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Abstract The olfactory ensheathing (glial) cells (OECs)
have been identiWed to be useful candidate cells to support
regeneration after being transplanted into injured Wber
tracts of the central nervous system. We investigated by
means of immunocytochemistry and freeze-fracturing the
morphology and molecular composition of OEC tight junc-
tions in the rat olfactory system. In addition, we tested the
hypothesis whether tight junctions and orthogonal arrays of
particles (OAPs) which contain the water channel protein
aquaporin-4 (AQP4), are mutually exclusive as suggested
in previous studies. In OECs, we found neither OAPs nor
AQP4, but tight junctions immunoreactive for ZO-1, occlu-
din, and claudin-5, but immunonegative for ZO-2 and clau-
din-3. To shed more light on the function of OEC tight
junctions, we tested the permeability and tight junction
composition of blood vessels and Wla olfactoria. We found
them both, permeable for infused lanthanum nitrate, and to
be immunopositive for ZO-1 and claudin-5. The tight
junctions of the OECs are discussed to be responsible for
micro-compartmentalization within the olfactory Wber tract
providing a beneWt for axonal growth.
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Introduction

Two salient features render the olfactory system an exciting
area of research. First, the sensory neurons are embedded in
an epithelium directly facing the external environment, the
olfactory texture of which is relayed to the brain-giving rise
to manifold behavioural reactions. Second, this cellular sys-
tem is continuously renewing raising questions about the
mechanism of continuous axonal growth and synaptic
reorganization within the olfactory bulb (Graziadei and
Monti Graziadei 1985; Mackay-Sim and Kittel 1991). The
unmyelinated axons grow from the sensory neurons leaving
the sensory epithelium as bundles termed Wla olfactoria. All
Wla olfactoria together form the olfactory nerve traversing
the cribriform plate and entering the olfactory bulb (see, for
example, Li et al. 2005). The Wla olfactoria are wrapped in
glial cells and surrounded by perineural cells. The perineural
cell sheath is continuous with the meningeal sheath where
the olfactory Wla enter the olfactory bulb. The glial cells
embracing the axon bundles were identiWed in earlier stud-
ies as either astrocytes or Schwann cells, now generally
known as olfactory ensheathing cells (OECs; Ramón-Cueto
and Avila 1998). Some studies have addressed the molecular
relationship of OECs to Schwann cells (Wewetzer et al.
2002; Bock et al. 2007) concluding that all OECs are
Schwann cells which develop their characteristic phenotype
under the speciWc inXuence of the olfactory system. Alter-
natively, the OECs and the Schwann cells can be viewed as
unrelated due to their distinct embryonic origin, the olfac-
tory placode and the neural crest, respectively (Jessen and
Mirsky 2005). In any case, the two cell types display the
following morphological diVerence: unmyelinating Schwann
cells incorporate individual axons separating them from
each other by their cytoplasm; OECs surround large groups
of axons by extended processes allowing individual axons
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to contact each other. In this aspect, OECs resemble
astrocytes that also form extended processes embracing
groups of neuronal processes. Schwann cells and OECs
form a basal lamina at the interface to the interstitial space,
astrocytes as well form a basal lamina where the CNS
encounters mesenchymal spaces such as at the surface of
the brain (superWcial astroglial limiting membrane) or the
blood vessels (perivascular astroglial limiting membrane).

The superWcial and the perivascular astroglial endfeet
membranes contain the orthogonal arrays of particles
(OAPs) known from many freeze-fracture investigations
since 1973 (Dermietzel 1973; for a comprehensive over-
view of the freeze-fracture literature, see Wolburg 1995).
The OAPs are known today to contain the water channel
protein aquaporin-4 (AQP4; Rash et al. 2004).

In an earlier freeze-fracture study, we showed that OECs
were devoid of OAPs (Mack and Wolburg 1986). This
result is now indirectly conWrmed by the absence of AQP4
in OECs. The second result of our earlier study was the
presence of tight junctions between OECs. In further inves-
tigations, we postulated a mutual exclusiveness of OAPs
and tight junctions, at least in the CNS (Mack et al. 1987)
and founded a concept according to that tight junction-con-
nected glial cells might support axonal regeneration and/or
growth (Wolburg et al. 1986). The phenomenological cor-
respondence of presence of tight junctions, absence of
OAPs and the steady growth of olfactory axons (or optic
axons in Wsh) argued in favour of a functional relationship
between these parameters. More recently, we have started
to re-investigate this relationship by the observation of
claudin-1-based, tight junction-related immunoreactivity in
astrocytes surrounding bundles of newly formed axons
within the Wsh optic nerve (Mack and Wolburg 2006).

The mutual exclusiveness of OAPs and tight junctions as
mentioned above is also realized when comparing OECs
and astrocytes. Mammalian astrocytes form OAPs but not
tight junctions, mammalian OECs form tight junctions but
not OAPs. Could this phenotype be related to the ability of
continuous growth? In recent years, OECs have become a
preferred cell population to be used in support for regenera-
tion after CNS lesions (Li et al. 1997, 2005; Imaizumi et al.
2000; Raisman 2001; Barnett and Chang 2004; López-
Vales et al. 2007). No study, however, has so far investi-
gated tight junctions in the transplantation experiments
using OECs in spinal cord lesions (Li et al. 1997).

In the present study, we have described the distribution
of some antigens such as water channel proteins und tight
junction proteins in diVerent cells of the olfactory system
of the rat by conventional and freeze-fracture electron
microscopy as well as by confocal laser scanning immuno-
cytochemistry. In addition, we performed experiments test-
ing the permeability of blood vessels using the lanthanum
nitrate method. Our motivation for this study was to shed

light on the hypothesis that glia-related and tight junction-
based compartmentalization of a nerve Wbre tract as well as
the modulation of the vascular permeability could be able
to improve regeneration and growth conditions.

Materials and methods

Animals

Male Wistar rats (n = 5/groups; 315 § 24 g, 3-month old)
were used for this study. The experiments performed con-
form to European Communities ‘‘Council directive for the
care and use of laboratory animals’’ and were approved by
local authorities (XVI./03835/001/2006). The rats were
anesthetized i.p. with Avertin solution (1.25%, 0.3 ml/kg
b.w.).

Antibodies

The following antibodies were used to detect speciWc water
channel and tight junction proteins: polyclonal rabbit anti-
aquaporin-4 antiserum (Chemicon, Hofheim, Germany),
monoclonal mouse anti-aquaporin-1 (Acris, Germany),
polyclonal rabbit anti-claudin-1 (Zymed, San Francisco,
USA), polyclonal rabbit anti-claudin-3 (Zymed, San Fran-
cisco, USA), polyclonal rabbit anti-claudin-5 (Liebner et al.
2000), polyclonal rabbit anti-claudin-19 (kindly provided
by Mikio Furuse, Kobe, Japan), polyclonal rabbit anti-
occludin (Zymed, San Francisco, USA), polyclonal anti-
GFAP (DAKO, Hamburg, Germany), monoclonal mouse
anti-ZO-1 (Zymed, San Francisco, USA), polyclonal rabbit
anti-ZO-1 (Zymed, San Francisco, USA), polyclonal rabbit
anti-ZO-2 (Cell Systems, Remagen, Germany), polyclonal
rabbit anti-connexin-43 (Sigma, USA). All antisera were
used in a dilution of 1:100.

The secondary goat anti-mouse, resp. anti-rabbit anti-
bodies labelled with cyanin-derivative dye Cy3 or Cy2
were purchased from Dianova (Hamburg, Germany). For
controls, the primary antibody was omitted. Nuclei were
stained with Sytox (green; 1:10,000) or Topro (blue;
1:10,000), both Molecular Probes/Invitrogen, Karlsruhe,
Germany.

Immunohistochemistry

Rats were anesthetized and transcardially perfused with 4%
paraformaldehyde (PFA). Olfactory epithelium was dissected
out and postWxed in 4% PFA in PBS overnight. Subse-
quently, the tissue was embedded in paraYn and sectioned
at 3 �m using a microtome (HM355SS; Micron international,
Walldorf, Germany). Sections were placed on Super Frost Plus
slides (Micron international, Walldorf, Germany), dewaxed,
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and rehydrated by descending alcohol concentrations
to aqua dest. For antigen retrieval, they were heated in a
steamer in citrate buVer pH 6.0 for 4 min, and Wnally coated
in TBS buVer. To avoid unspeciWc staining, the sections
were blocked by incubation with 5% (w/v) skimmed milk,
0.3% (w/v) Triton X-100 (Serva, Heidelberg, Germany)
and 0.4% (w/v) NaN3 in TBS for 30 min. Primary antibodies
diluted in the same solution were applied overnight at 4°C.
After three washes in TBS for 10 min, sections were
incubated for 45 min with the secondary antibody at room
temperature. Following washes in TBS, sections were
mounted in Mowiol. Sections were analyzed with a confocal
laser scanning microscope (LSM510 META with an Axio-
plan 2 microscope stand, Zeiss, Göttingen/Jena, Germany)
using lasers at 488, 546, and 633 nm for excitation with
appropriate Wlter sets. The system’s multi-track function
was used to generate images for each stain and excitation
sequentially. Images were processed using Adobe Photo-
shop (version 7.0, Adobe, Mountain View, USA).

Permeability studies

Vascular permeability of the olfactory system was mea-
sured by extravasation of the marker Xuorescein (MW
376 Da) and Evans blue that binds serum albumin (MW
67 kDa). Under avertin anesthesia rats were given a solu-
tion of both dyes (2%, 5 ml/kg) in an injection into the tail
vein. After 30 min, the animals were perfused transcar-
dially with 50 ml phosphate-buVered saline for 5 min. The
heads were dissected and macroscopic pictures were taken
from the head sagittal sections. In case when the permeabil-
ity of the blood vessels was tested by means of electron
microscopy, 1% lanthanum nitrate was added to the Wxa-
tive, followed by transcardial perfusion (see next para-
graph).

Ultrathin section electron microscopy

Rats were transcardially perfused with 2.5% glutaraldehyde
(Paesel-Lorei, Frankfurt, Germany) buVered in 0.1 M caco-
dylate buVer (pH 7.4). Thereafter, the olfactory tissue was
dissected out and postWxed in the identical Wxative for addi-
tional 4 h, and then stored in cacodylate until further pro-
cessed. The tissues (cerebral cortex, olfactory bulb, nasal
mucosa) were postWxed in 1% OsO4 in 0.1 M cacodylate
buVer and then dehydrated in an ethanol series (50, 70, 96,
100%). The 70% ethanol was saturated with uranyl acetate
for contrast enhancement. Dehydration was completed in
propylene oxide. The specimens were embedded in Aral-
dite (Serva, Heidelberg, Germany). Ultrathin sections
were produced on a FCR Reichert Ultracut ultramicrotome
(Leica, Bensheim, Germany), mounted on pioloform-coated
copper grids, contrasted with lead citrate and analyzed and

documented with an EM10A electron microscope (Carl
Zeiss, Oberkochen, Germany).

Freeze-fracturing

Olfactory epithelium was dissected out and postWxed with
2.5% glutaraldehyde in 0.1 M cacodylate buVer (pH 7.4)
for 2 h at room temperature and stored in cacodylate buVer
until used. The tissue was cryoprotected for freeze-fractur-
ing in 30% glycerol and quick-frozen in nitrogen-slush
(¡210°C). Subsequently, the specimens were fractured in a
Balzer`s freeze-fracture device (BAF400D; Balzers, Liech-
tenstein) at 5 £ 10¡6 mbar and ¡150°C. The fracture faces
were shadowed with platinum/carbon (2 nm, 45°) for con-
trast and carbon (20 nm, 90°) for stabilization of the rep-
lica. After removing the cell material in 12% sodium
hypochlorite, the replicas were cleaned several times in
double-distilled water and mounted on Pioloform-coated
copper grids. The replicas were observed using an EM10A
electron microscope (Carl Zeiss, Oberkochen, Germany).

Results

Immunohistochemical stainings

First, we tested the olfactory epithelium and nerve for char-
acteristics of astrocytes, such as the presence of GFAP and
aquaporin-4 (AQP4), and for AQP1. Second, we investi-
gated junctional proteins in the olfactory system. A sum-
mary of all immunohistochemical staining results
performed in this study is given in Table 1.

GFAP The typical marker of astrocytes was tested in the
olfactory tissue. Here, the OECs of the olfactory Wla were
the only cells which showed a positive immunoreactivity
for anti-GFAP antibodies (Fig. 1a, b). As a positive control,
the olfactory bulb of the same animal was tested for GFAP
(data not shown).

Aquaporin-4 The water channel protein AQP4 is the
most prominent member of the aquaporin family in the
CNS. Due to the common property of OECs and astrocytes
to express GFAP, we were particularly interested to Wnd out
whether the OECs would also express AQP4. There was
clearly no AQP4 reaction on the OECs (Fig. 1c). As a posi-
tive control, we investigated the olfactory epithelium on the
identical section and found a strong anti-AQP4-staining of
basal and supporting cells. In addition, the secretory acinar
and duct cells of the Bowman’s glands were heavily stained
(Fig. 1c).

Aquaporin-1 Endothelial cells in the lamina propria of
the olfactory region reacted strongly for AQP1 (Fig. 1d).
Moreover, AQP1-antibodies positively labelled perineural
cells of the olfactory Wla (Fig. 1d). This was supported by
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double labelling of the perineural cells with the tight junc-
tion molecule ZO-1 (Fig. 1d). The olfactory mucosa and the
OECs of the olfactory Wla were immunonegative for AQP1.

ZO-1 Investigating the classical tight junction protein
ZO-1, we found positive reactions to all types of tight junc-
tions in the olfactory epithelium and the lamina propria: In
the apical regions of the olfactory epithelium, between the
acinar cells and duct cells of Bowman’s glands, between
endothelial cells of the vessels, perineural cells around the
olfactory Wla, and between OECs (Figs. 1b–e, 2c–f).

ZO-2 Apical junctions of the olfactory epithelium
(between supporting cells and the dendrites of the sensory
cells) were heavily labelled by antibodies for the tight junc-
tion-associated protein ZO-2, as were the apical junctions
of the acinar cells of the Bowman’s gland, and endothelial
cells (Fig. 1e, arrows). Here, we detected a strong co-label-
ing with ZO-1 (Fig. 1e). The tight junctions of perineural
cells and OECs, positive for ZO-1, were devoid of ZO-2.
Interestingly, the basal region of the olfactory epithelium
was clearly stained with the anti-ZO-2-antibody, but not
with the anti-ZO-1 antibody (Fig. 1e).

Connexin-43 Previously, the gap junction protein conn-
exin-43 had been detected on many cells in the olfactory
system (Rash et al. 2005). In our context, we wanted to
know whether connexin-43 co-localized with the tight junc-
tions between the OECs. We found clearly spots double
labelled for connexin-43 and ZO-1 on the OECs (Fig. 1f).
Thus, due to the close co-localization of gap and tight junc-
tions within the Wla olfactoria (see below, Fig. 4c), we were
not able to decide whether ZO-1 is associated exclusively
with tight junctions.

Claudin-1 We tested the olfactory tissues for the pres-
ence of claudin-1. Perineural cells around the olfactory Wla
and the apical tight junctions of the olfactory epithelium
between the supporting cells and the sensory cell dendrites
stained positive for claudin-1-antibodies. However, the
OECs were devoid of any claudin-1 staining (Fig. 2a, b).

Claudin-3 The tight junction protein claudin-3 has been
suggested to be a component of blood–brain barrier tight
junctions. Accordingly, the endothelial cells in the olfac-
tory bulb were immunopositive for the antibody against
claudin-3 as expected (data not shown). In contrast, the
endothelial cells within the olfactory lamina propria were
negative for claudin-3. OECs and the perineural cells were
immunonegative for claudin-3 (Fig. 2c) as well. In the
olfactory mucosa, a speciWc signal could be detected in the
olfactory epithelium and in the Bowman’s glands (Fig. 2c).

Claudin-5 The occurrence of the endothelial tight junc-
tion protein claudin-5 was conWrmed in the blood vessels of
the olfactory lamina propria. However, the immunoreactiv-
ity was rather weak, likely due to the extremely thin walls
of the blood vessels in this tissue and rare occurrence of
these tight junctions in thin sections (Fig. 2d). Claudin-5
could also be detected both in the apical tight junctions of
the olfactory epithelium and in the OECs of the olfactory
Wla (Fig. 2d).

Claudin-19 The tight junction molecule claudin-19 char-
acteristic for Schwann cells was tested for its presence in
OECs. However, claudin-19 immunoreactivity was not
found in OECs (Fig. 2e), instead in the apical region of the
olfactory epithelium showing tight junctions between sup-
porting cells and the dendrites of the sensory olfactory neu-
rons (Fig. 2e).

Occludin Occludin was the Wrst integral membrane pro-
tein of tight junctions detected. For the olfactory system,
we conWrmed the unambiguously distinct staining of apical
olfactory tight junctions (Fig. 2f). For the Wrst time we
showed occludin in the Wla olfactoria between the OECs
(Fig. 2f). Whether or not perineural cells also expressed
occludin was not unequivocally clear. Endothelial tight
junctions were positively stained as well. Interestingly, in
the acinar cells of the Bowman’s glands, occludin-speciWc
staining was not restricted to the apical region but spread
over most of the cell surface, although the tight junctions

Table 1 Summary of the immunohistochemical Wndings

Olf. epithelium ECs OECs Perineural Cells Bowman’s Gland

ZO-1 Sensory cells/supporting cells +++ +++ +++ ++ +++

ZO-2 Sensory cells/supporting cells ++ basal cells ++ ¡ ¡ ¡ ++

Occludin Sensory cells/supporting cells +++ whole supporting cells + + +++ ? Whole cell +++

Claudin-1 Sensory cells/supporting cells +++ ¡ ¡ ++ ¡
Claudin-3 Sensory cells/supporting cells +++ ¡ ¡ ? ++

Claudin-5 Sensory cells/supporting cells +++ + ++ ? ¡
Claudin-19 Sensory cells/supporting cells ++ - - - –

GFAP – ¡ +++ ¡ ¡
Aquaporin-1 – +++ ¡ ++ ¡
Aquaporin-4 Basal and supporting cells +++ ¡ ¡ ¡ +++
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proper are restricted to the most apical region of the cells
shown by anti-ZO-1 staining (Fig. 2f).

Ultrathin section electron microscopy

The ultrastructure of the olfactory epithelium and the lam-
ina propria has been well described previously (for recent
articles, see for example Li et al. 2005; Rash et al. 2005).
For the purpose of comparison to the other methods

applied, it was necessary to brieXy delineate the cellular
components most important in the context of this study at
the ultrastructural level.

The pseudostratiWed olfactory epithelium was composed
of olfactory sensory cells, supporting cells, basal cells, the
ducts of the Bowman’s glands, and a basal lamina. The
lamina propria consisted of three main components
(Fig. 3a): the Bowman’s glands, the Wla olfactoria and two
types of blood vessels: capillaries with thin endothelial

Fig. 1 Immunohistochemical 
stainings of the peripheral 
olfactory system (olfactory 
epithelium and lamina propria 
with olfactory Wla). a, b Anti-
GFAP-staining (red) of OECs in 
an olfactory Wlum (OF) in the 
lamina propria and shortly 
before entering the olfactory 
bulb. BV blood vessels. Nuclei 
are counterstained with Sytox 
Green (green). c Double label-
ling experiment using antibodies 
against ZO-1 (green) and AQP4 
(red). AQP4 immunoreactivity 
was seen in the basolateral 
aspects of the epithelial cells 
and in the Bowman gland cells. 
ZO-1 was stained in the apical 
region of the olfactory epithe-
lium, the Bowman’s gland epi-
thelium cells, and the olfactory 
Wla (OF). d Double labelling 
experiment using antibodies 
against ZO-1 (green) and AQP1 
(red). AQP1 heavily stained the 
endothelial cells within the lam-
ina propria. BV blood vessel. e 
Double labelling experiment 
using antibodies against ZO-1 
(green) and ZO-2 (red). Both 
molecules were co-localized in 
the olfactory and the Bowman’s 
gland epithelial cells (merged as 
yellow). The basal cells in the 
olfactory epithelium were 
stained selectively by anti-ZO-2 
antibody. The OECs in the 
olfactory Wla did not express 
ZO-2, but ZO-1. f Double label-
ling experiment using antibodies 
against ZO-1 (green) and conn-
exin 43 (red) showing gap and 
tight junctions interconnecting 
the OECs within the olfactory 
Wla. Yellow points mark an 
overlay of Cx43- and 
ZO-1-immunoreactivities 
indicating a close association 
of gap and tight junctions or 
a binding of ZO-1 to both gap 
and tight junction molecules
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cells and venules or arterioles with smooth muscle cells
adjacent to endothelial cells. The Wla olfactoria consisted
of bundles of very small axons (diameter in the order of
0.1–0.2 �m), which were surrounded by thin, slender pro-
cesses of OECs whose nuclei are predominantly located at
the margin of a Wlum (Fig. 3b). The OECs were intercon-
nected by gap and tight junctions (Fig. 3c), which were
found mainly at the margin of a Wlum, but occasionally also

in the center of a Wlum. Sometimes, it was impossible to
diVerentiate between gap and tight junctions (see descrip-
tion of immunohistochemistry, Fig. 2f, and of freeze-frac-
ture replicas, Fig. 4c). At some places, OECs were found
forming slender processes with an enormously enlarged
surface (Fig. 3d). Only few axons were found in these
OEC-rich compartments, conWrming that these structures
were olfactory Wla. Possibly, these curious cellular surface

Fig. 2 Immunohistochemical 
stainings of the peripheral olfac-
tory system [olfactory epithe-
lium and lamina propria with 
olfactory Wla (OF)]. a, b Anti-
claudin-1 staining (red) of the 
apical tight junctions between 
supporting cells and dendrites of 
the sensory epithelial cells a, and 
perineural cells b. The OECs 
were immunonegative for clau-
din-1. C. Labelling experiment 
using an antibody against clau-
din-3 (red). Claudin-3 stains the 
apical tight junctions in the 
olfactory epithelium and the 
Bowman’s gland epithelial cells. 
Importantly, the blood vessel 
(BV) endothelial cells were not 
immunoreactive for claudin-3. 
d Double labelling experiment 
using antibodies against ZO-1 
(green) and claudin-5 (red). 
Whereas the claudin-5 immuno-
reactivity was diYcult to detect 
in vascular endothelial cells (ar-
rows), it could easily be found in 
the olfactory Wla. In addition, the 
apical tight junctions of the 
olfactory epithelium were also 
positively stained with the anti-
claudin-5 antibody, seen as over-
lapping staining with ZO-1. 
e Double labelling experiment 
using antibodies against ZO-1 
(green) and claudin-19 (red). 
Olfactory ensheathing cells were 
negative for claudin-19; how-
ever, apical tight junctions of the 
olfactory epithelium were 
immunoreactive against claudin-
19. f Double labelling experi-
ment using antibodies against 
ZO-1 (green) and occludin (red). 
Again, both molecules are co-
localized in the olfactory and the 
Bowman’s gland epithelial cells 
(merged as yellow). In addition, 
occludin stains the entire surface 
of Bowman’s glandular cells, 
and, more weakly, the basolat-
eral membranes of the olfactory 
epithelium
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formations were a morphological expression of the high
dynamics of generation and growth of olfactory sensory
neurons and their axons. Beneath the basal lamina, the Wla
olfactoria were surrounded by another cell type intercon-
nected by tight junctions as well, the perineural cells
(Fig. 3e). Although consistently found surrounding the
olfactory Wla, these cells formed a discontinuous rather than
a continuous tube around each Wlum. The perineural sheath

accompanied the olfactory Wla up to the entry into the olfac-
tory bulb where it continued as meningeal sheath of the pia
mater of the brain (data not shown).

Freeze-fracture electron microscopy

The knowledge of the ultrathin section-derived morphology
of the olfactory mucosa was absolutely necessary for the

Fig. 3 Light and electron 
microscopy of the olfactory sys-
tem of the rat. a Semithin section 
through the olfactory epithelium 
and the lamina propria. OE 
olfactory epithelium, OF olfac-
tory Wlum surrounding bundles 
of olfactory axons, BG Bow-
man’s gland, BV blood vessel. 
b Ultrathin section through an 
olfactory Wlum (OF) adjacent to 
a blood vessel (BV). In between 
both structures, perineural cells 
(PC) surrounded the olfactory 
Wlum. c Ultrathin section 
through an olfactory Wlum at 
higher magniWcation. Ax olfac-
tory axons, the arrow labels a 
tight junction between two 
olfactory ensheathing cells or 
cell processes. d Ultrathin sec-
tion through an olfactory Wlum 
showing perineural cells (PC) 
interconnected by tight junctions 
(arrow) beneath an olfactory en-
sheathing cell (OEC) covered by 
a basal lamina (asterisks). 
e Olfactory Wlum with an ex-
tremely small number of axons 
(arrow), but a highly increased 
surface of the olfactory en-
sheathing cell (OEC). Col colla-
gen between the olfactory Wlum 
and the associated perineural 
cell (PC)
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Fig. 4 Freeze-fracture replicas 
of the olfactory system of the rat. 
a Overview of a typical freeze-
fracture replica of the lamina 
propria of the olfactory system. 
PC perineural cells, covering an 
olfactory Wlum (OF) BG Bow-
man’s gland, BV blood vessel. 
b, c. Freeze-fracture replicas of 
tight and gap junctions (GJ) of 
the olfactory ensheathing cells. 
EF external fracture face, PF 
protoplasmic fracture face. In b, 
arrows label E-face associated 
tight junctional particles, in c, P-
face associated tight junctional 
ridges poorly occupied by parti-
cles. d Tight junctions of peri-
neural cells at the P-face. e Tight 
junctions of blood vessel endo-
thelial cells densely meshed and 
mostly associated with the E-
face. f Tight junctions of the 
Bowman’s gland epithelial cells, 
mostly associated with the P-
face. g Basolateral membranes 
of Bowman’s gland epithelial 
cells revealed a high number of 
orthogonal arrays of particles. 
h Tight junctions between olfac-
tory sensory cells or olfactory 
sensory cells and supporting 
cells. Again, the strands are 
mainly associated with the 
P-face, but less meshed and 
more arranged in parallel orien-
tation. i As shown in g, the baso-
lateral membranes of olfactory 
sensory and/or supporting cells 
revealed a high number of 
orthogonal arrays of particles
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interpretation of the appropriate freeze-fracture replicas.
Figure 4a shows an overview of a replica containing most
of the relevant cells observed in this study. To our knowl-
edge, there is no other previously published study describ-
ing such an enormous diversity of tight junctions in terms
of molecular composition and morphological heterogeneity
as in the olfactory system. Most easily, we could recognize
the Wla olfactoria. In association with olfactory Wbers, we
identiWed OEC membranes and conWrmed the absence of
OAPs and presence of tight junctions, as reported previ-
ously (Mack and Wolburg 1986; Fig. 4b). These tight junc-
tions were relatively poorly meshed and incompletely
occupied by tight junction particles, mostly associated with
the E-face (Fig. 4b). At some places, gap junctions could be
observed together with tight junctions: here, the P-face-
associated connexons were longitudinally arranged within
the framework of tight junctional strands, which revealed
only ridges very poor in particles at the P-face (Fig. 4c).
This explained why it was sometimes impossible to diVer-
entiate between gap and tight junctions in ultrathin sec-
tions. If perineural cell membranes were freeze-fractured,
they revealed large planes, with local exposition of
smoothly curved and poorly meshed tight junctions pre-
dominantly associated with the P-face (Fig. 4d). The over-
all insertion of particles within the tight junctional ridges
was even more complete than in the OEC tight junctions.
An additional type of tight junction was found between the
endothelial cells. This type is Wrst of all characterized by a
high degree of complexity of the strands and a high degree
of E-face-association (Fig. 4e). The tight junctions of Bow-
man’s gland epithelial cells were similarly complex as the
endothelial tight junctions, but mainly associated with the
P-face (Fig. 4f). Interestingly, the basolateral membranes of
Bowman’s gland epithelial cells were packed with a lot of
OAPs (Fig. 4g). Thus, in the case of an epithelial glandular
cell, OAPs and tight junctions co-localized in the same
cytoplasmic membrane. This Wnding correlated well with
the positive immunoreactivity for aquaporin-4 (Fig. 1c).
The same situation was found in the olfactory (sensory)
epithelial cells interconnected by tight junctions with

poorly intermeshed and parallel strands (Fig. 4h). These
cells also contained OAPs in their basolateral membranes
(Fig. 4i) which correlated with the immunoreactivity
against aquaporin-4 (Fig. 1c).

Evan’s blue and Lanthanum labelling

In order to test the permeability of blood vessels in the
olfactory system, we injected Evan’s blue and Xuorescein
dyes intravenously or perfused the rat transcardially with
glutaraldehyde containing 1% lanthanum nitrate. The
marker dyes leaked out of blood vessels in the entire olfac-
tory system. Evan’s blue stained the tissue green, whereas
the brain remained unstained (Fig. 5). Lanthanum nitrate
could easily be detected in the electron microscope as a
black precipitate and allowed us to distinguish between
tracer penetrating the interendothelial cleft or being trans-
ported through the endothelial cells via endocytosis.

As expected, the blood vessels within both, the cerebral
cortex (Fig. 6a, b) and the olfactory bulb (Fig. 6c, d) were
tight for lanthanum. The tracer diVused only a small dis-
tance between the cells, approximately of 0.5–1 �m, and
then abruptly stopped where the tight junction obstructed
the way. The subendothelial space, in particular the basal
lamina, was devoid of any tracer particles (Fig. 6a–d).

In clear contrast, the blood vessels of the olfactory lam-
ina propria of the same animal were leaky: the lanthanum
had travelled through the entire interendothelial cleft and
labelled the subendothelial space (Fig. 6e). Both the suben-
dothelial basal lamina and the basal lamina around the
olfactory Wla were labelled, demonstrating that the tight
junctions were not able to obstruct the paracellular passage
between the endothelial cells. The lanthanum that had
leaked through not only labelled the subendothelial basal
lamina, but also the basal lamina covering the OECs (see
large arrow in Fig. 6f). Indeed, the labelling of the surface
of Wla olfactoria showed the leakage of tracer through the
perineural sheath raising the question of the function of
perineural tight junctions. Even the Wla olfactoria were poorly
labelled and not consistently empty of lanthanum staining

Fig. 5 Macroscopical aspect of 
the rat brain after injection of 
Evan’s blue into the tail vein. As 
can clearly be seen, both the 
respiratory (RR) as well as the 
olfactory region (OR) of the na-
sal cavity were stained green-
blue, directly showing the high 
permeability of the blood vessels 
in this region of the olfactory 
system. In contrast, the brain 
(cortex, CTX) including the 
olfactory bulb (BO) remained 
unstained
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(Fig. 6f) suggesting that the tight junctions of OECs were
able to hinder but not to obstruct completely the penetration
of tracer into the Wla olfactoria.

Discussion

In the present study, we investigated the expression pattern
of water channel proteins as well as tight junctional pro-
teins in the olfactory system of the rat and compared these
features with permeability properties of the vascular system.
The intent of this study was to present morphological
data important to address questions regarding the role of
the neurovascular unit within the olfactory system. These

questions are particularly relevant in the context of axonal
growth, vascular permeability and the putative role of
interglial connectivity.

Axonal growth and the neurovascular unit

An important reason moving the olfactory system into the
centre of scientiWc awareness was the ability of the olfac-
tory ensheathing (glial) cells (OECs) to support axonal
growth after transplantation into spinal cord lesions (see,
for example, Li et al. 1997, 2005; Imaizumi et al. 2000;
Raisman 2001; Barnett and Chang 2004; López-Vales et al.
2007). In remarkable contrast to these successful eVorts to
elucidate functional aspects sensory olfactory neurons and

Fig. 6 Lanthanum labelling af-
ter transcardial perfusion of lan-
thanum nitrate together with the 
Wxative. a, b Analysis of the lan-
thanum distribution in cortical 
vessels at low (a) and higher (b) 
magniWcation. The arrow in b 
shows the stop of lanthanum 
penetrating the interendothelial 
cleft: the subendothelial space 
was unstained and clean of lan-
thanum. c, d The same experi-
ment as shown in a, b in the 
olfactory bulb. In c, olfactory ax-
ons (Ax) running into the olfac-
tory bulb were located near a 
blood vessel. This vessel is tight 
as shown by restriction of lan-
thanum penetration within the 
interendothelial cleft. e Analysis 
of the lanthanum distribution in 
the lamina propria of the olfac-
tory system. The interendotheli-
al cleft was open indicated by 
lanthanum deposits down to the 
subendothelial space (arrow). 
EC endothelial cell, SMC 
smooth muscle cell. f Analysis 
of the lanthanum distribution in 
an olfactory Wlum. The basal 
lamina surrounding the Wlum 
(top) was labelled by numerous 
lanthanum deposits. The large 
arrow points to a tight junction 
interconnecting two processes of 
an olfactory ensheathing cell. 
Within the Wlum and between 
the axons, very small deposits of 
lanthanum could be found dem-
onstrating transfer of lanthanum 
from the interstitial to the periax-
onal space (horizontal arrows)
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OECs, relatively little is known about cellular interactions
within the olfactory system, in particular the interactions
between OECs, axons and vascular structures. The concept
of the so-called neurovascular unit describing complex
interrelationships between neurons, glial cells and micro-
vessels (Iadecola 2004; Simard and Nedergaard 2004) has
never been applied to the olfactory system. Recently,
several studies have been published focussing on junctional
connections in the olfactory epithelium (Menco 1988;
Miragall et al. 1994; Hussar et al. 2002; Rash et al. 2005;
Ablimit et al. 2006), but only little attention has been paid
to the cellular system of the olfactory Wla.

Interglial connectivity

Mack and Wolburg (1986) have been the Wrst to describe
tight junctions between OECs in the rat olfactory system,
and Miragall et al. (1994) detected expression of the tight
junction molecule ZO-1 in the olfactory Wla. Wolburg and
Kästner (1984) for the Wrst time suggested a relationship
between tight junction-linked astroglial cells and their
growth promoting ability in certain Wbre tracts among verte-
brates. This hypothesis has recently found support by the
observation that newly grown retinal ganglion cell axons
are guided within the Wsh optic nerve by astrocytes inter-
connected by claudin-1-based tight junctions (Mack and
Wolburg 2006). This prompted us to test the occurrence of
claudin-1 in OEC tight junctions. However, the OECs turned
out to be immunonegative for claudin-1, whereas the peri-
neural cells and the apical tight junctions between supportive
and sensory cells in the olfactory epithelium were found to
be immunopositive for claudin-1 (Fig. 2a, b; see Table 1).

The reason for testing claudin-19 in the olfactory system
was the hypothesis of Wewetzer et al. (2002) that all OECs
are Schwann cells which develop their characteristic pheno-
type under the speciWc inXuence of the olfactory system. In
this view, the absence of the Schwann cell-speciWc claudin-
19 (Miyamoto et al. 2005) reXects a suppression of this
phenotype in the olfactory environment (Fig. 2e). It
remains to be tested whether OECs isolated from the
inXuence of the olfactory system by disintegration of the
neuron/OEC unit, would upregulate claudin-19. As a by-
product of this investigation, we detected claudin-19 immu-
noreactivity in tight junctions between supporting cells and
the dendrites of the sensory olfactory neurons. Thus, the
tight junctions characterized Wrst of all by a dense pattern of
parallel strands (Fig. 4h) may consist of claudin-19, besides
claudin-3 (Fig. 2c), claudin-5 (Fig. 2d), occludin (Fig. 2f)
and ZO1/2 (Fig. 1e).

Interestingly, the axons of olfactory neurons run in
bundles wrapped by OEC processes, yet without any glial
separation of individual axons. This has prompted investi-
gations suggesting ephaptic interactions between adjacent

axons (Bokil et al. 2001; Blinder et al. 2003). Thus, tight
junctions between OEC processes might serve to conWne
interactions between axons. Obviously, to this end com-
plete physiological tightness of the tight junctions seems
not no be needed (Fig. 6f).

The putative mechanism of how interglial tight junctions
could support axonal growth and/or regeneration is com-
pletely unknown. Nevertheless, it seems plausible that tight
junctions contribute to a micro-compartmentalization in the
appropriate Wbre tract which is not only compatible with,
but even actively stimulates axonal growth.

Axonal growth and vascular permeability

It is plausible that the composition of a supportive microen-
vironment needs access to the blood vessels which then
should be devoid of a strict blood–tissue barrier. The mecha-
nism of how tight junctions might enable axons to grow
remains poorly understood. Nevertheless, tight junctions
between astrocytes or OECs could be responsible for the
establishment of tiny extracellular compartments leading to
a microenvironment which supports axonal growth (Wol-
burg and Kästner 1984; Mack and Wolburg 1986, 2006).
Composing a supportive microenvironment should imply
access to blood-borne substances and thus leakage through
blood vessels. In fact, there are several reports raising the
issue of a relationship between compromised blood–brain
barrier properties and regenerative capability (Risling et al.
1989, 1993; Lorenzo 1992; Xiang et al. 2005; Pan et al.
2006).

In the present study, we demonstrate for the Wrst time
that the blood vessels of the lamina propria of the olfactory
mucosa are leaky for perfused lanthanum nitrate as an
accepted electron microscopical tracer. However, to protect
the olfactory axons from the full spectrum of blood-borne
substances, many being neurotoxic, the tight junctions of
the OECs are necessary to Wlter those compounds favour-
ably for growing axons. In any case, the OEC tight junc-
tions form a barrier for lanthanum nitrate, which
nevertheless is incomplete allowing a low amount of leak-
age from the interstitial to the periaxonal space (Fig. 6f).
Interestingly, the tight junctions in the OECs, perineural
cells and endothelial cells diVer in their molecular composi-
tion and freeze-fracture morphology. For example, claudin-
3 has been referred to as a key molecule of the blood–brain
barrier tight junctions to be responsible for tightness (Wol-
burg et al. 2003). Claudin-3 was not detectable in the blood
vessels of the olfactory lamina propria (Fig. 2c). The
tight junction molecule claudin-5 is believed to be charac-
teristic for endothelial cells (Morita et al. 1999). There has
hitherto been one exception from the rule of endothelial
expression of claudin-5, namely the expression by gastroin-
testinal epithelial cells (Rahner et al. 2001). In this study,
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we found claudin-5 in endothelial cells and in the OECs as
well (Fig. 2d). This Wnding may support doubts that clau-
dins are expressed in a strictly cell-speciWc manner. How-
ever, the mechanism for insertion in the plasma membrane
seems to be speciWc for a given claudin: in accordance with
a previous report (Morita et al. 1999), the claudin-5-positive
tight junctions of the OECs were predominantly associated
with the E-face (Fig. 4b).

Tight junctions, OAPs, and aquaporins

The Wnding that glial cells which form tight junctions do
not possess any OAPs, or form OAPs but no tight junc-
tions, lead to the hypothesis of mutual exclusiveness of
both structures (Mack et al. 1987). Indeed, the OECs have
tight junctions and no OAPs, astrocytes at least of mam-
mals have OAPs and no tight junctions. The reason for
this mutual exclusiveness is not clear and biochemically
and functionally unknown, except that both structures are
involved in the regulation of liquid Xow. Since OAPs are
now known to contain aquaporin-4 (AQP4; for a review,
see, for example, Wolburg 2006), it seemed probable that
OECs would not express AQP4. This expectation was
conWrmed in this study (Fig. 1c). Nevertheless, an excep-
tion from the rule of mutual exclusiveness of OAPs/AQP4
and tight junctions was found in the olfactory sensory
cells and acinar cells of the Bowman’s gland. OAPs in
sensory olfactory neurons have already been described by
Miragall (1983). We found both, a strong immunoreactivity
for AQP4, OAPs and tight junctions in the membranes of
these cells. Moreover, in the freeze-fracture replica of
Bowman’s gland cells, the tight junctions were elaborate
structures, highly associated with the P-face and highly
meshed (Fig. 4f). The immunohistochemical stainings
including double labelling experiments showed that the
tight junctions contained at least ZO-1, ZO-2, and occlu-
din. The anti-claudin-3 antibody gave a weak signal, and
other claudins such claudin-2 or claudin-4 were not tested.
Surprisingly, occludin was distributed across the entire
surface of the cells. To our knowledge, this is the Wrst
report concerned with insertion of the tight junction mole-
cule occludin outside of epithelial tight junctions. In
experiments addressing formation of tight junctions intro-
ducing point mutations into the second extracellular loop
of claudin-5, a so-called disjunction type was deWned as
characterized by targeting to the plasma membrane but
not restricting to the junction domain (Piontek et al.
2008). However, it is not clear if the presence of occludin
in the Bowman’s gland and olfactory epithelial cell outside
the tight junction may be caused by a similar alteration. If
so, this would mean that occludin would fulWl other tasks
outside the tight junctions, and that this non-junctional

function would be associated with an altered primary
structure of the extracellular loop(s).

Another important water channel protein, AQP1, has
been originally detected in erythrocytes and since then
described in many tissues, including kidney, secretory and
absorptive epithelia, gall bladder, portions of the male
reproductive system (for reviews, see Verkman 2002; King
et al. 2004), choroid plexus (Speake et al. 2003), endothe-
lial cells in the kidney (Nielsen et al. 1993), and in carcino-
mas and glioblastomas (Endo et al. 1999). In the olfactory
system, perineural cells around the Wla olfactoria were
found to be highly immunoreactive for anti-AQP1 antibod-
ies (Ablimit et al. 2006; this study, Fig. 1d), the OECs were
immunonegative. However, endothelial cells showed the
strongest immunoreactivity for AQP1. Endothelial expres-
sion of AQP1 is controversially discussed in the literature
(Endo et al. 1999). There seems to be a large variability
between diVerent vascular beds. For example, it has been
discussed whether fenestration of capillaries would be con-
nected to AQP1 expression (Maunsbach et al. 1997). How-
ever, in the choroid plexus, only the epithelial cells express
AQP1 and not the fenestrated capillaries beneath (Mack
and Wolburg, unpublished observations). Therefore, the
strong expression of AQP1 by olfactory blood vessels
seems to be a speciWc for this tissue the functional rele-
vance of which is not understood so far.

Conclusions

The observation that the OECs are interconnected by tight
junctions has been suggested to be relevant for regenerative
processes, because tight junction-connected glial cells
could contribute to a growth-supportive environment. How-
ever, we are aware of the absence of any direct experimen-
tal evidence in favour of a causal relationship between
interglial connectivity and axonal growth promotion.
Immunocytochemistry and freeze-fracturing supported the
hypothesis that tight junctions and AQP4-positive OAPs
are mutually exclusive as has been described previously for
glial cells. In OECs, we found neither OAPs nor AQP4, but
tight junctions which were immunoreactive for ZO-1,
occludin and claudin-5, but immunonegative for ZO-2 and
claudin-3. The permeability and tight junction composition
of blood vessels showed that they were permeable for lan-
thanum nitrate and to be immunopositive for ZO-1 and
claudin-5, but not claudin-3 as was the case for tight
(blood–brain barrier) vessels in the olfactory bulb. Further
experiments are needed to test the idea that the tight junc-
tions of the OECs are necessary to restrict the whole of
blood-borne substances and to Wlter those providing a
beneWt for axonal growth.
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