative controls, the primary antibodies were replaced
by the blocking solution containing 3% BSA and 1%
normal goat serum. Sections of liver tissue (Fig. 2) and
brain tissue including choroid plexus, both known to
express claudin-3 (Rahner et al., 2001; Steinemann et al.,
2016), served as positive controls. 
Microscopy

Sections were viewed on a Nikon Eclipse E800
microscope (objective details: Nikon Macro plan, 0.5x
/0.025; Nikon Plan Apo 2x/0.1, 4x/0.2, 10x/0.45,
20x/0.75 and 40x/0.95). Image acquisition was
performed with a ProgRes C 14 plus camera (Jenoptik,
Jena, Germany) using the image capture software
ProgRes Capture Pro 2.5.
Results 

Claudin-3 in the main and accessory olfactory bulb of
adult mouse

Claudin-3 immunoreactivity was strong in the main
and accessory olfactory bulb in adult mice as detected by
western blot and immunohistochemistry (Fig. 3). Using
western blot analysis (Fig. 3A), claudin-1, claudin-2,
claudin-3 and claudin-4 were not detected in
homogenate derived from the entire brain, whereas
claudin-5 was exclusively detectable. Specific
preparations of the choroid plexus revealed pronounced
protein content also of claudin-1, claudin-2, and claudin-
3, being highest for claudin-1. Claudin-4 was limited to
the kidney, which also contained claudin-2, -3, and -5. In
olfactory bulb preparations, the claudin-3 and claudin-5
content was pronounced while claudin-1, claudin-2 and
also claudin-4 were not detected. The results for claudin-
3 and claudin-5 were verified by immunohistochemistry.
Claudin-3 was selectively present within the olfactory
nerve layer and the glomerular layer of the main
olfactory bulb and abundant within the accessory
olfactory bulb (Fig. 3B,D), while a distinct immuno-

reactivity for claudin-3 was detectable also in the
choroid plexus (Fig. 3B) as recently described
(Steinemann et al., 2016). Immunoreactivities for
claudin-5 (Fig. 3C) and occludin (Fig. 3E) were strongly
present in the large and small blood microvessels of the
olfactory bulb. Replacing the primary antibodies as a
negative control by the blocking solution containing 3%
BSA and 1% normal goat serum (Fig. 3F), showed no
immunoreaction. Furthermore, claudin-3 was detected in
tight junctions flanking the canalicular margins of the
bile canaliculi and cholangiocytes (Fig. 2) similar to
previous findings in rat liver (Rahner et al., 2001).
Claudin-3 in the olfactory system of juvenile mouse

Similar to adult mice, also in juvenile mice at P6 (for
overview see: Fig. 4A), claudin-3 was strongly present at
the tip of the olfactory bulb (Fig. 4C,E,G). Here,
pronounced claudin-3 immunoreactivity is present
within the bundles of nerve fibres, which start in the
olfactory epithelium, coalesce to form the olfactory fila
and then penetrate the cribriform plate to enter the
glomerular layer of the olfactory bulb. In contrast,
claudin-1 (Fig. 4B) was detected in the perineural cells
of the peripheral nervous system as described by
Wolburg and co-workers (2008) and in the skin, but not
within the olfactory fila. Abundant immunoreactivity
can be observed for GFAP as an astrocyte marker within
the different layers of the olfactory bulb (Fig. 4D,F,H).
Also the OECs, which are known to express GFAP, can
be followed from the lamina propria of the olfactory
epithelium, in close proximity to the claudin-3-
immunoreactive nerve fibres (Fig. 4C,E,G), through the
cribriform plate to the olfactory nerve layer of the
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Fig. 2. Localization of claudin-3 in the adult mouse liver. Claudin-3
immunoreactivity in tight junctions flanking the canalicular margins of the
bile canaliculi (black arrows) and cholangiocytes (double black arrows),
which is similar to previous findings in the rat liver (Rahner et al., 2001).
Scale bar: 100 µm.
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Fig. 3. Localization of claudin-3 in the adult mouse olfactory bulb. A. Western blot analysis of brain preparations (1st lane whole brain, 2nd lane choroid
plexus (ChP), and 3rd lane olfactory bulb dissected from whole brain) and (as positive control) adult kidney homogenate (4th lane). Note the strong
band of claudin-3 in the olfactory bulb and in the choroid plexus homogenates. B-F. Immunohistochemistry on sagittal cryosections. B, D.
Immunoreactivity for claudin-3 on (B) sagittal overview on parts of the telencephalon, particularly the olfactory bulb. Note the strong immunoreactivity
for claudin-3 in the accessory olfactory bulb and the outermost layers of the main olfactory bulb. D. Detail of (B) at a higher magnification. 
C. Immunoreactivity for claudin-5. E. Immunoreactivity for occludin. F. Negative control with primary antibody omitted. ChP: Choroid plexus in the lateral
ventricle. Scale bars: B, 1.0 mm; C-F, 0.5 mm.
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Fig. 4. Localization of
claudin-3 in the juvenile
mouse olfactory bulb and
nasal cavity. A. HE-stained
overview at postnatal day
6. B-D. Immunohisto-
chemistry on sagittal
cryosections. 
B. Immunoreactivity for
claudin-1 in the
perineurium of the
peripheral nervous system
(red arrows) and the skin
(orange arrows).
C. Immunoreactivity for
claudin-3 is abundant in
the main and accessory
olfactory bulb (AOB) and in
the developing nasal
glands (green arrows) and
olfactory epithelium. 
E, G. At a higher
magnification, strong
presence of claudin-3 in
the olfactory epithelium
(blue arrow), in olfactory
fibres in the lamina propria
and in the olfactory fila
passing through the
cribriform plate (red
arrow). Green arrow points
to developing nasal
glands. D. Immuno-
reactivity for GFAP. (F,H)
At a higher magnification,
strong immunoreactivity for
GFAP is present
predominantly in olfactory
nerve fibres in the lamina
propria (red arrows) and in
the glomerular layer of the
olfactory bulb (yellow
arrows). Scale bars: A-D,
500 µm; E, F, 200 µm; G,
H, 100 µm.



olfactory bulb. In the main olfactory bulb, immuno-
reactivity to GFAP shows a distribution pattern, which is
different to that of claudin-3 (Fig. 4C,E,G). 
Claudin-3 in the adult olfactory system

We further explored the entire olfactory system of
adult mouse for the presence of claudin-3 (Figs. 5-7).
Immunoreactivity for laminin was, as expected,
observed in microvessels of the olfactory bulb (Fig. 5B)
as well as in blood vessels of the olfactory tract and the
olfactory basement membrane, but was completely
absent within the olfactory epithelium (Fig. 6A,B). In
contrast, immunoreactivity for claudin-3 was absent in
small or large blood vessel endothelial cells within the
olfactory bulb (Fig. 5C,E,G), and olfactory lamina
propria (Figs. 5C,E,G, 6E,F). Claudin-3 immuno-
reactivity was continuously and strongly present in the
olfactory epithelium starting at the luminal end to form a
delicate network within the olfactory epithelium. Within
the lamina propria (Figs. 5C,E,G, 6E,F), the claudin-3
immunoreactive nerve fibers coalesce to stronger
bundles to traverse through the cribriform plate of the
ethmoid bone to the olfactory nerve layer (Fig. 5C,E,G)
of the olfactory bulb. Immunoreactivity of astrocytes for
GFAP (Fig. 5D,F,H) was abundant within the olfactory
bulb, particularly the glomerular layer, and was still
present in the olfactory nerve layer. Since the olfactory
nerve layer is the location for the olfactory nerve axons
to de-fasciculate and re-fasciculate (see Fig. 1B), the
GFAP immunoreactive cells show a change in their
morphological appearance from the typical astrocyte
shape more proximally to that of OECs more distally
(Fig. 5F,H). Beyond the cribriform plate, immuno-
reactivity for GFAP was detected in OECs
accompanying the fila olfactoria from their origin in the
lamina propria of the olfactory epithelium (Fig. 4D,F,H).
Notably, immunoreactivity for GFAP in the lamina
propria of the olfactory epithelium (Fig. 6C,D) showed a
distribution pattern, which was different from that for
claudin-3 (Fig. 6E,F). 
Claudin-3 in the nasal cavity

In the nasal cavity of juvenile (Fig. 7A) and adult
(data not shown) mice, we observed pronounced
immunoreactivity for claudin-3 not only in the
olfactory epithelium, in particular the basal part (Fig.
7C,D), but also within the respiratory epithelium (Fig.
7B). In the developing nasal cavity, the presence of
claudin-3 was particularly detected in the sprouting
areas of the respiratory and olfactory epithelia and in
the developing nasal glands (Figs. 4C, 7B). In the
lamina propria of the olfactory epithelium,
immunoreactive glands immediately adjacent to the
neuroepithelium, presumably Bowman glands, showed
a certain degree of claudin-3 immunoreactivity, which
is in agreement with previous findings in the adult rat
(Wolburg et al., 2008).

Discussion 

The primary olfactory system is one of the few
regions in the mature vertebrate nervous system that
exhibit continual turnover of neurons throughout life and
thus is of particular interest in the search for treatment
options for CNS disorders (Graziadei and Monti
Graziadei, 1985; Mackay-Sim and Kittel, 1991;
Tabakow et al., 2013; Pellitteri et al., 2015). Further-
more, optimization of the treatment of primary tumor
and brain metastases by selectively targeting specific
cellular and intercellular targets is a promising approach,
e.g., coupling of molecules with high affinity to selective
integrins (Schittenhelm et al., 2016). Claudin-3 and
claudin-4 as biological receptors for CPE are interesting
targets for translational, particularly transnasal,
applications of CPE (Veshnyakova et al., 2010;
Freedman et al., 2016), and better knowledge on their
presence in the CNS as potential unintended targets of
cytotoxic agents, in particular in the olfactory system, is
mandatory. 
Novel targeting of claudins to disrupt claudin -

dependent tight junction barrier functions may facilitate
the intranasal administration of pharmaceuticals (Kojima
et al., 2015; Freedman et al. 2016). No nasal mucosal
injury occurred in mice immunized with antigens fused
to the C-terminal fragment of CPE, which recognizes
claudins (Suzuki et al., 2010). OECs have been
demonstrated to prevent penetration of lanthanum nitrate
into the fila olfactoria and are interconnected by tight
junctions (Wolburg et al., 2008). Mack and Wolburg
(1986) proposed tight junctions of the OECs to establish
extracellular compartments for the creation of a
microenvironment, which is supportive for axonal
growth. Thus, a neuroprotective and regenerative
potential of OECs in injured CNS, including the spinal
cord, is assumed (e.g., Rela et al., 2010; Tabakow et al.,
2013; Pellitteri et al., 2015). 
There is also evidence that OECs provide trophic

support for olfactory neuron regeneration (Kafitz and
Greer, 1998; Woodhall et al., 2001; Lipson et al., 2003).
In rats showing symptoms of necrotizing rhinitis,
tracheitis, and bronchitis after inhaling 2,3-pentanedione,
claudin-1 expression was increased in the olfactory bulb
and striatum (Hubbs et al., 2012). By contrast, under
physiological conditions in the present study, claudin-1
was present in choroid plexus and the perineurium of the
peripheral nerves, but not in the fila olfactoria, including
the OECs, which is consistent with previous reports in
rats and mice (e.g., Wolburg et al., 2008; Steinemann et
al., 2016). 
Our observations in adult mice are partly consistent

with previous findings by Steinke and co-workers (2008)
who identified in rats strong claudin-3 expression in the
olfactory epithelium. Using Western blot, we detected a
pronounced presence of claudin-3 in homogenate of the
olfactory bulb while claudin-4 was not detectable. Using
immunohistochemistry, we localized claudin-3 in
distinct layers of the main and accessory olfactory bulb,
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Fig. 5. Localization
of claudin-3 at the
interface of central
and peripheral
olfactory systems.
A-H. Sagittal
cryosections of the
adult mouse head.
A. HE-stained
overview. 
B. Immuno-
reactivity for
laminin. C, E, G.
Claudin-3 is
present in the ONL
of the olfactory
bulb, the olfactory
nerve fibres in the
lamina propria (G,
red arrow) as well
as within the
olfactory epithelium
(G, blue arrow). 
D, F, H. Immuno-
reactivity for GFAP
is present
predominantly in
the GL of the
olfactory bulb. GL:
glomerular layer,
ONL: olfactory
nerve layer. 
E-H. Black arrows
point to the
cribriform plate of
the ethmoid bone.
Scale bars: A-D,
500 µm; E-F, 200
µm; G-H, 100 µm.
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Fig. 6. Localization of claudin-3 in the adult olfactory epithelium. A, B. Immunoreactivity for laminin in the basal laminae of blood vessels (BV) as well
as in the basal lamina of the olfactory epithelium. C, D. Immunoreactivity for GFAP in the lamina propria. E, F. Immunoreactivity for claudin-3 starting at
the luminal end of the olfactory epithelium finally unifying to the olfactory fila (yellow arrows) with abundant immunoreactivity. Note the distribution
pattern of claudin-3 immunoreactivity, which is different from laminin (A, B) and GFAP (C, D), respectively. Scale bars: A, C, E, 100 µm; B, D, F, 50 µm.
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Fig. 7. Localization of claudin-3 in juvenile olfactory epithelium. A-D. Horizontal sections of mouse head at postnatal day 6. A. HE-stained overview. 
B-D. Immunoreactivity for claudin-3. B. Overview of the nasal cavity with pronounced immunoreactivity in the olfactory region, but also within the
respiratory epithelium, particularly the sprouting areas (blue arrow) and nasal glands (green arrows). C, D. At a higher magnification, the distinct
localization within the olfactory epithelium is visible with a higher intensity in the basal (black arrow) as compared to the apical parts. Yellow arrows
point to claudin-3 immunoreactive nerve fascicles. B, C. Red arrows point to claudin-3 immunoreactive glands immediately adjacent to the
neuroepithelium, presumably Bowman glands. Scale bars: A, B, 500 µm; C, D, 50 µm.



which differs from previous reports in other brain
regions. As outlined above, normal brain tissue, even
adjacent to claudin-3 immunoreactive epithelial brain
metastases, has been proposed not to contain claudin-3
(Kominsky et al., 2007). 
Nevertheless, using a new fixation method

(Steinemann et al., 2016), we located claudin-3 to the
choroid plexus epithelium in agreement with previous
observations in mice, rat and humans (Wolburg et al.,
2003; Kratzer et al., 2012; Kooij et al., 2014;
Steinemann et al., 2016). Also the presence of claudin-5
and occludin in the vascular endothelial cells is
consistent with previous reports (e.g., Wolburg et al.,
2008; Spindler et al., 2011; Kratzer et al., 2012; Khan
and Asif, 2015; Steinemann et al., 2016). 
Furthermore, the endothelial cells within in the

olfactory lamina propria and the basement membrane of
the olfactory epithelium expectedly were immuno-
reactive for laminin, but not for claudin-3, which is in
agreement with previous observations in the rat
(Wolburg et al., 2008). By contrast, we did not detect
claudin-3 in small or large blood vessel endothelial cells
of the olfactory bulb, which is, on the one hand, similar
to findings in the mouse brain using this protocol
(Steinemann et al. 2016), but on the other hand different
from reports in the olfactory bulb of the rat (Wolburg et
al., 2008). These discrepancies may be attributed to
species differences, but the exclusive detection of
claudin-3 in brain capillaries in the wall of the third
ventricle in the mouse (Mullier et al., 2010) may also
imply other explanations. 
From a technical point of view, the previously

demonstrated claudin-3 immunoreactivity in the rat
olfactory region was achieved on paraffin sections of the
dissected olfactory epithelium after transcardial
perfusion and post-fixation with 4% paraformaldehyde
at neutral pH, which allows excellent morphology for a
panel of immunofluorescence staining procedures.
Furthermore, increased sensitivity of immuno-
fluorescence at higher magnifications and transmission
electron microscopy as utilized by Wolburg and co-
workers (2008) and Steinke and co-workers (2008),
respectively, provide subcellular and cellular details
particularly in a cell type with a narrow cytoplasm such
as endothelial cells. 
By contrast, in this study we aimed for a systematic

overview of the entire olfactory region with different
tissue types including the brain. For the brain, other
tissue preservation methods often have to be applied,
e.g., methanol/acetone subsequent to transcardial
perfusion and freezing procedure for cryosectioning
(Mullier et al., 2010). Since we aimed at investigating
the olfactory system in total, we had to find a
compromise to preserve antigenicity of claudin-3 (and
other tight junction components) in brain tissue on the
one hand, but on the other hand, respect the integrity of
the central olfactory system within the skull base and the
peripheral olfactory system within the nasal cavity.
However, fixation of bones and decalcification processes

are complex and would not be compatible with
methanol/acetone fixation. Thus, we used the AP system
tissue fixation at pH 11 adapted for non-perfused mouse
brain to probe for the distribution of tight junction
proteins on fresh-frozen sections as previously described
(Steinemann et al., 2016). This newly developed fixation
and permeabilization technique may explain the
observed discrepancy to previous studies. 
Furthermore, the exclusive detection of claudin-3 in

brain capillaries in the wall of the third ventricle in the
mouse whilst the tanycytes of the median eminence did
not express claudin-3 but other tight junction proteins
such as claudin-1, claudin-5, and occludin (Mullier et al.,
2010), supports the need for a better understanding of
the complex spatial and temporal arrangement of tight
junctions. The presence of claudin-3 in papillary
tumours of the pineal region (Fèvre Montange et al.,
2012) may, at least under pathological condition, suggest
a peculiar role of claudin-3 in the circumventricular
organs, which are equipped with a modified BBB
(Langlet et al., 2013). 
A precisely regulated temporal and spatial

distribution pattern for claudin-3 has also been described
in different compartments of murine and human
endometrium. In detail, the observed shift of claudin-3 to
the apical part of the endometrial cells during blastocyst
attachment is suggested to maintain the barrier function
during initiation of the apoptotic breakdown of the
luminal epithelium for trophoblastic invasion. Claudin-3
is proposed as a close tight junction sealing (together
with claudin-7) in the vicinity of the implantation
chamber, possibly to protect the blastocyst against
harmful influences. Another suggested role for claudin-3
in trophoblastic giant cells, which in mice are analogues
to the claudin-3 positive human extravillous
trophoblastic cells, is to promote trophoblastic cell
invasion (Liang et al., 2013; Schumann et al., 2015). The
role for claudin-3 in maintaining membrane integrity and
barrier function in a protective environment has also
been assumed for germ cell migration across Sertoli cell
tight junctions: claudin-3, which is loaded at the basal
membrane of the Sertoli cells, contributes to form new
tight junctions at new Sertoli-Sertoli cell contacts to be
later replaced by claudin-11 (Smith and Braun, 2012).
These results have for the first time resolved the long-
standing question of movement of an entire syncytium
across the blood-testis barrier. 
Also in the present study, we observed stronger

immunoreactivity for claudin-3 in the basal part as
compared to the apical part of the olfactory epithelium,
which may further support a differential spatial and
temporal arrangement of claudin-3. Although our new
protocol does not allow the final definition of the distinct
cell types containing claudin-3, the observed claudin-3
immunoreactivity displayed a distribution pattern
different from that of GFAP, which is in agreement with
previous studies (Kominsky et al., 2007; Steinke et al.,
2008; Wolburg et al., 2008). In detail, claudin-3 was
detected in the olfactory epithelium of the adult rat, in
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particular in sensory cells, but not in OECs (Steinke et
al., 2008; Wolburg et al., 2008).
To summarize, claudin-3 is localized in the olfactory

system, including the intracranial olfactory region.
Claudin-4 appears to not be expressed in the mouse
brain. This points to distinct biological roles of claudin-3
and claudin-4 in the brain. In order to circumvent
cytotoxicity to healthy epithelia expressing claudin-3
and claudin-4 (Khan and Asif, 2015; Che et al., 2015),
for the selective killing of prostate cancer cells in vitro,
an elegant approach was applied by Romanov and co-
workers (2014) using CPE that could only be activated
by prostate cancer cells which express a combination of
prostate-specific antigen and claudin-3 and claudin-4
simultaneously. 
Even in light of these therapeutic modification

options, the first abundant localization of claudin-3 in
the entire olfactory system including the olfactory bulb
of the mouse, which we present here, should be
considered with its particular role for neuronal renewal
and axonal growth and these findings should be
expanded to human. This would mean a major and
important contribution to the body of knowledge
regarding claudin-3 as an integral component of
epithelial and non-epithelial structures present in the
mouse olfactory system. 
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