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Abstract 
In the last years, only few studies focused on the role of tight junctions in human peripheral nerve. This type of junction is found between 
apposed membranes of myelinating Schwann cells, between perineurial cells and between endothelial cells (of the epi-, peri- and endo-
neurium vessels). We investigated the presence of claudin-1 and occludin in peripheral nerve biopsy of patients with demyelinating peripheral 
neuropathies by immunolabeling (immunohistochemistry and immunofluorescence) and Western blot. Immunolabeling highlighted claudin-1 
expression mostly in the tight junctions of the perineurial cells and in the autotypic junctions of the Schwann cells of the patients with 
demyelinating peripheral neuropathies. Occludin was mostly expressed in the tight junctions of perineurial cells and endothelial cells and only 
faintly in autotypic junctions of Schwann cells. The Western blot data showed significant differences in claudin-1 and occludin expression 
levels in patients with demyelinating peripheral neuropathies versus normal unaffected control. Our results show that autotypic tight junctions 
molecular composition, like claudin-1 and occludin expression could influence the demyelinating process by altering the permeability of the 
blood–nerve barrier. 
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 Introduction 

In the last years, there are few studies which show the 
role of the tight junctions (TJs) in human peripheral nerve. 
This type of junctions is found between adjacent apposed 
membranes of Schwann cells, in the perineurial cells and in 
the endothelial cells (in the epi-, peri- and endoneurium 
vessels). 

The TJs in Schwann cells are found in the non-compact 
myelin regions (paranodal loops, Schmidt–Lanterman 
incisures, periaxonal cytoplasmic collar, mesaxons) [1, 2]. 
They differ from the epithelial TJs because they are formed 
between different membrane domains of the same cell and 
they are referred to as autotypic or reflexive [3]. Schwann 
cells autotypic TJs function as a barrier between the 
extracellular space and compact myelin, also providing 
mechanical anchorage, but their exact role is not yet 
completely understood [1]. Their protein composition is 
still a debating subject. 

So far, the results of studies performed on Schwann 
cells TJs in rodents were only partially confirmed on 
human samples, which stresses out the importance of 
further studies on human peripheral nerve. One study of 
Alanne et al. (2009) [2], demonstrated the presence of 

different tight junction proteins in different myelin sheath 
regions of adult human peripheral nerve: at paranodal level, 
claudins-1 and -2, and ZO-1; in Schmidt–Lanterman 
incisures, claudins-1, -2, -3, -5, ZO-1 and occludin; at the 
mesaxon level, claudins-1, -2, -3, ZO-1 and occludin. 

The perineurium is the structure that creates a diffusion 
barrier responsible for the endoneurial homeostasis [4]. 
The perineurium is formed by up to 15 concentric layers 
of perineurial cells that form TJs at their interdigitating 
cell borders [4]. Studies performed on normal samples 
from sciatic nerve obtained from autopsies and from 
biopsied great auricular nerve [2] demonstrated the pre-
sence of claudin-1 and -3, ZO-1, and occludin in the TJs 
of the perineurial cells. 

So far, only few studies were performed on pathologic 
human peripheral nerve. To our knowledge, there is only 
one report concerning the autotypic junction proteins in 
demyelinating neuropathies (CIDP), Kanda et al. (2004), 
which reported the presence of claudin-1 only in the peri-
neurium and the presence of occludin in perineurial cells 
and endothelial cells in peri- and endoneurium [5]. 

A thorough investigation of TJs molecular composition 
could offer a better perspective on their alleged functions 
and their involvement in pathogenic mechanisms. 
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The present study investigated the expression of 
claudin-1 and occludin in peripheral nerve biopsy samples 
obtained from patients with demyelinating peripheral 
neuropathies by immunostaining (immunohistochemistry 
and immunofluorescence labeling) and Western blot. 

 Materials and Methods 

Tissue samples 

The samples were obtained in accordance with the 
protocol approved by the local Bioethics Committee of 
the University Emergency Hospital Bucharest, Colentina 
Clinical Hospital and “Victor Babeş” National Institute 
for Research and Development in Pathology and Biomedical 
Sciences, Bucharest, Romania, in accordance with the 
Code of Ethics of the Declaration of Helsinki. Informed 
consent was obtained prior to biopsy from all patients. 

Our study was performed on sural nerve biopsy samples, 
after the pathology diagnostics, from five patients with 
peripheral nerve neuropathies with demyelination (CIDP, 
sensory-motor neuropathy, mixed-polyneuritis and multi-
plex mononeuritis). The diagnosis of demyelination was 
established by both electroneurography and nerve biopsy 
analysis. The normal nerve control sections were obtained 
from sural nerves biopsies with normal anatomical patho-
logy features (histological, morphometric measurements 
on semi-thin sections, and teased fibers examination). 

Indirect immunostaining 

The immunostaining methods were performed on 
7 μm cryosections. The sural nerve samples were frozen 
in isopentane in liquid nitrogen and sectioned using a 
Thermo Scientific cryostat. 

Immunohistochemical analysis 

Immunohistochemical analysis was performed on tissue 
preincubated with 3% BSA (bovine serum albumin) in PBS 
(phosphate-buffered saline), both from Sigma Chemical 
(St. Louis, MO, USA), one hour at room temperature (RT). 
The incubation with anti-claudin-1 monoclonal mouse 
antibody (Invitrogen, Carlsbad, CA, USA; 1:100) and 
anti-occludin polyclonal rabbit antibody (Sigma; 1:150) 
primary antibodies was performed for one hour, at RT. 
Dako LSAB2 System-HRP kit (Dako Glostrup, Denmark), 
with biotinylated anti-rabbit and anti-mouse immuno-
globulins, streptavidin–HRP and DAB (3,3’-diamino-
benzidine) substrate chromogen was used for detection. 
Control tissues were prepared by the same protocol, omitting 
the primary antibody. Four to six immunolabeled nerve 
sections from each case were examined by light microscopy, 
with a Nikon Eclipse TE 300 microscope. 

Immunofluorescence analysis 

Immunofluorescence analysis was performed on cryo-
sections, which were fixed in 4% formalin for 15 minutes, 
washed for 30 minutes in PBS, pH 7.4 and blocked with 
2% BSA. The samples were then incubated for 30 minutes 
with 5% normal goat serum (Sigma) and overnight, at 40C, 
either with polyclonal anti-occludin (Sigma), or mono-
clonal anti-claudin-1 (Invitrogen) in combination with 
polyclonal anti-β-tubulin III (Sigma) for double immuno-
labeling. After washing in PBS with 0.1% (v/v) Triton 
X-100, the sections were incubated with AlexaFluor 

conjugated secondary goat anti-rabbit or goat anti-mouse 
antibodies (Molecular Probes, Eugene, OR, USA) for 
another two hours, at RT. Following an extensive washing 
step, the nuclei were stained with 1 μg/mL 4’,6-diamidino-
2-phenylindole (DAPI) (Sigma). Negative controls were 
performed by omitting the primary antibodies, in an 
otherwise similar protocol. Three to five immunolabeled 
sections from each case were examined by laser scanning 
microscopy, with Nikon A1 laser microscope on ECLIPSE 
Ti-E inverted microscope. The confocal images were 
collected using Plan Fluor 60× Oil objective, 1.25-NA 
water (Z-axis step 0.16 μm). The following lasers and 
emission filters were used: Ar laser at 488 nm (used for 
the excitation of AlexaFluor 488); emission filter 500–
550 nm; 561.2 nm G–HeNe laser (for Alexa Fluor 546); 
emission filter 570–620 nm, and 405 nm Laser diode and 
425–475 nm emission filter for DAPI. 

Western blot analysis 

Western blot analysis used protein extract from nerve 
cryosections. The lysis buffer was prepared in accordance 
to Krebs et al. (2006) [6]. The electrophoresis was per-
formed on a 10% gel. For the transfer, we used a nitro-
cellulose membrane. The 5% BSA in TBST (Tris-buffered 
saline with Tween 20) blocking was followed by the over-
night incubation with primary antibodies, at 40C. The 
dilutions for the primary antibodies were: anti-claudin-1 
antibody (Invitrogen; 1:330), anti-occludin (Sigma; 1:50) 
and anti-β-Actin (Sigma; 1:200). The secondary HRP-
antibodies, goat anti-mouse (Invitrogen, 1:1500) and goat 
anti-rabbit (Santa Cruz, 1:3000) were applied for one hour 
at room temperature. Chemiluminescence method with 
ECL kit (Promokine, Heidelberg, Germany) was used for 
detection. Results are presented as the relative expression 
of tight junction proteins to β-actin. 

Statistical analysis 

The statistical analysis was performed by ANOVA 
analysis of variance, using SPSS-17 statistical software 
(IBM, NY, USA). 

 Results 

Table 1 shows the percentage of demyelination in our 
pathological samples, based on the teasing fiber exami-
nation of peripheral nerve biopsy. The percentage of axons 
with demyelination ranged from 13 to 35%. However, 
we did not notice a correlation between the level of 
studied proteins and the specific diagnosis or percentage 
of demyelination. However, it should be noted that the 
analyzed cohort was rather small. 

Table 1 – Teasing data showing the demyelination 
percent in patients with peripheral neuropathies 

Patient Diagnostic 

1. CIDP, 26% axons with demyelination. 

2. 
Sensory-motor neuropathy, 22% axons with 
demyelination. 

3. CIDP, 19% axons with demyelination. 

4. Mixed polyneuritis, 13% axons with demyelination. 

5. Multiplex mononeuritis, 35% axons with demyelination.

CIDP: Chronic inflammatory demyelinating polyneuropathy. 

We used immunoblotting as a semi-quantification 
method and immunofluorescence/immunohistochemistry 
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as additional methods to enable quantification of protein 
expression in the peripheral nerve structure. By Western 
blot analysis, we detected significant individual variations 
in claudin-1 expression levels in samples obtained from 
different types of peripheral nerve neuropathies with 
demyelination. However, after normalization to the actin 
levels, four out of five pathological samples showed an 
increased expression ranging from 2- to 6.8-fold of 
claudin-1 as compared to normal samples, obtained from 
unaffected individuals (Figure 1). 

Then, we investigated by immunolabeling (both DAB 
staining and immunofluorescence) the tissue distribution 
in patients with demyelinating neuropathies. By chemical 
staining, we detected high expression levels of claudin-1 
in the perineurium, between perineurial cells and also at 
the level of Schwann cells autotypic junctions located 
around β-tubulin positive axons, where they form the 
myelin sheath (Figure 2, A and B). By immunofluores-
cence, claudin-1 expression in nerves was detected only 
in the perineurium but not in the myelin sheath of normal 
control samples (Figure 2, C and D). Claudin-1 expression 
was observed also in endothelial cells in some capillaries 
from endoneurial and epineurial spaces, in samples from 
both pathological and unaffected cases (data not shown). 

By Western blot analysis, we could detect significant 
differences in occludin expression levels in patients with 
different peripheral neuropathies versus normal, unaffected 
control in four out of five cases. Two samples had an 
increased level of occludin whereas the samples from other 
three cases showed decreased amounts of occludin than 
normal following normalization to actin levels (Figure 3). 

Next, we investigated by immunolabeling (both DAB 
staining and immunofluorescence) the tissue distribution 
in patients with demyelinating neuropathies. By DAB 
staining, we could detect high expression tissue level in 
TJs of perineurial and endothelial cells, and only weak 
staining in the myelin sheath where the autotypic junctions 
of Schwann cells are formed (Figure 4, A and B). By 
immunofluorescence, using specific antibodies raised 
against occludin, we could show that, in control samples, 
occludin was expressed only at the level of perineurium 
(Figure 4, C and D). 

 Discussion 

The role of tight junctions in human peripheral nerve 
has not been yet fully elucidated. Therefore, we investigated 
by immunolabeling the presence of claudin-1 and occludin 
in peripheral nerve biopsy of patients with demyelinating 
peripheral neuropathies and showed that autotypic tight 
junctions molecular composition, like claudin-1 and occludin 
expression could influence the demyelinating process by 
altering the permeability of the blood–nerve barrier. 

In endothelial and epithelial cells, expression of different 
TJs proteins allows formation of intercellular junctions, 
which physically regulate the paracellular change of small 
molecules. In a similar way, axons and Schwann cells are 
separated from blood by the blood–nerve barrier, located 
at the level of perineurium [6]. Claudins and occludin 
interact with a variety of structural proteins to create an 
impermeable seal between cells through homophilic and 
heterophilic binding of their extracellular loops [7] and 
therefore regulate signaling pathways involved in EC 
(endothelial cell) survival and TJ assembly, maintenance 
and regulation [8, 9]. Claudins play also an important 
role in vessel permeability and angiogenesis [10]. 

In the present work, we investigated the expression of 
two TJs proteins, claudin-1 and occludin, in five patients 
with demyelinating neuropathies who were biopsied for 
pathological examination of peripheral nerve. Consistent 
with previous reports [2, 4, 6], our study demonstrated 
the presence of claudin-1 and occludin manly in the in 
perineurium and to a lesser extent in Schwann cells of 
normal human peripheral nerve. 

The investigation of samples originating from patients 
with demyelinating peripheral neuropathy showed an 
increased expression for claudin-1 in most cases, as 
compared to normal samples, not consistent with occludin 
expression pattern, which was found increased in only two 
pathological samples. However, in both circumstances 
in situ immunolabeling analysis demonstrated that this 
rise could be explained by the overexpression of the two 
molecules mainly at the level of the intrafascicular nerve 
fibers, where Schwann cells autotypic junctions are located. 

 

Figure 1 – (A) Western blot analysis of claudin-1 (Cl-1) 
expression levels in five peripheral nerve samples with 
demyelinating neuropathies lysates (lanes 1 to 5) and  
normal control (lane 6). β-Actin was used as loading  

control. (B) Claudin-1 values were normalized to  
β-actin. Means ± SD from three different experiments  

are shown. The expression of claudin-1 was significantly 
increased compared to control in four out of five cases  
of neuropathies. Significant differences are indicated.  

*p<0.05. 
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Figure 2 – Human peripheral nerve from patient with peripheral neuropathy with demyelination (A and B) and control 
(C and D). Immunohistochemistry shows claudin-1 positive cells in the perineurium and high expression in myelinated 
nerve fibers from pathologic samples (A) but only weak expression in normal samples (C). Original magnification, 
100×. Laser scanning confocal microscopy; volume reconstruction. Double immunofluorescence labeling for claudin-1 
(green) and β-tubulin (red) shows increased expression of claudin-1 in Schwann cells autotypic junctions in pathologic 
samples (B) as compared with normal samples (D). Nuclei are counterstained with DAPI (blue). Original magnification, 
600×. 

 

Figure 3 – (A) Western blot analysis of occludin (Ocln) 
expression levels in five peripheral nerve samples with 
demyelinating neuropathies lysates (lanes 1 to 5) and  
normal control (lane 6). β-Actin was used as loading  

control. (B) Occludin values were normalized to  
β-actin. The expression of occludin was significantly  

changed compared to control – increased for two cases  
and decreased for the other cases. Means ± SD from  
three different experiments are shown. Significant  

differences are indicated. *p<0.05. 
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Figure 4 – Human peripheral nerve from patient with peripheral neuropathy with demyelination (A and B) and control 
(C and D). Immunohistochemistry shows occludin positive cells in the perineurium and high expression in myelinated 
nerve fibers from pathologic samples (A) but only weak expression in normal samples (C). Original magnification, 
100×. Laser scanning confocal microscopy; volume reconstruction. (B) Immunofluorescence for occludin (red) and 
(D) double immunofluorescence labeling for occludin (green) and β-tubulin (red) shows occludin expression in 
perineurium, Schwann cells and endothelial cells TJs in pathological samples and only in perineurial cells TJs in 
control samples. Nuclei are counterstained with DAPI (blue). Original magnification, 600×. 

Occludin was also expressed by endothelial cells from 
peri- and endoneurium as previously reported by Kanda 
et al. in peripheral nerve of patients with chronic inflam-
matory demyelinating polyneuropathy [5], but this study 
showed no significant difference in the expression of 
claudin-1 and occludin as compared to normal control. 

Interestingly, the normalized levels of claudin-1 and 
occludin are inversely related in four out of five pathologic 
samples – cases No. 1, 2 and 5 having more claudin-1 
and less occludin than normal; case No. 4 having less 
claudin-1 and more occludin than normal. Claudin-1 is 
known to reduce the paracellular flux and occludin is 
important for the stability of TJs [2]. However, the changes 
we found in these pathologic nerve samples might be due 
to different pathogenic mechanisms of neuropathies, such 
as cell and humorally mediated abnormal immune responses, 
triggering a chronic local inflammatory reaction. In this 
line of arguments, we mention that there is still very 
limited data concerning regulation of TJs composition 
and tightness. 

The blood–nerve barrier impairment at the molecular 

level is an important factor that weakens the control of 
cytokines, chemokines and immunoglobulins entry into 
the PNS (peripheral nervous system) [5, 11, 12] hence 
accelerating the disease progression. Increases in cytokines 
such as interleukin-1β, tumor necrosis factor alpha [8, 
9], and vascular endothelial growth factor (VEGF) [10] 
are believed to contribute to pathogenesis through modu-
lation of the blood–nerve barrier (BNB). 

Electrophysiological studies on epithelial layers demon-
strated that formation of tight junctions regulates para-
cellular transport by increasing the transepithelial resis-
tance. Furthermore, diffusion flux studies with charged and 
uncharged solutes of different sizes as well as potential 
measurements across epithelia suggest that the high para-
cellular conductance of epithelia may be a built-in property 
of TJ strands and also could be charge-selective [7, 13]. 

Further on, the severity of the BNB damage varies with 
the clinical phenotype of demyelinating neuropathy, and 
might even become a biomarker for the diagnosis and 
evolution of this pathology [14]. Moreover, not only fibro-
blast-type cells in the perineural space express claudin-1 
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and occludin, but Schwann cells as well. However, the 
role of TJs in Schwann cells has not been elucidated so 
far. Therefore, studies of the molecular dynamics and 
regulation of TJs formation may improve understanding 
of BNB derangement and might represent a promising 
therapeutic target for patients with chronic neuropathies, 
who have rather few and partially efficient treatment 
options nowadays [6, 15]. 

 Conclusions 

Studying human peripheral nerve is always challenging 
because the samples are not readily available. In this work, 
we described different alterations of TJs proteins in nerve 
samples from patients with demyelinating neuropathies. Our 
results indicate that autotypic TJs molecular composition, 
such as claudin-1 and occludin expression, might influence 
the demyelinating process by altering the permeability 
of the blood-nerve barrier. Further studies, on a larger 
cohort of patients, are needed for validation of our present 
findings and to elucidate the impact of TJs molecular 
composition for the pathologic changes and pathogenic 
mechanisms of chronic inflammatory neuropathies. 
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